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injection and activation into a semiconductor substrate is
presented. Polystyrene polymers with narrow molecular
weight distribution and end-terminated with a P-containing
moiety are used to build up a phosphorus §-layer to be
employed as dopant source. P-atoms injected into the Si
substrate demonstrate high activation rates (n, > 80%)
holding promise for the development of a mild technology
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An effective doping technology for the precise control of P atom injection and activation into a
semiconductor substrate is presented. Polystyrene polymers with a narrow molecular weight distribution

and end-terminated with a P containing moiety are used to build up a phosphorus §-layer to be used as
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the dopant source. P atoms are efficiently injected into the Si substrate by high temperature (900-
1250 °C) thermal treatments. Temperature dependent (100-300 K) resistivity and Hall measurements in
the van der Pauw configuration demonstrate high activation rates (5, > 80%) of injected P atoms. This

bottom-up approach holds promise for the development of a mild technology for efficient doping of

rsc.li/materials-c semiconductors.

Introduction

Semiconductor technology relies on the capability for tuning
the electrical properties of the substrate through the controlled
introduction of substitutional impurities (doping) in the crystal
lattice of the semiconductor host material, in order to tailor its
electronic, optical and/or magnetic properties." However, the
present ex situ doping strategies cannot be easily extended to
the nanoscale. As the size of semiconductor devices shrinks to
the nanoscale, the standard random distribution of the indivi-
dual atoms within the semiconductor becomes critical since
the assumption of uniform doping distribution does not hold
anymore.>* Currently there is a significant effort by the scien-
tific community for the development of a new technology to
demonstrate deterministic doping of semiconductor structures
at the nanoscale.

Conventional doping techniques are mainly based on ion
implantation which implies the bombardment of the target
semiconductor with high energy dopant-containing ions that,
subsequently, are induced to replace atoms in the lattice using
a high temperature thermal treatment." The main advantage
of this technique is the independent control of the dopant
dose and depth distribution of the impurity atoms within the
semiconductor host. This approach has been widely explored,
and has become the workhorse in microelectronics, since it
guarantees excellent doping uniformity over large areas.
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Nevertheless, there are a number of drawbacks that are asso-
ciated with ion implantation technology, including damage to
the crystal lattice during ion bombardment and subsequent
transient enhanced diffusion caused by defects during the
thermal treatment.* Moreover, most of the source gases, com-
monly used in ion implantation, are hazardous from a health
and environmental perspective.” Finally, this technique is
incompatible with 3D nanostructured materials since it does
not provide conformal dopant incorporation for non-planar
nanostructures.®

Plasma immersion ion implantation, also referred to as
plasma doping, is an emerging technique based on the extrac-
tion of accelerated ions from a plasma by applying a high
voltage in order to implant them in a semiconductor substrate.”
This technique offers significant advantages over conventional
ion implantation, since the doping profiles are generally more
conformal than those obtained using conventional ion implan-
tation. However, even in this case, there are several problems
due to crystal damage and, at the same time, difficulties in
doping with multiple species at different energies in a single
process.” Moreover, all these ion-based approaches present
significant drawbacks when applied to compound semiconduc-
tors composed of two or more chemically and electronically
non-equivalent lattice sites, since the stoichiometry of the
target matrix can be locally modified from implantation
induced crystal damage."

Alternative approaches based on gas phase or solid phase
diffusion have been investigated as well, but they face funda-
mental limits in controlling dopant concentration near the
surface and a lack of uniformity." Spin-on doping technology
consists of the deposition of a dopant-containing solution onto
the semiconductor surface, followed by a diffusion-annealing
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step. The dopant-containing solution is usually formed by
either a mixture of SiO, and dopant atoms or Si-containing
polymers with dopant atoms incorporated into the polymeric
chains, like phosphosilicates or borosilicates.® Unfortunately,
this simple and nondestructive technique does not guarantee
accurate dose control over large areas of the substrate. In
addition, residues left over from the solution containing the
dopant precursor are not easily removed from the surface,
resulting in a chemically modified layer that is very difficult
to be stripped off.> Self-assembly strategies followed by mole-
cule grafting have been demonstrated to be effective in gen-
erating a uniform monolayer of dopant-containing molecules
tethered to the pristine crystalline Si substrates over large
areas.” Assuming a sufficiently high number of reactive sites
on the substrates, the effective density of grafted molecules is
ultimately determined by the molecule footprint. This self-
limiting reaction has been used in combination with conven-
tional spike annealing to enable the formation of B, P and As
sub-5 nm ultra-shallow junctions in Si.*°! Nanoscale doping
of InAs,'>"* In,GAAs,,'""® InP,'® Ge'”™” and SiGe*® via mono-
layers of dopant containing molecules has been demonstrated
as well. This gentle approach, usually referred to as monolayer
doping (MLD), has been proven to be efficient in introducing
controlled amounts of dopants in Si nanowires® and InP
nanopillars.'® MLD is very versatile as, in principle, surface
preparation, molecular footprint, capping layer and thermal
treatment parameters can be finely tuned to optimize surface
coverage of the molecules and diffusion of the dopant into the
semiconductor. However, the wet chemistry commonly used in
the MLD process significantly limits the manufacturability of
this process technology.” Moreover, dopant concentrations
obtained by MLD are ~10%° cm . The extension of this approach
to doping concentrations in the range of 10"°-10*' cm™® is
essential for its industrial exploitation. A modified MLD
approach was proposed as a strategy to reproducibly control
the doping dose.?' The dopant-containing molecules are mixed
with dopant free molecules and subsequently grafted onto the
Si surface. The final monolayer composition is assumed to be
proportional to the fraction of dopant-containing molecules in
the solution. In this way, the doping dose was varied over 1 order
of magnitude, but reproducibility and accuracy of this approach
are questionable.”’ Finally carbon and oxygen contamination
can be introduced into the silicon substrate during the drive-in
process, forming complex defects that affect the electrical prop-
erties of the semiconductor substrate. Interstitial carbon can
form pairs with group-V dopants, like phosphorus, arsenic and
antimony, creating multiple deep energy levels into the gap of
the semiconductor.>> Carbon related defects have been reported
to significantly decrease the P activation rate,”® suggesting that
new processes are necessary to remove the carbon of the dopant
carrying molecules before the high temperature drive-in thermal
treatment.

Recently, we synthesized narrow molar mass distribution
polymers terminated with P-containing moieties. These
dopant-carrying polymers were thermally grafted to the not-
deglazed and deglazed silicon substrates from the melt.”*"°
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Due to the self-limiting nature of the “grafting-to” reaction,
these molecules form a brush layer, whose thickness depends
on the molar mass of the utilized dopant polymer, irrespective
of the oxidation of the Si surface. Efficient tuning of the areal
density of the grafted molecules over the target substrate and
consequently the final number of P atoms in the dopant source
was demonstrated. Polymeric chains were removed by plasma
treatment before the deposition of the SiO, capping layer,
acting as a diffusion barrier during the drive-in process. Sub-
sequent injection and activation of P atoms into the Si sub-
strate, with negligible carbon and oxygen contaminations, was
achieved by high temperature annealing.>* Repeated cycles of
grafting and O, plasma removal of the polymeric chains were
demonstrated to progressively increase the P dose in the
dopant source.> In this work, we investigate the efficiency of
this doping approach as a function of P areal dose and drive-in
processing conditions, to assess the potential of this technology
as a feasible solution for the development of a gentle doping
platform for next generation microelectronics devices.

Experimental
Materials

A hydroxy-terminated polystyrene (PS) homopolymer was
synthesized by ARGET-ATRP copolymerization of styrene. The
sample was subsequently reacted with diethylchlorophosphate
(DPP). The resulting P-terminated polymer (PS-P) presents
average molar mass M, = 2.3 + 0.3 kg mol ', polydispersity
index P =1.05 +£ 0.01, and degree of polymerization N =17 + 3.
More information about the synthesis and characterization of the
P-terminated polymer is available in previous publications.”***
The substrates were prepared from nearly intrinsic (p > 5 kQ cm)
floating zone (FZ) single-side polished Si (100) wafers purchased
from Siltronix.

Substrate cleaning

Wafers were cleaved into 0.9 x 0.9 cm? pieces and treated with
Piranha solution (H,SO, and H,0, in a 3:1 ratio) at 80 °C for
40 min, followed by rinsing with deionized water for 5 min.
Piranha solution was used to clean the sample surface from all
organic impurities and to promote grafting by increasing the
surface density of hydroxyl groups. Finally, the samples were
dried under N, flow, and the native SiO, layer thickness was
measured by ellipsometry.

Sample preparation

The P terminated PS homopolymer was dissolved in toluene
(9 mg of homopolymer in 1 ml of toluene) by means of an
ultrasonic bath for 5 min. Then the solution was spin coated
(30 s at 3000 rpm) on the cleaned substrates to form a uniform
polymer film. In order to check the thickness uniformity among
the different samples, the polymer layer thickness of each sample
was measured by ellipsometry. The average thickness of the spin-
coated polymer films was determined to be 27.2 £+ 0.9 nm. The
samples were then annealed using a rapid thermal processing

This journal is © The Royal Society of Chemistry 2020
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(RTP) apparatus for 15 min at 190 °C in a N, atmosphere in
order to promote the grafting reaction, following the procedure
described elsewhere.”* Temperature was selected in order to
avoid any thermal degradation of the P terminated polymers
during the grafting process.”>*” During this process, the P
containing moiety at the polymer chain end reacts with a
hydroxyl group at the SiO, surface, ultimately forming a uni-
form brush layer over the native SiO, layer. Non-grafted chains
were washed out by an ultra-sonic bath in toluene for 5 min.
Finally, the samples were dried under a N, flow. The thickness
of the final grafted polymeric layer was measured by ellipso-
metry. The average thickness of the polymeric films over the
entire set of samples was 2.43 £ 0.08 nm, that is about two
times the radius of gyration of the polymer, in agreement with
previous reports in the literature.”® Upon grafting, polymeric
chains were removed by O, plasma ashing (40 W for 5 min)
leaving only phosphate groups at the silicon surface. The
thickness of the residual polymeric layer after O, plasma ashing
was monitored to confirm complete removal of the PS chains.
The phosphorus concentration on the substrate can be
increased by repeated cycles of grafting-ashing. Samples with
a number of grafting-ashing cycles ranging from 1 to 5 were
prepared to obtain dopant sources with different concentra-
tions of P impurity atoms. Once the grafting-ashing procedure
was completed, the samples were capped with a 10 nm thick
SiO, layer deposited by e-beam evaporation, forming a P §-layer
source embedded in a SiO, matrix. P atoms were diffused
through the native SiO, barrier into the Si substrate by high
temperature thermal treatment performed in a RTP system. In
more detail, samples were annealed in an N, atmosphere at
temperatures ranging from 1000 to 1250 °C for 5 s with a ramp
temperature of 50 °C s~ *. Upon removal of SiO, capping layers
by HF dipping and subsequent washing in deionized H,O,
aluminum metal contacts were deposited by thermal evapora-
tion using a shadow mask. The metal contacts are circular dots
with diameter ~ 1.2 mm placed at the sample corners. A picture
of a typical sample with the Al metal contacts is shown in the
inset of Fig. 1a.

Phosphorous quantification.

Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
depth profiles were performed using a dual beam IONTOF IV
system operating in negative mode. Cs" ions (@ 1 keV and
80 nA) and Ga' ions (@ 25 keV and 1 pA) were used for
sputtering and analysis, respectively. 16 nm-thick silicon on
the insulator reference sample was used to measure sputter
velocity and calibrate the depth scale. P concentration profiles
were obtained by accurate calibration of the P signals in the Si
matrix by means of an analytical protocol that is described in
previous publications.***°

Electrical characterization

Sheet resistance and Hall measurements were obtained in the
van der Pauw geometry using a closed-cycle cryostat, at tem-
peratures ranging between 100 K and 300 K. A constant current
(1) is applied through the Keithley 6221 while the Keithley
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View Article Online

Paper

Voltage (x 10" V)
(INEI 2T

62 @ ‘ 1

1 1 1 1 0 1 1 In -6
-1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0
Current (x 10 A) Current (x 10° A)
Fig. 1 -V characteristics of the different pairs of contacts for the samples

obtained with 1 cycle of grafting—O, plasma ashing followed by high
temperature annealing in RTP at T = 1000 °C (a) and T = 1250 °C (b)
respectively. For each sample, different /-V curves were acquired, mea-
suring the tension Vj; between two adjacent contacts when a current /; is
applied and considering all the possible combinations of adjacent metal
contacts i = {1,....4} and j = i + 1. A picture of a typical 0.9 x 0.9 cm? Si
sample with Al metal contacts deposited at each corner is depicted in the
inset.

2182A nanovoltmeter records the corresponding voltages (V).
Current/voltages can be injected/measured in a custom mode
across the four aluminum metal contacts, thus allowing us to
record two-point I-V curves. For Hall measurements, a mag-
netic field of up to 0.8 T is applied. The data are recorded with a
custom-written Labview-based acquisition software.

Results and discussion

The injection and activation of P impurity atoms were investi-
gated as a function of the temperature T of the drive-in process.
P dopant sources were prepared by a single cycle of grafting and
O, plasma cleaning over a not-deglazed Si substrate using a P
terminated polystyrene (PS) sample (M, = 2.3 £ 0.3 kg mol ,
D =1.05 + 0.01). To explore the effect of annealing temperature,
P injection and activation in the high resistivity (100) Si sub-
strates were performed by RTP treatments at temperatures
ranging from 1000 °C to 1250 °C for 5 s.

Preliminary analysis of the metal contacts was performed by
measuring the I-V characteristic at room temperature for each
pair of contacts of this set of samples. The representative I-V
curves obtained from the samples annealed at 1000 °C and
1250 °C are reported in Fig. 1a and b, respectively. Collected data
indicate that samples annealed at T < 1100 °C present a non-
linear current voltage characteristic indicating a non-Ohmic
behavior of the contacts. Conversely, samples annealed at 7 >
1150 °C exhibit a perfectly linear behavior indicating that good
Ohmic contacts were formed. It is worth remembering that for
contacts with a high doping concentration, the barrier width
becomes very narrow, and the tunneling current becomes
dominant. Accordingly, experimental data suggest that different
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Fig. 2 (a) Sheet resistance (Rs) values as function of the annealing tem-
perature (T) during the drive-in process. Rs values of the pristine and
annealed (T = 1250 °C) substrate are indicated by black dashed lines. The
inset indicates the configuration of the probes on the contacts during van
der Pauw measurements. (b) Dopant concentration (¢) and (c) carrier
mobility (i) values as a function of the annealing temperature (T) during
the drive-in process. The corresponding ¢ and u values of the pristine
substrate are indicated by black dashed lines. The ¢ value of the annealed
(T = 1250 °C) substrate is indicated by a black dashed line. The inset
indicates the configuration of the probes on the contacts during Hall effect
measurements. Each data point was obtained by repeated measurements
performed on two different samples prepared with the same number of
grafting—ashing cycles and drive-in treatment.

amounts of P atoms have been introduced into the Si substrate
depending on the annealing temperature of the drive-in process.
In particular, at high annealing temperatures the P concen-
tration at the metal-semiconductor interface is so high that
tunneling is possible across the potential barrier between the
metal and the semiconductor, resulting in a Ohmic behavior of
the I-V characteristics."

The sheet resistance (R;), carrier concentration (o), and
carrier mobility (1) values for the set of samples annealed in
the 1000-1250 °C range are depicted in Fig. 2. All measure-
ments are recorded in the van der Pauw geometry through the
four aluminum contacts at the corners. In particular, the
current (I) is injected between two adjacent i and j =i + 1
contacts, and the voltage drop (Vi) is measured across the
opposite k =i+ 2 and [ = k + 1 contacts. A schematic picture of
the probe configuration is sketched in the inset of Fig. 2a. From
the measured (I, Vj) values, we determined the sheet resis-
tance R, of the samples. Fig. 2a shows the evolution of Ry as a
function of the annealing temperature in a 5 s long RTP process
for P dopant injection/activation. The black dashed lines indi-
cate the Ry values measured in the high resistivity pristine
substrate and in the same sample after annealing at 1250 °C for
5 s. The R, reduction upon high temperature annealing in the
high resistivity substrate is associated with the formation of
oxygen-related thermal donors.*'”*? The values are reported as a
reference to demonstrate the effective modification of the sheet
resistance due to the injection and activation of the P impurities
into the Si substrate. Collected data indicate a progressive
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decrease of the sheet resistance R as a function of the annealing
temperature, in perfect agreement with data reported in our
previous work.>*

Hall effects measurements were performed using a van der
Pauw configuration with the probes placed at the four corners
of the sample, following the arrangement shown in Fig. 2c.
Current (I;;) was injected between two contacts i and k=i + 2
at the opposite corners of the sample and the voltage drop
(V1) was measured across the other two contacts j = i + 1 and
[ =k + 1. The carrier concentration ¢ and the carrier mobility u
were obtained from the analysis of the collected data using a
constant doping approximation.” Fig. 2b and c depict the
evolution of ¢ and y as a function of the annealing temperature
T of the drive-in process. The corresponding ¢ and p values of
the pristine high resistivity substrate are indicated by the black
dashed lines. The ¢ value of the annealed (1250 °C, 5 s)
substrate is indicated in Fig. 2b by the black dashed line. The
increase of carrier concentration upon annealing in the
undoped high resistivity substrate is associated with the for-
mation of thermal donors. The concentration of thermal
donors upon annealing is determined to be ~2 x 10" em ™3,
in perfect agreement with literature data.*” Increasing the
annealing temperature, we observed a progressive increase in
the carrier concentration and a concomitant reduction of
carrier mobility, in accordance with literature data.™ It is inter-
esting to note that, at annealing temperatures 7 < 1100 °C, the
o values exhibit a limited variation with respect to pristine
substrate and the corresponding p values are perfectly consistent
with n-type carrier mobility in intrinsic or low doped silicon.
Conversely, at T > 1150 °C, data indicate a significant enhance-
ment of the concentration of mobile charges o, that corresponds
to a substantial drop of the carrier mobility u. The measured u
values suggest that, in samples annealed at T > 1150 °C, dopant
concentrations in the surface layer of the sample are expected to
be p > 1 x 10" em3.* These results are perfectly consistent with
the observed formation of good Ohmic contacts for samples
annealed at 7 > 1150 °C. The high temperature required to
promote effective P diffusion and activation in the Si substrate is
essentially associated with the presence of a 1.5 nm thick native
SiO, film on the surface of the not-deglazed silicon substrate. In
fact, P diffusion in SiO, is very slow even at relatively high
temperatures.”*® Accordingly, the native SiO, film represents a
diffusion barrier that prevents efficient P injection into the Si
substrate unless very high temperatures (T > 1100 °C) are
applied.®® In this respect, it is interesting to focus on the high
temperature processes, in order to generate high dopant concen-
tration in the region close to the surface layer of the silicon
substrate.

To investigate the possibility of effectively modulating the
dose of P atoms injected into the Si substrate, a second set of
samples was prepared with repeated cycles of grafting and O,
plasma ashing over a not-deglazed Si substrate using the same
P-terminated PS molecules. The number of grafting-ashing
cycles was varied from 1 to 5 in order to progressively increase
the P concentration in the dopant sources. The drive-in process
was performed in RTP using the same processing conditions

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) ToF-SIMS calibrated depth profiles showing P distribution in the
silicon substrate upon annealing at 1200 °C for 5 s. The P concentration in
the dopant source was progressively increased by cycles of grafting-O,
plasma ashing on a not-deglazed Si(100) substrate using a P terminated PS
polymer. Grafting was performed at 190 °C in a N, atmosphere. A 10 nm-
thick SiO, capping layer was deposited on the sample to prevent P out-
diffusion during the drive-in process and subsequently removed prior to
ToF-SIMS characterization. P calibrated profiles were fitted (continuous
lines) assuming a limited source model. The black dashed line indicates the
P detection limit of the ToF-SIMS apparatus. (b) Total P dose as function of
the number of grafting—O, plasma ashing cycles. The total number of
P atoms in each sample was determined by integration of the P distribution
obtained from the calibrated ToF-SIMS profiles. Each data point was
obtained by repeated measurements performed on two different samples
prepared with the same number of grafting—ashing cycles and drive-in
treatment.

(T =1200 °C, t = 5 s) for all the samples. ToF-SIMS analysis was
carried out to characterize the doping profile of the thermally
diffused P atoms in silicon. Calibration of the P signals in the Si
matrix was performed applying previously developed protocols.?®
Fig. 3a shows the calibrated ToF-SIMS depth profiles of P in the
Si substrate upon drive-in, for the samples with dopant sources
obtained with a different number of grafting-ashing cycles. Due
to the presence of a native oxide and to well-known artifacts
characterizing the initial stages of SIMS analysis,”” the effective
quantification of P concentration in the depth profile is not
reliable in the so-called transient region, i.e. in the region close
to the surface of the sample. From a general point of view, all the
samples exhibit a high surface concentration that sharply
decreases to 10'® atoms per cm® within the initial 80 nm of
the Si substrate. The maximum surface concentration ranges
from 0.7 x 10" to 2.5 x 10" atoms per cm?, depending on the
concentration of P in the dopant source, i.e. on the number of
grafting-ashing cycles. It is worth noting that, in principle, the P
concentration could be further enhanced by increasing the
number of grafting-ashing cycles. ToF-SIMS data were fitted
using Gaussian curves (continuous lines in Fig. 3a) neglecting
the data points in the initial 5 nm from the sample surface to
account for artifacts in the ToF-SIMS depth profile. The Gaussian
functions are characterized by a constant standard deviation
(6 =30.3 + 2.4 nm) consistent with a source limited model for P

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

diffusion in silicon." The total dose of P atoms injected into the
silicon substrate was obtained by integration of the calibrated P
concentration profiles. Fig. 3b reports the P total dose as a
function of the number of grafting-ashing cycles. A linear
increase in the P dose is observed in agreement with the idea
that the dose of P atoms in the dopant source grows stepwise
with each cycle.

Van der Pauw analysis and Hall effect measurements were
performed on these samples to obtain information about the
electrical activation of the injected P impurity atoms. Fig. 4
reports the values of sheet resistance R (a), carrier concen-
tration ¢ (b) and electron mobility  (c) as a function of the
number of grafting-ashing cycles. Data highlight the progres-
sive Rs reduction determined by the increase in ¢ that is
associated with the higher concentration of P impurity atoms
introduced into the Si substrate during the drive-in process.
Once again, the gradual decrease of electron mobility u per-
fectly correlates with the expected carrier mobility reduction in
the case of high dopant concentrations.” Data suggest that the
effective concentration of active dopants in the Si substrate can
be accurately modulated by changing the amount of P atoms in
the dopant source.

Fig. 5 reports the free electron concentrations obtained by
room temperature Hall effect measurements in a uniform layer
approximation versus the ToF-SIMS dose of P atoms for the
samples obtained by multiple grafting-ashing cycles. Data
exhibit a good linear trend, further confirming that the elec-
trical properties of the Si substrate can be finely tuned by
varying the phosphorus concentration in the dopant source.
From the slope of the linear fit we obtain the ratio between the
free electrons and the phosphorus atoms that corresponds to
66.7%. Gao et al. reported a ratio between the free electron and
the phosphorus atoms of 66.6% in a silicon sample doped by
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Fig. 4 (a) Sheet resistance Ry, (b) carrier concentration ¢ and (c) carrier

mobility x4 as a function of the number of grafting—O, plasma ashing
cycles. Each data point was obtained by repeated measurements per-
formed on two different samples prepared with the same number of
grafting—ashing cycles. Rs and ¢ values of the annealed substrate are
indicated by black dashed lines.
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Fig. 5 Carrier concentration and concentration of active P impurity
atoms as a function of the ToF-SIMS dose of P atoms for the samples
obtained by multiple grafting—O, plasma ashing cycles. The concentration
of active P impurity data was obtained from Hall effect measurements
using a uniform layer approximation. The linear fits of the experimental
data are indicated by dashed lines.

MLD, using P containing low molar mass molecules that are
quite different from those used in the present work.>* Conversely
Wau et al. obtained a value of 26.7% using another P containing
molecule.®® This low ratio was explained by observing that
electrons ionized from the P dopants were mostly trapped by
deep level defects, that are likely carbon interstitials.>*

To obtain information about the activation efficiency of the
doping process, it is necessary to determine the ionization rate
of the P atoms incorporated into the Si substrate. When P
concentrations are higher than 1 x 10'” cm™?, only a fraction of
the substitutional P impurity atoms incorporated into the Si
crystal lattice is ionized, even at room temperature. Using the
theoretical model of incomplete ionization proposed by Alter-
matt et al,*® the ionization rate (i;) was calculated for the
different samples. Considering the free electron concentration
determined by analysis of Hall measurements in constant
doping approximation and the ionization rate #; of the different
samples, we determined the fraction of active P atoms in each
sample. Fig. 5 reports the values of the active fraction of P
atoms as a function of the ToF-SIMS dose of P atoms for the
samples obtained by multiple grafting-ashing cycles. The linear
fit of the experimental data provides an activation efficiency
fa = 69.3 £ 3.2%.

To countercheck the nature and concentration of the active
dopant impurities, low temperature Hall measurements were
performed on the sample obtained with a single grafting-
ashing cycle and annealed at 1200 °C for 5 s. Acquisition
temperatures were varied from 300 K to 100 K. Data acquired
at different temperatures were analyzed using a constant
doping approximation to determine the carrier concentration.’
Fig. 6 reports the carrier concentration as a function of
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Fig. 6 Carrier concentration versus temperature obtained from Hall
measurements at different T of a sample prepared with a single grafting—
ashing cycle. Drive-in of the dopants was performed by annealing the
sample in RTP at T = 1200 °C for 5 s. The black dashed line corresponds
to the fitting of the data using the standard model reported in ref. 23.

acquisition temperature. By fitting these data using the standard
model reported by Gao et al.,>> we obtained the activation energy
(E,) and the concentration of active P impurity dopants (N,). In
particular, the activation energy is compatible with the value E, =
45 meV reported in the literature for phosphorus ionization in
silicon." The concentration of electrically active P impurity
dopants obtained from this analysis is Ny = 9.4 x 10" cm™?
corresponding to an ionization rate #; = 85%. This value is
perfectly consistent, within the experimental error, with the value
n; = 82% calculated for this sample, according to the theoretical
model of incomplete ionization proposed by Altermatt et al.*

It is important to note that carrier concentration values
obtained from Hall effect measurements using the uniform
layer approximation are usually underestimated.”® Considering
the high gradient of P concentration that is observed in ToF-
SIMS depth profiles, a more accurate estimation of the effective
carrier concentration requires determination of the Hall coeffi-
cient Ry using a multilayer model that takes into account the
variation of the dopant impurities and the associated variation
of carrier mobility.”*® On the basis of the ToF-SIMS depth
profiles and assuming a Gaussian distribution of P impurity
atoms, it is possible to correctly model the electron distribution
in the Si substrate and calculate the effective carrier concen-
tration in the samples. Following the same reasoning that was
applied in the case of the uniform concentration approxi-
mation, the concentration of the active P impurity atoms was
determined for the different samples. Fig. 7 reports the values
of the active fraction of P atoms obtained using the multilayer
model as a function of the ToF-SIMS dose of P atoms for the
different samples. The linear fit of the experimental data
provides an activation efficiency of #, = 83.1 £ 3.6%.
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Fig. 7 Concentration of active P impurity atoms as a function of the ToF-
SIMS dose of P atoms for the samples obtained by multiple grafting—ashing
cycles. The concentration of active P impurity atoms was obtained from
Hall effect measurements using a multilayer model. Linear fit of the data
(red dashed line) indicates an activation efficiency n, = 83.1 + 3.6%.

Discussion

The main concern about doping strategies using self-assembling
molecules is the presence of carbon and oxygen contamination
and consequent dopant deactivation. P activation has been
demonstrated to be almost full with no impact of carbon
impurities.*® Conversely, recent results demonstrate that the
presence of carbon contamination determines the formation of
carbon-phosphorus pairs and the consequent deactivation of
the P impurity atoms.>******! In a previous experiment using
MLD we demonstrated by means of combined ToF-SIMS and
atom probe tomography (APT) analysis that carbon contamina-
tion is concentrated in a 2 nm thick layer close to the Si
surface.*> A possible solution to overcome the problem of P
deactivation determined by C contamination could be the
removal of this contaminated layer by calibrated etching pro-
tocols. It is interesting to note that, in the case of MLD, high
dose P junctions are characterized by relatively high activation
efficiency.>® Conversely, carbon deactivation effect is particu-
larly evident in the case of low dose P junctions. Activation
efficiency as low as 7% has been reported for P junctions using
super-branched poly-glycerol molecules.*' This effect can be
tentatively attributed to the use of large molecules and conse-
quently to the high level of carbon contamination that is
introduced into the Si substrate during the annealing process
for dopant drive-in. This fact suggests a limitation for MLD in
terms of the effective capability to control P dose by changing
the steric hindrance of the dopant containing molecules.
Formation of the P dopant source on a native SiO, layer can
reduce the carbon contamination since carbon atoms are
trapped at the SiO,/Si interface, reducing carbon diffusion in

This journal is © The Royal Society of Chemistry 2020
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the doped substrate when carbon containing precursors are
used. Nevertheless, the use of an oxide layer introduces severe
limitation in the P drive-in process since high temperatures are
necessary to overcome the SiO, diffusion barrier, limiting the
capability to control the junction depth.

Alternatively, to reduce carbon injection into the substrate,
it is necessary to remove the carbon containing molecule before
drive-in of the P impurity atoms into the Si substrate. In a
previous paper, we demonstrated that O, and/or Ar plasma
is extremely effective in removing the carbon component of
the brush layer formed using homopolymers terminated with
P-containing moieties.”® Accordingly, the level of carbon
contamination in the dopant source is much lower than the one
obtained using MLD with the same dopant containing moiety
that is tethered to one end of the homopolymer chain.** It is
worth noting that the carbon content was determined to be of
the order of adventitious carbon that is deposited over the
sample substrate during exposure to air before deposition of
the SiO, capping layer. Moreover, the carbon content is inde-
pendent of the P dose in the source i.e. of the molecular weight
of the P terminated polymers or of the number of grafting-ashing
cycles. Accordingly, in the present work, the dopant activation
was found to be independent of P dose in the range of dopant
concentrations that were explored, indicating that no significant
P deactivation effects are induced by carbon contamination.

From a more general perspective it is important to compare
these data with those reported in the literature in the case of a
high concentration of P impurity atoms in the Si substrate by
ion implantation. Activation has been a serious problem for the
ion implantation technology. Post-annealing above 800 °C is
commonly used for dopant activation®® and several thermal
treatment schemes have been proposed to increase activation
efficiency.***® Single step annealing at high temperature yields
P activation of the order of 40-60%. Conversely, specific thermal
treatments decoupling the damage recovery process and crystal
regrowth from the electrical activation were demonstrated to
significantly improve dopant activation. In 100 keV and 50 keV P
implants, 100% and 75% activation of the implanted P atoms
are reported, respectively, due to the different depth distribu-
tions of implantation damage in the Si substrate.** In the case of
high fluence low energy ion implantation, significant out diffu-
sion of P impurity atoms is observed during annealing. This
out diffusion process is associated with trapping of P at the
SiO,/Si interface with consequent deactivation of the dopant
impurities.***” The activation efficiency of P dopants close to the
silicon surface is about 55-59%, due to the interaction with
surface states and hydrogenation phenomena.*” Accordingly, the
~80% activation efficiency in P junctions formed using the
proposed self-assembly doping strategies are sufficiently high to
compete with the current ion implantation technology. In this
respect, we believe that the proposed technology represents a
valuable alternative to ion implantation for all those applications
requesting a simple and low cost approach to precisely control
doping of silicon or other semiconductor materials. These layers
of tethered P-terminated polymers represent a straightforward
solution for the doping of nanostructured materials which cannot
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be processed using standard ion implantation due to shadowing
phenomena, unless expensive and complex protocols are applied.
Accordingly, we could envision the application of this technology
for the doping of nanostructure substrates for photovoltaic appli-
cations, requiring effective approaches to reduce the cost of the
devices.*®

Finally, integration of self-assembly doping strategies with
conventional lithographic protocols could provide the possibi-
lity of generating highly doped localized regions in Si over-
coming the P concentration inducing the metal-semiconductor
transition. Few experiments have been reported in the literature
showing the possibility to localize grafting of dopant containing
molecules in a small area with the lateral dimension of a few
nanometers. These data indicate that self-assembly doping
strategies could in principle pave the way towards mass fabrica-
tion of quantum dots, nanowires and sheets in the Si crystal. In
turn, these elements could be used as building blocks for the
fabrication of novel devices for quantum computation. Integra-
tion of P terminated polymers with advanced lithographic
approaches is currently ongoing.

Conclusions

Polystyrene polymers with narrow molar mass distribution and
end-terminated with a P containing moiety were grafted to a
not-deglazed high resistivity Si substrate to build up a phos-
phorus §-layer embedded in a SiO, matrix. Subsequent drive-in
of P atoms into the Si substrate was obtained by high tempera-
ture (1000-1250 °C) thermal treatments in RTP. Temperature-
dependent resistivity and Hall measurements in the van der
Pauw configuration were performed to investigate injection and
activation of the P atoms into the Si substrate. High activation
rates (1, > 80%) of injected P atoms were achieved in the
specific range of P concentrations explored in this work. Accord-
ing to these data, this bottom-up approach provides an effective
doping technology that guarantees accurate control of the num-
ber of P atoms that are injected during the drive-in process into a
semiconductor substrate. The high activation of the P atoms
suggests this process could represent a valuable alternative to
conventional ion implantation in samples that cannot withstand
implantation induced crystal damage. Further experiments are
currently investigating the integration of this doping approach
with conventional lithography in order to control the lateral
distribution of dopant containing molecules over the substrate
at the nanoscale.
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