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ABSTRACT: Phosphorus δ-layers in SiO2 have been prepared by means of
poly(methyl methacrylate) (PMMA), terminated with a phosphorus-
containing moiety acting as an anchoring group. In particular, grafting of
two P-terminated PMMA samples with Mn = 7.5 kg/mol (D̵ = 1.14) and Mn =
17.8 kg/mol (D̵ = 1.23) onto 10 nm thick SiO2 films deposited on Si
substrates has been investigated, focusing on the thickness evolution of the
brush layer as a function of the processing parameters, that is, annealing
temperature and time. Upon removal of the polymer chains and subsequent
encapsulation into a SiO2 matrix, the concentration of phosphorus atoms into
the P δ-layers has been monitored by time-of-flight secondary ion mass
spectrometry. The effective P dose in the P δ-layer is mainly dictated by the
molecular weight of the P-terminated PMMA, and the doping process results
are highly reproducible, provided that tight control over the experimental
protocol is granted. However, although the grafting density is expected to
progressively increase as a function of annealing time with a linear correlation between grafting density and thickness, the measured
P dose in the δ-layers is observed to follow the opposite trend. This effect has been accounted for by considering a distortion of the
molecular weight distribution of the grafted species with respect to the initial molecular weight distribution of the polymer. The
overall picture reveals important information about the mechanism and dynamics governing the “grafting to” process of P-terminated
PMMA polymers onto nondeglazed Si substrates.
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■ INTRODUCTION

Surface design represents a fundamental research topic in
different disciplines and self-assembled monolayers (SAMs) of
molecules have been widely investigated in nanotechnology to
modify the surface properties and engineer the active elements
in biosensors,1 catalysis,2 biomedical devices,3 solar cells,4 and
thin-film transistors.5 In order to ensure long-term stability of
the modified surfaces, covalent bonding of the molecules
forming the SAM is commonly preferred over simple layer
deposition by physisorption. Silanes, thiols, carboxylic acids,
and alkenes have suitable anchor groups for grafting to metal
and semiconductor surfaces depending on the complementary
surface functional groups. Organophosphonates have been
reported as a versatile solution to form stable SAM on a broad
class of semiconductor and dielectric surfaces, with potential
applications on several different nanostructures and novel
emerging materials as well.6 Organophosphonate chemistry has
attracted a growing interest because SAM formation does not
require tight control of environmental conditions and the
strong phosphonate-oxide bond guarantees stable anchoring of
the molecules over the substrate.7−10 The stability of
organophosphonate interfaces on technologically relevant
semiconductors has been widely investigated, providing

important insights into the parameters that govern their
grafting and organization over the surface.6,11−15

In particular, SAMs of organophosphonates have been
proposed as a viable and mild solution for the ex situ doping of
a large variety of semiconductor materials.11,15−17 Doping of
2D materials, such as graphene, has been achieved using SAM
of organophosphates. For instance, arylphosphonic acids have
been used to engineer the electronic properties of atomically
thin sheets of semiconducting transition-metal dichalcoge-
nides.18 Doping of silicon and other bulk semiconductors has
been achieved by means of SAM of P-containing molecules in
the so called monolayer doping approach.15,16,19−21 This
approach relies on the formation of a SAM over the
semiconductor surface and subsequent injection of the dopant
into the substrate by a high-temperature thermal treatment.
The described procedure has been used to enable the
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formation of sub 5 nm ultrashallow junctions in Si.16,17

Interesting exploitation perspectives are also expected for
photovoltaic applications, which usually require effective
approaches to reduce the cost of the devices.22 Further
developments of this doping approach have been recently
proposed by bonding a diethylphosphate group to a 2-
hydroxyethyl(isobutyrate) moiety at one end of polystyrene
(PS) or polymethyl methacrylate (PMMA) chains.23 The
dopant-containing moieties have been used to graft the
polymers to an activated Si substrate and form a brush layer.
The grafting process has been efficiently implemented on both
nondeglazed and deglazed Si substrate, that is, on silicon
samples covered by a thin native oxide film or treated in
hydrofluoric acid solution to chemically remove the SiO2 layer,
leaving a hydrogen-terminated Si surface. In this respect,
hydrofluoric acid deglazed surfaces represent nonmanufactur-
ing-friendly semiconducting substrates. Conversely, the
possibility to operate on SiO2 is highly desirable for industrial
upscaling of the process because SiO2 is ubiquitous in
semiconducting devices, at least in the form of native oxide
on Si surfaces.24−26 In principle, for “grafting to” reactions, the
grafting density of macromolecules in the brush layer depends
on the gyration radius of the polymer and can be properly
tuned by changing the degree of polymerization of the
functional polymer.27,28 Actually, the total dose of phosphorus
deposited onto the nondeglazed Si substrate has been shown
to well correlate with the degree of polymerization of the
polymers terminated with the P-containing moiety.27 Simple
and efficient removal of the polymeric chains has been
achieved by O2 plasma, without affecting the tethered P-
containing moieties on the surface. A cumulative and stepwise
increase in the dose of P atoms grafted to the silicon surface is
demonstrated by simple iteration of grafting/ashing
cycles.27,29,30 Upon deposition of a SiO2 layer to prevent P
outgassing, P atoms were efficiently injected into the Si
substrate by high-temperature thermal treatments, demonstrat-
ing high activation rates (80%) of injected P atoms.29 From
this point of view, the proposed doping technology present
several advantages compared to other polymer-assisted doping
approaches that have been proposed by other groups in the
literature.31−34 In particular, the self-limiting nature of the
brush layer formation guarantees a more accurate and reliable
control over the dose of phosphorus atoms in the dopant
source and a precise localization of the source with P atoms
forming a δ-layer embedded into the SiO2 matrix with
negligible carbon contaminations.
In general, polymer chains terminated with phosphorus-

containing molecules acting as anchor groups for grafting to
the target surface have been reported as a viable solution for
the functional modification of surfaces.35−37 Because of their
technological interest, “grafting to” processes of polymers over
a substrate have been widely investigated in the literature.
However, polymer-solid substrate reactions are far more
complex than the analogous reactions involving small-molecule
reactants because the polymer grafting process is influenced by
both steric and thermodynamic factors.38 Usually, the “grafting
to” process is reported to be self-limiting because when the
grafting density increases, the energy gained by bonding a new
chain to the surface is expected to be offset by the entropic cost
of introducing another chain into the brush layer.39 Actually, in
a recent paper, Laus et al. demonstrated that in the case of
hydroxy-terminated statistical copolymers, a mechanochemical
control of the reaction determines the self-limiting nature of

this process rather than a simple energy gain/entropic cost
balance.40 Moreover, recent experimental results highlighted
that a substantial partitioning according to the molecular
weight takes place during the “grafting to” process of a
relatively polydisperse sample onto an interface, with shorter
chains being preferentially attached.41,42 This variation in the
molecular weight distribution with respect to the original
polymer sample could significantly impact on the grafting
density of the polymers tethered to the substrate. In the
specific case of polymers terminated with phosphorus-
containing molecules, these results suggest that the number
of macromolecules that are grafted to the substrate and,
consequently, the total dose of phosphorus that is localized
onto the nondeglazed Si substrate is not fully controlled by
selecting the molecular weight of the P-terminated polymers
that are used to form the brush layer. This capability to control
the dose of P atoms by the molecular weight of the P-
terminated polymer has been assumed as the cornerstone for
the development of an alternative protocol for the doping of
semiconductors. Deviations from this fundamental assumption
imply a reduction in the level of accuracy associated to this
doping strategy and need to be accurately understood in order
to develop a reliable protocol for the doping of semi-
conductors.
In this work, the grafting onto the nondeglazed Si substrate

of two phosphorus end-terminated PMMA samples (PMMA-
P) having different molecular weights and narrow polydisper-
sity has been investigated. In particular, the thickness evolution
of the brush layer has been followed as a function of the
processing parameters, that is, annealing temperature and time,
while independent monitoring of the concentration of P atoms
into the δ-layer and the average molecular weight of the
PMMA-P chains in the brush layer was carried out. Collected
data have been discussed in view of the integration of these P-
terminated polymers in advanced protocols for the doping of
semiconductors.

■ EXPERIMENTAL SECTION
Materials. Two hydroxy-terminated polymethylmethacrylate

samples (PMMA-OH) were synthesized by activators regenerated
by electron transfer-atom transfer radical polymerization (ARGET-
ATRP) following the standard procedure that has been already
described in a previous publication.27 2-Hydroxyethyl(2-bromoiso-
butyrate) (HEBIB) was employed as the initiator, CuBr2/tris(2-
pyridylmethyl)-amine (TPMA) as the catalyst, and tin(II) 2-
ethylhexanoate [Sn(EH)2] as the reducing agent. The initial ratios
[HEBIB]0/[CuBr2]0/[TPMA]0/[Sn(EH)2]0 were fixed at the values
of 1/0.04/0.24/0.2. The ratio [MMA]0/[HEBIB]0 was fixed at 30 and
250 for the two PMMA-OH polymers. The reactions were carried out
at 70 °C for 45 min and 2 h, respectively. After purification of the
samples by repeated precipitations from tetrahydrofuran (THF) to
methanol, both PMMA-OH samples were reacted with diethyl
chlorophosphate following the synthetic procedure previously
described23,27 to form diethylphosphate-terminated polymethylme-
thacrylate samples (PMMA-P) with quantitative yield of the
phosphorylation reaction as reported in detail in the Supporting
Information. The PMMA-OH and PMMA-P polymers were
characterized by size-exclusion chromatography (SEC), employing a
590 Waters chromatograph equipped with Waters HSPgel HR3 and
HR4 columns (0.3 mL·min−1, THF as eluent) and a refractive index
detector. Number-average molecular weight (Mn) and polydispersity
index (D̵) values were obtained by the analysis of SEC data. In order
to obtain information about the chemical structure of the PMMA-OH
and PMMA-P polymers, 1H NMR, 13C NMR, and 31P NMR analysis
were performed with a 500 MHz (Bruker) NMR spectrometer.
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Substrate Preparation and Cleaning. A 4″ p-type Czochralski-
grown Si(100) wafer was used as a substrate. Nominal resistivity of
the substrate is 1−5 Ω cm. The removal of the native SiO2 film was
accomplished by diluted hydrofluoric acid (HF and H2O in 1:50
ratio). Samples were immersed in solution for 1 min and rinsed in
deionized H2O for 2 min. The wafer was subsequently dried under N2
flow and immediately loaded in the deposition chamber of an
evaporator system operating at a base pressure of P ∼ 5 × 10−7 mbar.
The procedure was optimized in order to minimize wafer exposure to
air. A SiO2 layer was deposited by e-beam evaporation on the Si
substrate. Deposition rate of the SiO2 film was in situ monitored by a
quartz microbalance and the evaporation conditions were adjusted to
deposit a ∼10 nm thick SiO2 film. Ex situ ellipsometry was used to
determine the effective thickness of the evaporated SiO2 layer. In the
following sections, we will refer to these substrates as the nondeglazed
Si substrate. Before starting the doping process, the wafer was cleaved
in 1 × 1 cm2 Si pieces that were cleaned in Piranha solution (H2SO4
and H2O2 in a 3:1 ratio) at 80 °C for 40 min to remove all organic
impurities and increase the surface density of hydroxyl groups. Upon
rinsing with deionized water for 3 min, the Si pieces were finally dried
under N2 flow.
P δ-Layer Synthesis. A solution with 18.0 mg of PMMA-P

dissolved into 2.00 mL of toluene was spin-casted on the 1 × 1 cm2

samples. PMMA-P concentration in the toluene solution is ∼1 wt %.
This value is well within the limits reported by Lundy et al. for a
uniform monolayer coverage, ruling out the hypothesis of
inhomogeneous surface coverage due to the formation of agglomer-
ates over the substrate during the spin-coating process or subsequent
thermal treatment.43 Spin-casting parameters (3000 rpm, 30 s) were
adjusted to form 30 nm thick polymer films. To promote the grafting
reaction, the samples were annealed at temperatures ranging from 190
to 270 °C using a rapid thermal processing (RTP) apparatus (Jipelec
Jet-First Series) in an ultrapure N2 atmosphere.44 Upon annealing,
unreacted PMMA-P chains were removed by sonication in toluene for
5 min, and the resulting solutions were kept for matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) analysis. Finally,
the substrates were dried under a N2 flow. Spectroscopic ellipsometer
measurements were performed to constantly monitor the thicknesses
of the as-spun polymer films and of the resulting grafted layers.
Tethered polymer chains were removed by a simple treatment in O2
plasma. Complete removal of the brush layer was obtained by
accurate tuning of the O2 plasma treatment. Experimental results
demonstrated that the O2 plasma treatment does not affect the
concentration of P-containing molecules on the substrate. Finally, the
P atoms were encapsulated into a SiO2 matrix by e-beam evaporation
of a 15 nm thick SiO2 capping layer. A scheme providing a pictorial
description of the process is reported in a previous work published by
Perego et al.27 The thicknesses of the top and bottom SiO2 layers
were properly adjusted in order to position the P δ-layer
approximately in the middle of the SiO2 matrix at reasonable
distances from the sample surface and from the SiO2/Si interface. In
this way, it was possible to rule out any matrix effect that could modify
secondary ion signals during ToF-SIMS analysis and guarantee an
accurate measurement of the P-areal dose without affecting the
chemistry of the grafting process that is performed on a surface fully
equivalent to the one of a nondeglazed silicon substrate. The protocol
for the sample preparation has been fully described in a previous
publication.27 It is worth to note that for each brush layer, that is, for
each combination of annealing temperature and time, we produced
two different samples that were processed using the same recipe. In
addition, to further verify the accuracy and reliability of the
experimental results, the sets of samples processed in RTP for 900
s at different temperatures were reproduced for both PMMA-P7.5 and
PMMA-P17.8.
Polymer Film Characterization. Thicknesses of spin-casted

polymer films before and after thermal treatment as well as of the
layer of tethered polymers were determined by means of an M-200 U
spectroscopic ellipsometer (J.A. Wollam Co. Inc.). Ellipsometric
spectra were recorded at 70° fixed angle over the wavelength range
from 250 to 1000 nm. A xenon lamp was used to generate the

incident light beam. The experimental data were fitted by means of
the EASE software package 2.3 version. To determine film thickness
and refractive index of the polymer film, the sample structure was
modeled using a film stack composed of a silicon substrate, a ∼10 nm
thick SiO2 film, and a simple Cauchy layer model for the polymer film.
Before spin-coating the polymer films, the effective thickness and
refractive index of the oxide film on each sample were routinely
measured. This experimental procedure reduced the number of free
parameters in the model used for the fitting of the film stack and
increased the accuracy of the thickness measurement. The thickness
of the brush layers was determined modeling the layer of PMMA-P
chains tethered to the SiO2 surface by a standard Cauchy model and
assuming a refractive index value equivalent to the one measured in
the as-deposited 30 nm thick PMMA-P films. The accuracy of the
thickness measurement protocol was verified by comparing results
obtained by ellipsometry with X-ray reflectometry data acquired on
selected test samples. To verify the homogeneity of the tethered
polymer layers, the thickness of the brush layers was measured by
spectroscopic ellipsometer in different points. The homogeneity of the
PMMA films over the substrate before and after annealing in RTP as
well as after subsequent removal of the unreacted chain by sonication
in toluene was further verified by scanning electron microscopy
(SEM) analysis (Zeiss Supra 40 SEM) in order to disclose any
evidence of polymer agglomeration phenomena.

ToF-SIMS Analysis. Time-of-flight secondary ion mass spectrom-
etry (ToF-SIMS) was used to obtain calibrated phosphorus depth
profiles. Analysis was performed using a dual-beam IONTOF IV
system operating in the negative mode. In particular, a high-energy
low-current ion gun was used for the analysis and a low-energy high-
current ion gun was used for sputtering. Sputtering was accomplished
by Cs+ ions at 1 keV and 100 nA, rastering over a 300 × 300 μm2 area.
Ga+ ions at 25 keV and 2 pA were used for analysis. Secondary ion
signals were generated rastering over a 50 × 50 μm2 area that was
localized in the center of the sputtering crater was determined using A
20 nm thick SiO2 film thermally grown on a Si(100) substrate and
was used as a reference to determine the sputter velocity in the SiO2
matrix. Accordingly, assuming a constant sputter rate into the e-beam
evaporated SiO2 layers, sputter time was converted into a depth scale.
Accurate calibration of the P signals in the Si matrix was performed to
obtain P concentration profiles, following an analytical protocol that is
widely described in previous publications.45,46 The areal dose of P
atoms in the δ-layers was determined from the P concentration
profiles by simple integration of the calibrated P profiles. For each
sample, at least three different ToF-SIMS depth profiles were
acquired, and the P areal dose was calculated as the average of the
different measurements.

MALDI-TOF Analysis. Mass distribution of the PMMA-P chains
in the brush layer was investigated by MALDI-TOF analysis. The
unreacted chain solutions were dried under vacuum and then
dissolved again in 15 μL of the matrix/cationizing agent solution.
The matrix/cationizing agent solution was obtained mixing a trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malonitrile solu-
tion (20 mg/mL in THF) and a NaTFA solution (0.1 M in THF)
in the volume ratio 50:2. A drop (0.5 μL) of the final mixture was
then deposed onto the sample plate and dried on air. MALDI-TOF
analysis was performed using a Bruker ultrafleXtreme instrument
equipped with a solid-state Smartbeam2 laser. All the analyses were
conducted on positive ions in the linear mode, employing an
accelerating voltage of 20 kV and a delay time of 250 ns. The laser
power was fixed at the 40% of the maximum in all experiments,
slightly above the detection threshold. Each collected spectrum was
an average of 1000 laser shots. For each sample, 10 spectra were
collected in different positions of the sample plate spot and added
together. The raw data were then processed with the FlexAnalysis
(version 3.4) software.

■ RESULTS

Material Characterization. Two hydroxy-terminated
PMMA polymers (PMMA-OH) with different molecular
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weights were synthesized by ARGET-ATRP using the
functional initiator HEBIB. PMMA-OH samples were then
reacted with diethyl chlorophosphate to obtain diethylphos-
phate end-terminated PMMA polymers (PMMA-P).
Figure 1 reports the SEC chromatograms of both PMMA-

OH and PMMA-P samples. All samples are characterized by a

monomodal and relatively narrow molecular weight distribu-
tion. The number average molecular weights (Mn) of the two
PMMA-OH samples result 5.6 kg/mol and 17.9 kg/mol.
Accordingly, PMMA-OH samples were marked as PMMA-
OH5.6 and PMMA-OH17.9. Similarly, Mn of the corresponding
PMMA-P samples is 7.5 and 17.8 kg/mol, and the PMMA-P
samples were labeled as PMMA-P7.5 and PMMA-P17.8. The
slight shift toward the high-molecular-weight region of the
SEC curves of the PMMA-P samples with respect to the
corresponding PMMA-OH samples is probably due to the
purification procedure by precipitation after the phosphor-
ylation reaction. 1H NMR, 13C NMR, and 31P NMR spectra
were recorded for both the PMMA-OH and the PMMA-P
samples. A quantitative yield of the phosphorylation reaction
was confirmed for both the PMMA-P7.5 and PMMA-P17.8 by
13C NMR analysis.
As a typical example, Figure 2 reports the 1H NMR

spectrum of sample PMMA-P7.5 together with the signal
assignments. From the intensities of signals c and e
corresponding to the methoxy groups of the methylmethacry-
late unit and the methylene group in the dimethylphosphate
terminal unit, Mn of PMMA-P7.5 can be estimated and results
7.9 kg/mol, very close to the SEC value of 7.5 kg/mol, thus
confirming the proposed structure. The presence of a single
signal in the 31P NMR spectrum of PMMA-P7.5 (Figure S3) as
well as PMMA-P17.8 indicates that only one P-containing
moiety is present. A more detailed analysis of the NMR spectra
is reported in the Supporting Information. Table 1 collects Mn
and polydispersity index (D̵) of all the samples together with
the corresponding degree of polymerization (N) and gyration
radius (RG) of the random coil configuration, estimated

considering the molecular weight of the repeat unit of PMMA
(MMMA = 100.121 g/mol) and the average statistical segment
length b = 0.69 nm for the configurational arrangement of
unperturbed PMMA chains in a melt.47

Grafting Kinetics. The grafting kinetic of the PMMA-P7.5
and PMMA-P17.8 polymers as a function of annealing
temperature and time was monitored by measuring the
thickness of the brush layer upon removal of unreacted chains
using a spectroscopic ellipsometer. Routine SEM inspection of
the samples upon spin-coating and annealing revealed a
perfectly homogeneous coverage of the substrate with no
evidence of polymer agglomeration (Figure S6), assuring a
correct fitting of the ellipsometric data with a simple Cauchy
model. Figure 3 shows the thickness evolution of the brush
layers obtained by grafting the PMMA-P7.5 (black symbols)
and PMMA-P17.8 (red symbols) polymers onto the non-
deglazed Si substrates by annealing the samples for 900 s at
temperatures TANN ranging from 190 to 270 °C. The black and
red dashed lines indicate the thickness values equivalent to 2RG
for the PMMA-P7.5 and PMMA-P17.8, respectively. The
thickness of the brush layer for PMMA-P7.5 progressively
increases when increasing the processing temperature,
achieving a maximum value of 5.9 ± 0.1 nm at TANN = 250
°C. No further increment of the brush layer thickness takes
place when the annealing temperature is increased at 270 °C,
suggesting that the pseudo-plateau value H ∼ 6 nm
corresponds to the saturation condition. The thickness of the
brush layer obtained by grafting PMMA-P17.8 onto the Si
substrates displays a similar temperature dependence with a
pseudo-plateau value H ∼ 9.5 nm. Actually, these H values
correspond to ∼2.5 times the RG of the PMMM-P7.5 and
PMMA-P17.8, suggesting that the polymer chains in the brush
layer are slightly stretched, in perfect agreement with data in
the literature.48−52 This stretching of the polymer chain when
reaching the pseudo-plateau value indicates that the polymer
chains interact with each other, justifying the use of the term

Figure 1. SEC chromatograms of PMMA-OH (black curve) and of
the corresponding PMMA-Pn (red curve) samples, in the case of the
low (a) and high (b) molecular weight PMMA, respectively. The
chemical structures of the hydroxy-terminated and diethylphosphate
end-terminated PMMA species are reported as well.

Figure 2. 1H NMR spectrum of sample PMMA-P7.5.

Table 1. Number-Average Molecular Weight (Mn),
Polydispersity Index (D̵), Degree of Polymerization (N),
and Gyration Radius (RG) of Hydroxy-Terminated and
Diethylphosphate-Terminated PMMA Polymers

sample Mn (kg/mol) D̵ N RG (nm)

PMMA-OH5.6 5.6 1.13 54 2.1
PMMA-OH17.9 17.9 1.24 177 3.8
PMMA-P7.5 7.5 1.14 72 2.4
PMMA-P17.8 17.8 1.23 175 3.8
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“polymer brush”, that, strictly speaking, usually describes a
dense array of polymer chains. Actually, polymer systems with
a lower grafting density are also often denoted as “polymer
brush” in the literature.53 For this reason, the term “brush
layer” will be used to refer to all the films formed by the grafted
polymer chains irrespective of their dense grafting conforma-
tions.
Figure 4a,b reports the brush layer thickness evolution as a

function of the annealing time (tANN) for PMMA-P7.5 and
PMMA-P17.8, respectively. Both samples were processed at 210
°C (black symbol) and 250 °C (red symbol), without any
evidence of thermal degradation, consistently with the

relatively high thermal stability reported in the literature for
PMMA.54,55 At TANN = 250 °C, both samples exhibit a
progressive increase in the brush layer thickness, achieving a
pseudo-plateau value at tANN = 900 s. Conversely, in both
cases, when annealed at TANN = 210 °C, the brush layer
thickness does not reach the pseudo-plateau value H in the
range of the explored tANN values. This slow evolution of the
brush layer thickness is tentatively ascribed to the reduced
mobility of the polymer chains in the PMMA-P films annealed
at TANN = 210 °C.

Phosphorus Quantification. After the formation of the
brush layer, polymer chains were removed by O2 plasma and a
10 nm thick SiO2 film was deposited by e-beam evaporation as
a capping layer to form P δ-layers embedded into a SiO2 matrix
according to the experimental protocol that is reported by
Perego et al.27 Representative ToF-SIMS calibrated profiles of
the different P δ-layers obtained with a 900 s long thermal
treatment at different processing temperatures TANN are shown
in Figure 5a,b for the PMMA-P7.5 and PMMA-P17.8 samples,

respectively. The P profiles are almost perfectly symmetric,
indicating that no physisorbed P impurity atoms were left on
the sample surface.25 By integrating the ToF-SIMS calibrated
profiles, the effective areal dose of P atoms in the δ-layers was
calculated.
P areal doses (closed black symbols) are reported in Figure

6a,b as a function of TANN for PMMA-P7.5 and PMMA-P17.8
samples. Data indicate a progressive reduction of the P areal
dose when increasing TANN for the PMMA-P7.5 sample and an
almost constant P areal dose for PMMA-P17.8 irrespective of
TANN. Considering that, according to NMR data, only one P-
containing moiety is available for each PMMA chain and
assuming that no thermal degradation of the PMMA-P
polymers occurs during the grating process, the P areal dose
measured by ToF-SIMS is indicative of the density of PMMA-
P chains in the brush layer. The assumption of no degradation
of the PMMA-P polymers is clearly supported by the MALDI
analysis of the annealed samples that is reported in the
Supporting Information. In this picture, each P atom that is
detected by ToF-SIMS analysis in the δ-layer is considered as a
tracer of a PMMA chain grafted over the Si substrate. As a

Figure 3. Thickness evolution of the brush layers obtained by grafting
the PMMA-P7.5 (black symbols) and PMMA-P17.8 (red symbols) onto
the not deglazed Si substrates. The samples were annealed for 900 s at
temperatures TANN ranging from 190 to 270 °C and subsequently
washed in toluene to remove unreacted chains. The black and red
dashed lines indicate the thickness values equivalent to 2RG for
PMMA-P7.5 and PMMA-P17.8, respectively.

Figure 4. Brush layer thickness evolution as a function of the
annealing time (tANN) for PMMA-P7.5 (a) and PMMA-P17.8 (b)
samples, respectively. Samples were processed at 210 °C (black
symbol) and 250 °C (red symbol). Solid lines are only a guide for the
eye. The black dashed lines indicate the thickness values equivalent to
2RG for PMMA-P7.5 and PMMA-P17.8, respectively.

Figure 5. Representative ToF-SIMS calibrated profiles of the P δ-
layers obtained with a 900 s long thermal treatment at different
processing temperatures TANN for the PMMA-P7.5 (a) and PMMA-
P17.8 (b) samples, respectively. Continuous lines correspond to the
Gaussian fitting of the experimental data.
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consequence, counting the number of P atoms in the δ-layer,
we obtain a direct indication of the number of polymer chains
that are grafted on the surface of the sample. In other words,
the P areal dose measured by ToF-SIMS is assumed to be
equal to the effective grafting density (ΣP) of the PMMA-P
chains in the brush layer. Accordingly, experimental data
indicate a progressive reduction of the effective grafting density
in the brush layer when increasing TANN for PMMA-P7.5
sample and an almost constant effective grafting density in
the brush layer for PMMA-P17.8 irrespective of TANN. Usually,
the grafting density (Σ) in a brush layer is calculated according
to the following equation

HN M( )/A nρΣ = (1)

where H is the thickness of the brush layer, NA is Avogadro’s
number, and ρ is the density of PMMA-P.56 This equation
assumes that the average molecular weight of the polymer in
the grafted layer corresponds to the one in the pristine
material. According to eq 1, the grafting density Σ is expected
to linearly increase with H. Σ values for the PMMA-P7.5 and
PMMA-P17.8 samples at different temperatures have been
calculated by means of eq 1, considering the H values that have
been measured by ellipsometry (Figure 3). The calculated Σ
values (open red symbols) are reported as a function of the
annealing temperature in Figure 6a,b for PMMA-P7.5 and
PMMA-P17.8 samples, respectively. A progressive increase of Σ
is observed when increasing TANN. Conversely, P areal dose
measurements suggest a completely different scenario for the
effective grafting density ΣP. In particular, for PMMA-P7.5, a
progressive reduction of the effective grafting density ΣP is
observed when increasing TANN, corresponding to a con-
tinuous decrease of ΣP when increasing thickness H of the
brush layer.
Similarly, Figure 7a,b shows the evolution of P areal dose in

the δ-layers as a function of tANN for the PMMA-P7.5 (closed
black circles) and PMMA-P17.8 (closed black squares) samples
at different TANN values, corresponding to 210 and 250 °C,
respectively. A significant decrease in the P areal dose with
time is observed in the case of PMMA-P7.5, irrespective of the
annealing temperature TANN. In the case of PMMA-P17.8, the P
areal dose is almost constant, exhibiting a quite limited

reduction for very long annealing time tANN. The Σ values
calculated from eq 1 as a function of tANN for the PMMA-P7.5
(open red circles) and PMMA-P17.8 (open red squares)
samples at TANN = 210 °C and TANN = 250 °C are also
reported in Figure 6a,b and set forth a growth of the grafting
density with tANN. Once again, the P areal dose data indicate a
completely different evolution of the effective grafting density
ΣP during the “grafting to” process. In particular, for very short
tANN values, the effective grafting density ΣP values are
systematically higher than the Σ values that have been
calculated using eq 1. Moreover, ΣP values follow an inverse
trend as a function of time with respect to the one expected on
the basis of the evolution of the thickness H. It is worth to
remind that eq 1 is expected to provide a reliable evaluation of
the grafting density of a polymer with molecular weight Mn in
the polymer brush with thickness H, assuming that the average
molecular weight of the polymer chains in the brush layer is
equal to the one in the as-synthesized polymer sample. In
contrast, ΣP values suggest that the effective mass distributions
in grafted layers are different from the one of the original
polymer sample.

Polymer Mass Distribution. To countercheck the ToF-
SIMS data, the polymer mass distribution in the PMMA-P7.5
brush layer was investigated by MALDI-TOF analysis of the
unreacted PMMA-P7.5 chains. After the spin-coating process
on silicon wafers and the thermally promoted grafting reaction,
the fractions of unreacted PMMA-P7.5 chains were collected
during the toluene washing process and analyzed by using a
MALDI-TOF mass spectrometer. The acquired mass distribu-
tions were then compared with the zero-time mass distribution,
obtained from a sample in which PMMA-P7.5 was spin-coated
onto nondeglazed Si substrates and then recovered without
any thermal treatments, taking into account the specific
fragmentation behavior of PMMA chains prepared by
ATRP.57−60 A detailed discussion of the collected spectra is
reported in the Supporting Information. To obtain information
about the grafting process effect on the molecular weight
distribution, the overall MALDI-TOF spectrum of the

Figure 6. Measured P areal doses (closed black symbols) and
calculated grafting densities (open red symbols) as a function of the
annealing temperature (TANN) for the PMMA-P7.5 (a) and PMMA-
P17.8 (b) samples, respectively. The samples were annealed for 900 s at
TANN ranging from 190 to 270 °C.

Figure 7. Evolution of P areal dose in the δ-layers as a function of
tANN for the PMMA-P7.5 (closed black circles) and PMMA-P17.8
(closed black squares) samples at different TANN values, correspond-
ing to 210 (a) and 250 °C (b), respectively. The bright dark areas
highlight the variability range of the P areal dose in the δ-layers for the
PMMA-P7.5 and PMMA-P17.8 samples. The evolution of the grafting
density in the corresponding brush layers as function of time at 210
(a) and 250 °C (b) is reported as well.
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unreacted PMMA-P7.5 chains relative to each sample was
divided into two parts, defined by the m/z value relative to the
maximum of the overall distribution in the zero-time sample.
The integral of the peaks on the left of the critical m/z value
was defined as a low-molecular-weight area and the integral on
the right as high-molecular-weight area. The ratio between the
value relative to the low-molecular-weight area on the sum of
low and high mass areas was defined as f SMA.
Figure 8 reports the values of f SMA for the samples annealed

for 1, 30, 90, and 900 s at 250 °C and at various temperatures

for 900 s. The dotted line points the value of f SMA in the zero-
time sample. For short annealing time and relatively low
temperature, a reduction of low-molecular-weight component
in the unreacted PMMA-P7.5 chains is observed, demonstrating
that an enrichment of low molecular weights occurs in the
grafted brush during the initial stages of the “grafting to”
process. However, for a longer grafting time and higher
temperature, the value of f SMA increases, demonstrating that
the average molecular weight of the grafted polymers increases,
reaching values slightly higher than the corresponding values of
the zero-time sample. Although this analysis is purely
qualitative due to the well-known molecular weight discrim-
ination of the MALDI-TOF,61 the data indicate that for short
annealing time or low temperature, the lower molecular weight
species are preferentially grafted to the substrate surface.
However, corresponding to longer annealing time or higher
temperature, the average molecular weight of the grafted brush
increases in agreement with the trend of the dopant atom
amount.

■ DISCUSSION
Collected data provide significant information about the
“grating to” process from the melt and suggest that current
models describing the “grafting to” process does not fully
account for the evolution, as a function of time, of the grafting
density of the PMMA-P polymer chains in the brush layer.

According to the conventional model proposed by Kramer,39

in the classical diffusion limited regime, the thickness of the
brush layer increases with the logarithm of the processing time
due to the progressive anchoring of the end-functionalized
polymer chains to the substrate. When the thickness of the
brush layer is approximately 2 times the radius of gyration of
the polymer, the classical diffusion limited regime turns into a
penetration limited regime. Transition is due to a potential
barrier of entropic nature that prevents the penetration of
nongrafted chains into the brush as a consequence of the
significant stretching of the anchored chains that is required to
accommodate the incoming ones. As a consequence, the brush
thickness gets to a pseudo-plateau value, making the grafting
reaction an almost self-limiting reaction.39 When operating at
high temperatures, a significant speed up of the “grafting to”
process from melt has been observed.44 Despite the faster
diffusion kinetics at a high temperature, no effective variation
of the final pseudo-plateau thickness value has been reported.
This fact suggests that no relevant changes of the entropic
barrier have occurred in the range of temperatures that has
been investigated.51

In this framework, the grafting density is expected to
progressively increase with time and a linear correlation
between grafting density and thickness is expected to hold
according to eq 1. Conversely, the P areal doses measured by
ToF-SIMS indicate that the effective grafting density ΣP of the
PMMA-P chains in the brush layer progressively decreases
with time, following an opposite trend compared to the one
predicted by the conventional model. It is worth to note that
the determination of the grafting density by means of eq 1
implicitly assumes that the molecular weight characteristics of
the original polymeric material perfectly correspond to those of
the surface-tethered polymers. However, recent experiments
for the “grafting to” process from solution unambiguously
established the preferred surface grafting of shorter polymers,
which can be correlated to their smaller radius of gyration.41,42

The experimental results reported by Michalek et al.
demonstrated and quantified the distortion of the polymer
mass distribution when grafted from solution onto a surface.
This distortion critically affects the methods for the
determination of the grafting density that rely on information
about the average molecular weight of the grafted polymer
obtained from the analysis of the bulk material. According to
these results, the discrepancy between the values of the grafting
density Σ calculated from eq 1 and the values of the effective
grafting density ΣP obtained from ToF-SIMS measurements
can be rationalized assuming that, in this specific system, the
molecular weight distribution of the surface-tethered polymers
does not perfectly match the one of the original polymeric
material.
Actually, eq 1 is intrinsically correct, as it comes from

stoichiometry considerations, and properly describes the
correlation between the effective grafting density of the
polymer chains in the brush layer and the average molecular
weight of the grafted polymer chains. Accordingly, instead of
determining the grafting density from the brush layer thickness
and the average molecular weight of the bulk polymer, eq 1 can
be used to estimate the average molecular weight of the grafted
polymer by combining the brush layer thickness values
obtained by ellipsometry and the effective grafting density ΣP
of the PMMA-P chains, which is assumed to be equal to the P
areal density determined by TOF SIMS experiments. Figure
9a,b shows the evolution of the average molecular weight of

Figure 8. Ratio f SMA between the value relative to the low molecular
weight area and the total area of the MALDI-TOF spectra of the
unreacted PMMA-P7.5 chains for the samples annealed for 1, 10, 30,
and 900 s at 250 °C (a) and at 190, 210, 230, and 250 °C for 900 s
(b), respectively. The dashed line indicates the value of f SMA in the
not annealed sample.
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the PMMA-P chains in the brush layer as a function of tANN for
the PMMA-P7.5 (open black circles) and PMMA-P17.8 (open
black squares) samples at different TANN values, corresponding
to 210 and 250 °C, respectively. The values of the average
molecular weight of the PMMA-P chains in the brush layer fall
well within the range of molecular weight values defined by the
molecular weight distributions of the pristine PMMA-P7.5 and
PMMA-P17.8 samples that are reported in Figure 1. According
to the data reported in Figure 9, during the initial stages of the
“grafting to” process, the average molecular weight of the
polymer chains is much lower than in the initial polymer
distribution, supporting the idea of a preferential grafting of the
short polymer chains over the long ones. The average
molecular weight of the PMMA-P progressively increases
with time, suggesting the occurrence of an efficient exchange
mechanism between high-molecular-weight chains in the melt
and low-molecular-weight ones tethered to the substrate, in
agreement with recent experimental results.40 Collected
experimental data suggest that short polymer chains graft
first, forming, during the initial stages of the grafting process, a
thin brush layer characterized by high grafting density values.
The progressive decrease of the effective grafting density with
time is attributed to the subsequent grafting of long polymer
chains that replace the short polymers forming a thick brush
layer with a low grafting density. The effect is more evident in
the case of the PMMA-P7.5 sample because at low molecular
weight, a small variation in the average molecular weight of the
grafted polymer chains corresponds to a large variation of the
grafting density.
The preferential attachment of short over long polymer

chains during the initial stages of the grafting process appears
possible due to diffusion, probability, and geometrical effects,
in perfect agreement with data reported by Michalek et al. in
the case of “grafting to” from solution.41 In the case of “grafting
to” from melt, additional effects have to be taken into account.
Several papers reported about the segregation of short chains
at the surface of the polymeric film and at the interface with
the underlying substrate. In particular, theoretical investiga-
tions indicate that in the absence of preferential interactions
between monomers and the interface, enhancement of the
chain end density within a distance of approximately two

polymer segment lengths of the interface relative to the bulk is
expected due to the segregation phenomena that are
determined by minimization of the loss of conformational
entropy near an impenetrable boundary.62 Hill et al. showed
that the entropically driven surface enrichment of shorter
chains occurs even in low polydispersity materials and that the
shift in Mn from bulk to surface is larger for PMMA than for
the somewhat stiffer PS chains.63,64 Segregation effects could
be even stronger in the case of end-functionalized polymer
chains because the enthalpic interactions that control surface/
interface attraction are often much stronger than any entropic
effects.65 All these studies suggest that the segregation of short
polymer chains at the interface between the PMMA-P thin film
and the underlying nondeglazed Si substrate could play a role
in the enrichment of short PMMA-P chains that is observed
during the initial stages of the grafting process. Present data
indicate that the kinetic and mechanism of the grafting to
process are much more complex than expected according to
the conventional models and deserve further studies to be fully
understood.
From the point of view of the target application, these data

highlight that, even taking into account all these phenomena,
the proposed approach guarantees a high level of control on
the dopant concentration in the δ-layer. In previous papers,
Perego et al. showed excellent control of the doping level in
silicon substrates by means of thermal diffusion of P atoms
from dopant sources created via grafting of phosphorus end-
terminated polymers.27,29,30 The proposed doping approach
relies on the main assumption that, taking advantage of the
self-limiting nature of the “grafting to” process from the melt,
proper selection of the polymer Mn guarantees precise control
of the areal dose and spatial distribution of dopants. Present
work indicates that the effective grafting density of the polymer
chains onto the Si substrate is not fully controlled by the
selection of the Mn, but it is somehow affected by the
polydispersity of the phosphorus end-terminated polymers that
are used to create the brush layer. Actually, variations of the
dopant concentration as a function of processing time and
temperature are quite limited with an average P dose of 4.5 ×
1013 ± 0.5 × 1013 atoms/cm2 for PMMA-P7.5 and 2.0 × 1013 ±
0.3 × 1013 atoms/cm2 for PMMA-P17.8, respectively, as
highlighted by the bright dark areas in Figure 6. Despite the
variability introduced by these polydispersity-related effects,
the collected data demonstrate that the effective amount of P
atoms in the δ-layer is essentially determined by the molecular
weight of the PMMA-P polymer. In this respect, the effects
that are herein reported determine limited variations of the P
dose and, from this point of view, can be regarded as second-
order effects associated to polydispersity of the P-terminated
polymers. As a consequence, accurate tuning of the processing
conditions is requested to guarantee precise control of the P
areal dose. Nevertheless, the collected data highlight that the
doping process is robust and highly reproducible, offering the
possibility to properly adjust the effective P dose in the P δ-
layer by controlling the processing parameters for a P-
terminated polymer with a specific Mn value.
From another point of view, these second-order effects

associated to the polydispersity of the P-terminated polymer
introduce a certain degree of uncertainty in the grafting density
of the polymer chains within the brush layer and prevent the
possibility to achieve deterministic control of the dopant dose
in the P δ-layer. Although the PMMA-P samples were prepared
by a controlled polymerization process leading to samples

Figure 9. Evolution as a function of tANN of the average molecular
weight of the polymeric chains in the brush layer for PMMA-P7.5
(open black circles) and PMMA-P17.8 (open black squares) at
different TANN values, corresponding to 210 (a) and 250 °C (b),
respectively.
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featuring a relatively narrow polydispersity index, the difference
in chain length revealed sufficiently pronounced to promote
the observed partitioning during the “grafting to” process.
Consequently, precise polymerization strategies are necessary
to achieve the level of control that is required to attain the goal
of deterministic doping. In particular, precise polymerization
technology could provide polymers with absolute control over
chain length.66−68 Polymers terminated with dopant-contain-
ing moieties and deterministically controlled degree of
polymerization are envisioned as the final solution to develop
an effective technology platform for deterministic doping.

■ CONCLUSIONS

PMMA samples terminated with a P-containing moiety and
narrow molecular weight distributions have been used to
produce P δ-layers in a SiO2 matrix, in view of their potential
application as sources of impurity atoms for the doping of the
underlying Si substrate. The concentration of P atoms in the
different δ-layers has been monitored with respect to the
molecular weight of the P-terminated polymer and the
processing parameters, that is, time and temperature of the
thermal treatment that is used to form the brush layer by
anchoring of the P-terminated polymers onto the nondeglazed
Si substrate. The P dose in the δ-layer is mostly determined by
the specific molecular weight of the P-terminated polymer.
However, limited but systematic variations in the P dose are
observed when changing the processing parameters, with a
progressive reduction as a function of the annealing time. This
experimental finding suggests that a distortion of the molecular
weight distribution of the grafted species with respect to the
initial polymer takes place during the “grafting to” process. The
overall picture of the experimental data confirms that the
“grafting to” process represents a robust and highly
reproducible approach for the synthesis of dopant sources
because the effective P dose in the P δ-layer is adjusted by the
proper selection of the molecular weight of the P-terminated
PMMA, provided that tight control over the processing
parameters is exercised. Nevertheless, reported data indicate
that to achieve deterministic control of the dose of dopants in
the P δ-layer, precise polymers would be highly desirable.
Additionally, these results depict an interesting scenario about
the mechanism governing the “grafting to” process of P-
terminated PMMA polymers that deserves further investiga-
tions to be fully understood.
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