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ABSTRACT: Self-assembled molecular monolayer doping may find important applications in doping FinFET and nanowire
transistors due to its nature of being conformal, nondestructive, and self-limiting. However, carbon contamination from the dopant
carrier molecules is often introduced into silicon, which will affect the device performance. Herein, we use carbon-free phosphorus
chloride (PCl3) molecules as dopant carrier molecules to avoid the introduction of carbon contamination. The Hall effect
measurements and secondary ion mass spectrometry show that the dopant activation rate is close to full activation even for samples
with a low doping concentration.
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■ INTRODUCTION

The successful development of integrated circuits (IC) is
mainly driven by the constant size downscaling of comple-
mentary metal-oxide-semiconductor (CMOS) field effect
transistors (FETs).1,2 In the past decade, the IC industry has
come across a point where the short channel effect is playing a
critical role in the operating principle of modern ultra-scaled
field effect transistors that will eventually result in the failure of
CMOS transistors if not properly addressed.3 Forming an
ultra-shallow junction in the source and drain region of the
transistors is an effective approach to mitigate the short
channel effect.4 In 2008, Javey et al. demonstrated that self-
assembled molecular monolayer (SAMM) doping can form
ultra-shallow doping in silicon with controllable doping
concentration.5 In this SAMM doping technique, dopant
carrying molecules are first covalently grafted onto the
semiconductor surfaces, forming a monolayer of molecules.
The dopants are then driven into the semiconductor substrate
by rapid or spike thermal annealing. It is well known that
doping by ion implantation suffers from lattice damages and
unsuitability for three-dimensional (3D) semiconductor
structures such as FinFETs6−8 as well as the difficulty to
form ultra-shallow doping junctions. In contrast, the SAMM
doping is a mild doping technique that causes no lattice
damages. The self-assembly nature of the SAMM doping will
form a uniform and conformal coverage of semiconductor
surfaces and therefore is compatible with 3D or complex
structure doping.9−11

However, we recently found that carbon impurities of the
dopant carrying molecules were driven into the silicon lattice

along with the dopant atoms, partially or seriously deactivate
the electrical activity of phosphorus dopant atoms depending
on the doping concentrations,9,12,13 although carbon impurities
in p-type Si form minority traps and have a limited impact on
acceptor-type dopants.14 It is thus important to develop a
carbon-free SAMM doping technology, which has been
explored in recent years. To avoid the introduction of carbon
impurities into the substrate, Longo et al.15,16 and Zhi et al.17

used low temperature pyrolysis to break the P−C bond at 500
°C before high temperature annealing treatment and then
released the alkane chain in the octadecylphoshponic acid
(ODPA) molecule. To improve the activation rate of
phosphorus, Gao et al.18 extending the thermal annealing
time to separate interstitial carbon (Ci) from the phosphorus
dopants by taking the advantage of the difference in the
diffusion coefficient of carbon and phosphorus. van Drunen et
al.19 formed an ultra-thin SiO2 layer on the silicon surface
through the pre-treatment process of RCA to prevent the
carbon diffusion into the silicon. This group also used
phosphorus pentoxide as the dopant source that does not
contain carbon atoms. However, phosphorus pentoxide needs
to be grafted on the surface of silicon oxide to achieve
semiconductor doping. Although carbon pollution can be

Received: March 22, 2021
Accepted: July 15, 2021
Published: August 2, 2021

Articlepubs.acs.org/acsaelm

© 2021 American Chemical Society
3346

https://doi.org/10.1021/acsaelm.1c00276
ACS Appl. Electron. Mater. 2021, 3, 3346−3351

D
ow

nl
oa

de
d 

vi
a 

SH
A

N
G

H
A

I 
JI

A
O

 T
O

N
G

 U
N

IV
 o

n 
Se

pt
em

be
r 

23
, 2

02
1 

at
 1

2:
20

:5
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kai+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie-Yin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shannan+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hao+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian-Jun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaping+Dan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaelm.1c00276&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00276?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00276?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00276?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00276?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00276?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00276?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00276?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00276?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aaembp/3/8?ref=pdf
https://pubs.acs.org/toc/aaembp/3/8?ref=pdf
https://pubs.acs.org/toc/aaembp/3/8?ref=pdf
https://pubs.acs.org/toc/aaembp/3/8?ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaelm.1c00276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org/acsaelm?ref=pdf


avoided, the oxide layer is a barrier for the efficient
incorporation of phosphorus in the monolayer into the
underlying devices, resulting in the uncertainty in controlling
the dopant concentration and profile. Ye et al.20 synthesized an
organic carborane with a small carbon-boron ratio as a doping
molecule, thereby reducing carbon pollution while ensuring
high doping. However, these methods cannot completely
prevent the formation of carbon-related defect states during
the SAMM doping process.
In this work, we used phosphorus trichloride (PCl3) as the

dopant-carrying molecules to avoid the introduction of carbon
impurities. PCl3 molecules were grafted on OH-terminated Si
surfaces, forming (SiO)3P-terminated surfaces. P dopants were
driven into silicon by rapid thermal annealing. To avoid the
surface effect and increase the activation rate of phosphorus
dopants in silicon, a 20 nm thick crystalline was epitaxially
grown on the silicon surface after the sample was properly
cleaned. Hall effect measurements and secondary ion mass
spectrometry (SIMS) profiling show that the electrical
activation rate of phosphorus dopants is higher than 90%
even at low doping concentration.

■ RESULTS AND DISCUSSION

Figure 1a shows the self-assembly process of phosphorus
trichloride (PCl3) on the silicon surface. Briefly, intrinsic
silicon-on-insulator (SOI) substrates were thoroughly cleaned
before immersed in a 0.5% HF solution for 5 s to remove the
natural oxide layer. At the same time, Si−O−H bonds formed
on the silicon surfaces,11 although Si−H bonds often form on
the Si surfaces after treated with a high concentration of HF

solution. The sample was then quickly transferred to a reaction
flask containing PCl3 molecules. The PCl3 molecules were
grafted on the Si surfaces with the assistance of triethylamine
as the catalyst. After a period of reaction time in the flask, the
samples were first cleaned and then covered with a 200 nm
thick SiO2 layer using magnetron sputtering (Denton vuucm,
WF1DMSP01). Finally, the standard rapid thermal annealing
(RTA) process was applied to anneal the samples at 1050 °C
for 30 s to drive the dopants into the silicon substrate. After
the RTA process, a 20 nm-thick crystalline silicon was
epitaxially grown on top of the doped sample after the SiO2
coating was removed with 2.5% HF solution and surface
cleaning in ultra-high vacuum. Samples with different doping
concentrations were obtained in the same approach by
changing the reaction time of the reactants. Two sets of
samples were made with one for 6 h reaction and the other for
1 h reaction. The samples were labeled as PCl3-h and PCl3-l for
the relatively high and low doping concentration, respectively.
To check whether PCl3 molecules were successfully grafted

on silicon surfaces, we first characterized the sample surfaces
using Fourier transform infrared (FTIR) spectroscopy. Figure
1b shows the FTIR spectra of the samples grafted with PCl3
(red) and the blank Si sample (black). No stretching vibrations
of CH2 and CH3 (around 2800−3000 cm−1) and aliphatic
hydrocarbons were detected in both samples, indicating that
no carbon contaminants were introduced during the self-
assembly of PCl3 molecules. Indeed, weak stretching and
asymmetric stretching vibration modes of P−O bonds were
detectable at 1091 and 1024 cm−1, respectively (Figure 1b). It
shows that PCl3 molecules were successfully self-assembled on

Figure 1. (a) Stepwise surface modification on Si(100) surfaces using phosphorus trichloride molecules and infrared transmission spectra taken
from (b) PCl3 modified sample and blank sample. Note that the blank silicon wafer went through the same process except the reaction with PCl3.
The peaks labeled as Vas(CO) are related to the CO2 molecules in air. (c) Zoom-in IR spectra of the characteristic infrared peaks of P−O bonds
in the dashed window in (b).
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the silicon surface. In addition, stretching vibrations (856−820
cm−1) belonging to Si−O−H are also visible, which is caused
by the exposure of the sample to the atmosphere during
preparation or characterization. The unbonded Si dangling
bonds would be oxidized by intrusive oxygen, forming sub-
stoichiometric SiOx (x <2).
X-ray photoelectron spectroscopy (XPS) was also employed

to characterize the Si surfaces that were grafted with PCl3 (see
Figure S1 in Supporting Information for the full XPS
spectrum). A strong peak of the P 2s at 191.7 eV is clearly
visible (top panel in Figure 2a) on top of two Si 2s plasma
broad bumps on the blank silicon sample (bottom panel in
Figure 2a). This indicates that a high concentration of PCl3
molecules has successfully grafted on the silicon surfaces. PCl3
molecules bind with silicon likely in a form of Si−O−P
because the O 1s peak of the PCl3 grafted sample can be
decomposed into a main peak at 532.5 eV (1.7 eV in FWHM)
and a small peak 531.8 eV (1.0 eV in FWHM). The main peak
at 532.5 eV is the typical characteristics of O 1s in the form of
SiOx and SiOH for blank silicon. The small peak at 531.8 eV is
attributed to P−O bonds, indicating that the PCl3 molecules
are immobilized onto the silicon surfaces via the P−O bonds.
However, since the peak at 531.8 eV is decomposed from the
main peak and its magnitude is relatively weak, we cannot
exclude the possibility that P(OSi)3, P(OSi)2OH, and
POSi(OH)2 may coexist. Nevertheless, the characteristic
peak of the binding energy of Cl does not appear on the
surfaces of the PCl3 modified silicon surfaces. This observation
shows that Cl ions of PCl3 are completely removed during the
grafting process via the possible chemical reaction 1.21 The
atomic force microscope (AFM) image of the PCl3 modified
sample is shown in Supporting Information, Figure S2. It can
be seen from the figure that the surface of the sample after the
reaction is very flat and there is no agglomeration, which
indicates that the molecules were uniformly grafted on the
silicon surface, but less likely a monolayer based on the
secondary ion mass spectrometry (SIMS) shown later.

+ → − − +PCl 3SiOH P( O Si) 3HCl3 3 (1)

After PCl3 molecules were grafted onto the silicon surfaces,
the Si sample was then covered with a 200 nm-thick SiO2 film

by sputtering. Rapid thermal annealing (RTA) was applied to
drive the dopants into the silicon substrate at 1050 °C for 30 s.
After removal of the SiO2 film followed by metallization, van
der Pauw four-point measurements were applied to character-
ize the blank sample and PCl3-doped Si samples. The sheet
resistance is measured according to the structure, as shown in
Figure S3. To tune the doping concentration, we controlled
the reaction time for grafting PCl3 onto silicon surfaces. The
sample with a high doping concentration (labeled as PCl3-h) is
the one with a reaction time of 6 h. The one with the shorter
reaction (1 h) has the lower doping concentration (labeled as
PCl3-l). The measured sheet resistance is shown in Table 1.

The sheet resistance (Rs) of the blank sample is 2754.49 KΩ/
sq, indicating that no significant contamination was introduced
during this process. After doping, the sheet resistances of the
samples are reduced by 2−3 orders of magnitude to 3.08 KΩ/
sq for the medium-doped sample (PCl3-h) and 10.44 KΩ/sq
for the lightly doped sample (PCl3-l). The I−V curve of each
sample is shown in Supporting Information, Figures S4−S6.
It was reported that interstitial carbon impurities can reduce

the activation rate of phosphorus dopants by Ci−Ps
pairs.12,17,18 To estimate the dopant activation rate of our
samples, we need first to find the electron concentration by
Hall effect measurements and then probe the dopant
distribution profile by secondary ion mass spectroscopy
(SIMS). For the Hall effect measurement, we swept the
magnetic field intensity from −1T to 1T at a given current.
The Hall resistance is linear with the magnitude field intensity,
as shown in Figure 3a. The Hall resistance is nonzero at zero

Figure 2. XPS spectra of blank and modified silicon samples. (a) P 2s spectrum of silicon modified with PCl3 and blank sample. (b) O 1s spectrum
of silicon modified with PCl3 and blank sample. (c) Cl 2s spectrum of silicon modified with PCl3. (d) Surface molecular structure of silicon
modified with PCl3.

Table 1. Sheet Resistance, Carrier Concentration, and
Activation Rate of the Blank Sample and Doped Sample via
the SAMM Doping Technique

sample blank PCl3-h PCl3-l

Rs (KΩ/sq) 2754.49 3.08 10.44
carrier concentration (cm−2)
from Hall measurements

3.47 × 1012 6.21 × 1011

dopant concentration (cm−2)
from SIMS

3.69 × 1012 6.89 × 1011

dopant activation rate 94.0% 90.1%
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magnetic field intensity because the sample shape is not a
perfect square (see Supporting Information Figure S3),
resulting in the Hall bars asymmetrically placed across the
applied current direction. The areal concentration of electrons
can be calculated from the derivative of Hall resistance
respective to magnetic field intensity following eq 2. The
measured electron concentrations for the samples are
summarized in Table 1.

= − Δ
× Δ

N
B

e V I( / )e
H (2)

e: unit charge; VH: Hall voltage; I: source current; B: magnetic
field; and Ne: free electron concentration per unit area.
The dopant distribution profile was probed by SIMS. It is

well known that, however, SIMS is not accurate near the
surfaces because the surfaces can be easily contaminated and
the material interface is often not atomically sharp, making it
difficult to estimate the dopant concentration. To address this
issue, we epitaxially grew a 20 nm thick crystalline silicon on
top of the PCl3-doped Si samples after the sample surfaces
were thoroughly cleaned. By doing so, SIMS will first profile
the undoped surfaces before it reaches the critical interface
between the epitaxial layer and the original substrate. The
inaccuracy of phosphorus profile occurs only near the outer
surfaces instead of the original surfaces before epitaxy. As
shown in Figure 3b, the P profile has a peak located at 20 nm
below the surface, which is the interface of the epitaxial layer
and the original substrate surface. The P dopants diffuse well
into the bulk following the limited source diffusion model, as
shown in eq 3. Interestingly, the dopants also slightly diffuse
into the epitaxial layer probably because the silicon layer was
epitaxially grown at a relatively high temperature (450 °C).
This diffusion causes the P concentration to decrease from the
epitaxial interface to the surface but reach a minimal value at
10 nm below the surface and then surprisingly increases more
by 1 order of magnitude at the surface. This surprising increase
in P concentration is likely due to the “contamination” from
30Si−H dimers which have the same mass with 31P atoms.22

From the SIMS profiles, we find the actual concentration of
phosphorus in PCl3-h and PCl3-l is 3.69 × 1012 and 6.89 × 1011

cm−2, respectively, as shown in Table 1.

π
= −
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k
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x
Dt

( , ) exp
2

d
2

(3)

where Nd is the initial surface concentration (doping dose), x is
the doping depth, t is the annealing time, and D is the
diffusivity.
Based on the Hall measurements and SIMS results, we can

calculate the electrical activation rate of dopants. The P
activation rates of our PCl3-doped samples are all over 90%.
The sample with a higher doping concentration has a high
dopant activation rate, which is consistent with our previous
observations.9,12 We also performed a long-time (24 h) surface
modification to increase the doping concentration to 3.44 ×
1014 cm−2. The activation rate calculated from Hall effect
measurements and SIMS profiling reaches 101%. The slightly
higher than 100% is likely caused by the error in SIMS
profiling. For comparison, we also repeated the experiments
using diethyl vinylphosphonate (DVP) molecules. The
resultant P concentration is 5.74 × 1012 cm−2 and the dopant
activation rate is 78%, lower than our samples. These data are
included in the Supporting Information from Figure S7−S10.
The high activation rate of P dopants in our samples is in line
with the fact that the dopant-carrying molecules are carbon-
free, although some carbon contamination is still detectable at
the interface of the epitaxial layer and the original wafer surface
(Figure S11). Further analysis indicates that the carbon
contamination likely comes from the sample exposure to the
air.

■ CONCLUSIONS

In this work, we have investigated a carbon-free self-assembled
molecular monolayer doping technique, in which PCl3
molecules were used as the doping source. To reliably find
the dopant activation rate, we employed Hall effect measure-
ments to find the electron concentration after the monolayer
doping and epitaxially grew 20 nm-thick single crystalline Si on
top of the doped Si substrate for more reliable SIMS profiling.
Because the molecule does not contain carbon contaminants,
phosphorus dopants introduced into silicon by PCl3 are close
to full ionization.

■ METHODS
Materials. FZ Intrinsic Si(100) wafers (resistivity: ≥10 kΩ·cm;

thickness: 500 ± 10 μm, top silicon 10 μm) were purchased from
Suzhou Resemi Semiconductor Company. The acetone, ethanol, and
methanol used for silicon surface cleaning and sample preparation are
CMOS electronic grades, which were purchased from Sinopharm
Chemical Reagent Company and Sigma-Aldrich (Shanghai) Com-

Figure 3. (a) Hall resistance of PCl3-h and PCl3-l versus magnetic field measured by Hall measurement at room temperature; (b) doping profile of
PCl3-h (blue dot) and PCl3-l (green dot) measured by SIMS.
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pany, respectively. Other reagents were analytical reagents without
special instructions. Toluene (98%) was purchased from Sinopharm
Chemical Reagent Co., Ltd. Phosphorus trichloride (PCl3, 99%) was
purchased from Innochem. Triethylamine (99.5%, GC) was
purchased from Aladdin. Hydrofluoric acid (HF, 48%, CMOS
electronic grade) comes from Sigma-Aldrich.
Pre-processing of Silicon Wafer. Silicon wafers were cleaved

into 1.2 cm by 1.2 cm pieces, and the local top silicon from the edge 1
mm was etched away, leaving only the top silicon area of 1 cm by 1
cm. Then, the silicon samples were cleaned with isopropanol, acetone,
ethanol of CMOS grade, and deionized water in a sonication bath for
3 min. Finally, the silicon wafers were dried with N2.
Self-Assembly of PCl3 on the Silicon Surface. The pre-treated

silicon wafers were etched in 0.5% HF solution for 5 s to form the
OH-terminated surface. The silicon wafers were quickly washed with
deionized water and dried with N2 and then transferred to a glovebox
to prepare for the reaction. 10 mL of toluene and 2.4 mL of
triethylamine were added into the reaction bottle, and then, the
silicon wafers were put into the solution. Then, 0.5 mL of phosphorus
trichloride was dropped into the reaction flask. The whole reaction
took place at 70 °C for 1 and 6 h. After the reaction was completed,
they were washed with acetone, ethanol, and deionized water in a
sonication bath for 3 min. The ultrasound process was carried out to
remove the chemical molecules on the adsorption surface. Finally, the
cleaned silicon wafers were dried with N2.
Silica Deposition and Thermal Annealing. The SiO2 coating

layer on silicon was a method of sputtering through a multi-target
magnetron sputtering system. The thickness of SiO2 was 200 nm.
Then, RTA treatment was carried out at 1050 °C for 30 s to diffuse
phosphorus into silicon. Finally, the phosphorus-doped silicon was
treated with BOE solution to remove the SiO2 coating layer on the
surface. For comparison, the blank silicon wafer went through the
same process except the reaction with PCl3.
Surface Characterization. Infrared (IR) data were recorded in

ambient air using Fourier transform infrared (FTIR) spectroscopy
(Nicolet iN10 MX, Thermo Fisher Scientific). The transmission
mode of liquid nitrogen-cooled MgCdTe detector has an angle of 90°
away from the silicon surface. XPS was carried out using the Kratos
AXIS UltraDLD spectrometer with a monochromatic AlKα source
(1486.6 eV) in an analysis room with a pressure <5 × 10−9 Torr, a
mixed-amplification mode analyzer, and a multi-channel detector at a
takeoff angle of 45° from the sample surface. All binding energies were
referenced to the C 1s signal (corrected to 285.0 eV). The XPS data
results were processed using PeakFit software. AFM data were
obtained through a Bio-fastScan atomic force microscope (model:
Dimension Icon & FastScan Bio).
Sheet Resistance and Hall Test. A layer of 200 nm aluminum

electrode was deposited on the surface of the sample by a thermal
evaporation system. The sheet resistance was tested in a completely
black metal box using the van der Pauw four-point method. The
Keithley 2400 source instrument unit and custom-written Labview
script were used to generate and collect current/voltage data. In the
physical performance measurement system (PPMS, Quantum Design,
USA), Hall measurement was performed on the DC resistivity sample
holder pre-installed by wire bonding.
Secondary Ion Mass Spectrometry Test. The SIMS profiles of

carbon and phosphorus were conducted at EAG laboratories in USA
under a high vacuum condition of about 3 × 1011 Torr. Before depth
carbon profiling, the samples were cleaned with oxygen plasma to
remove possible carbon pollution in the environment.
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