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Fabrication of atomic dopant wires at large scale is challenging. We explored the feasibility to fabricate atomic
dopant wires by nano-patterning self-assembled dopant carrying molecular monolayers via a resist-free litho-
graphic approach. The resist-free lithography is to use electron beam exposure to decompose hydrocarbon con-
taminants in vacuum chamber into amorphous carbon that serves as an etching mask for nanopatterning the
phosphorus-bearing monolayers. Dopant wires were fabricated in silicon by patterning diethyl vinylphosphonate
monolayers into lines with a width ranging from 1µm down to 8 nm. The dopants were subsequently driven
into silicon to form dopant wires by rapid thermal annealing. Electrical measurements show a linear correlation
between wire width and conductance, indicating the success of the monolayer patterning process at nanoscale.
The dopant wires can be potentially scaled down to atomic scale if the dopant thermal diffusion can be mitigated.
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Following Moore’s law, semiconductor industry
has witnessed an exponential growth over the past few
decades. Doping, a crucial process in semiconductor
manufacturing, comes across an enormous challenge
as the feature size of modern transistors shrinks to
sub-10 nm scale where the number and position of in-
dividual dopants will influence device performances.[1]
Deterministic doping has been placed as one of the
highest priorities since the 2011 International Technol-
ogy Roadmap for Semiconductors (ITRS). Although
methods like single ion implantation[2−4] and STM
based hydrogen lithography[5−8] have been demon-
strated for single dopant manipulation, a parallel pro-
cess for realization of scalable dopant manipulation
has not been found so far.

It may be feasible to control dopants at large scale
by nanopatterning the self-assembled dopant carri-
ers. Monolayer doping (MLD) has been proved to
be a mild and controllable technique for introducing
dopants into silicon.[9−21] Dopant-bearing molecules
are first covalently bonded to hydrogen-terminated
silicon surfaces via hydrosilylation. The dopants
are then driven into bulk silicon and activated dur-
ing rapid thermal annealing process, sub-5 nm ultra-
shallow junctions have been fabricated.[10] MLD has
shown flexibility and precision in introducing var-
ious impurity dopants (P,[9,10,12,13,16] B,[9,11,16,18,19]
As,[20,21] N,[17] etc.) into silicon. Introducing dopants
via MLD into other semiconductors such as Ge,[22,23]

GaAs,[24] and InAs[25] has also been explored. How-
ever, most of the researches in this field focus on the
synthesis of precursors and wafer scale doping. Selec-
tive doping, which has practical significance in device
fabrication, has been less explored in MLD research.

Previously, we reported a selective doping strategy
by nanopatterning self-assembled monolayers (SAM)
to a few nanometers based on standard nanofabrica-
tion processes using hydrogen silsesquioxane (HSQ)
resist.[26] While HSQ is widely used as negative resist
for scientific research, it has poor resistance against
hydrogen fluoride (HF) etching that was used to re-
move unprotected dopant-bearing molecules. As a re-
sult, it is challenging to use HSQ alone as an etch-
ing mask to nanopattern SAM layers. In this work,
we explored the feasibility of a resist-free lithogra-
phy technique to nanopattern SAM layers for po-
tential atomic scale doping. The resist-free lithog-
raphy is to use electron beam exposure to decom-
pose organic contaminants in vacuum chamber into
amorphous carbon that serves as an etching mask for
nanopatterning the phosphorus-bearing monolayers.
We first demonstrated that SAM layers can be eas-
ily removed after successive steps of plasma enhanced
atomic layer deposition of SiO2 and HF etching. Then
we showed that e-beam induced amorphous carbon
template has excellent resistance against HF solution.
Using this carbonaceous template, we realized the
nanoscale patterning of phosphorus-containing mono-
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layers. For quantitative characterizations, dopant
wires with width ranging from 1µm down to 8 nm
were fabricated in silicon using the proposed strat-
egy. Low temperature measurements show that the
wire conductance is linearly correlated with the wire
width unless the wire width is less than 100 nm. To
further improve patterning resolution to atomic scale,
new annealing techniques such as pulsed laser anneal-
ing should be adopted to mitigate the diffusion length.

Results and Discussion. We first grafted a mono-
layer of diethyl vinylphosphonate (DVP) molecules on
intrinsic silicon wafers (>10000 Ω·cm) and then selec-
tively protected lines of the monolayer with e-beam
induced amorphous carbon to form dopant wires. To
prevent phosphorus evaporation during e-beam irra-

diation, a thin layer of silicon oxide was first de-
posited upon the prepared monolayers by plasma
enhanced atomic layer deposition (PE-ALD) with
bis(t-butylamino)silane and oxygen plasma as pre-
cursors. Previously, we demonstrated that dopant-
bearing molecules can be removed with a combina-
tion of oxygen plasma and HF etching.[26] Considering
that DVP molecules tend to be oxidized in the initial
phase of PE-ALD process, the resultant phosphorus-
containing compounds can be readily removed by HF
etching. XPS was used to characterize sample sur-
faces after the three sequential steps of surface modi-
fication and HF etching. The XPS results are shown
in Figs. 1(a)–1(c).
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Fig. 1. P 2𝑠 spectra acquired from (a) blank sample, (b) DVP modified sample, and (c) HF etched sample; and
the corresponding contact angle results are shown in (d), (e), and (f), respectively.

Figures 1(a) and 1(b) show the P 2𝑠 spectra ob-
tained from the sample before and after surface func-
tionalized with DVP molecules, respectively. The
broad bump centered around 185 eV is assigned to sil-
icon plasmon loss, while the side shoulder at 191 eV is
ascribed to P 2𝑠 orbitals in P–O bonds. The presence
of P 2𝑠 orbital indicates the successful immobilization
of DVP molecules on silicon surfaces. The immobi-
lization of DVP molecules was further confirmed by
water contact angle measurements. Compared to the
bare silicon sample [Fig. 1(d)], the contact angle of the
DVP modified sample drops from 74∘ to 35∘ due to
the containing of more hydrophilic headgroups (P=O)
of DVP molecules. After oxidation in PE-ALD pro-
cess followed by etching in 2.5% HF for 20 s, the P
2𝑠 side shoulder disappears [Fig. 1(c)] and the contact
angle is recovered to 72∘. These observations show the
successful removal of phosphorus compounds.

The above processes were further confirmed by
electrical measurements. All the three samples were
capped with SiO2 by spin-coating spin-on-glass (SOG,
IC1-200, Futurrex Inc) and then annealed at 1050∘C

for 30 s, which will drive phosphorus dopants into sili-
con. The capping layer was then removed by immers-
ing in buffered oxide etchant (BOE) for 5 min. For
electrical characterization, aluminum contacts were
deposited on four corners of each sample by thermal
evaporation. Van der Pauw methods were used to
probe the sheet resistance of these three samples and
the results are summarized in Table 1. The sheet resis-
tance of the control sample and P-doped sample were
measured as 336.1 kΩ/sq and 4.9 kΩ/sq, respectively.
This contrast in sheet resistance indicates that phos-
phorus dopants were successfully driven into silicon
from the DVP molecules. Instead of going through the
thermal annealing process, a surface-functionalized
sample was treated with PE-ALD and BOE etching.
The sheet resistance of this sample was increased to
224.2 kΩ/sq, which is comparable to the control sam-
ple and close to the theoretical value of intrinsic sili-
con wafer we used. This indicates that the oxidation
in PE-ALD followed by BOE etching has completely
removed phosphorus compounds from the functional-
ized surfaces, consistent with the XPS and contact
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angle measurements above.

Table 1. Sheet resistances measured by van der Pauw tech-
nique.

Sample 𝑅s (kΩ/sq)
Control sample

336.1
(annealed without surface functionalization)

DVP functionalized 4.9
DVP functionalized,

224.2
ALD SiO2 10 nm, 2.5% HF 20 s

In our previous work, HSQ is used as negative
electron beam resist for monolayer patterning. While
HSQ is widely used for scientific research, it has poor
resistance against HF etching that was used to remove
unprotected dopant-bearing molecules. As a result, it
is challenging to use HSQ alone as an etching mask to
nanopattern SAM layers. Here we show that nanome-
ter scale amorphous carbon pattern can be readily
created by e-beam exposure. Hydrocarbon molecules
in vacuum chamber (likely from vacuum grease) tend
to decompose under e-beam irradiation, resulting in
amorphous carbon deposition on sample surface. The
resolution of deposited pattern depends on the e-beam
size. In contrast to HSQ, the amorphous carbon is
highly resistive to HF etching, making it an attractive
potential alternative to HSQ resist. To demonstrate

this resist-free lithography for nanopatterning dopant
carrier molecules, we first investigated the amorphous
carbon deposition by performing e-beam exposure at
different dosages on a clean silicon wafer. The ob-
tained samples were characterized with atomic force
microscopy (AFM). The designed line structures with
a width varying from 10 to 80 nm can be clearly ob-
served, as displayed in Fig. 2(a). The measured thick-
nesses of carbon wires with different dosages were
summarized in Figs. 2(d) and 2(e). The thicknesses
of carbon wires are dependent on the e-beam doses.
Indeed, a linear correlation between thickness and e-
beam dose was observed for various line widths. How-
ever, the difference in line slope indicates the different
deposition rates among the wire widths. We find that
the deposition rate linearly increases with wire width
when width smaller than 50 nm. The deposition rate
tends to saturate with wire width wider than 50 nm,
with a rate of ∼0.022 nm per unit dose. This width-
related deposition rate, as reflected in Fig. 2(e), can
be explained by the proximity effect of e-beam irra-
diation. As the e-beam scanning across the sample
surface, the scattered electrons also contribute to the
carbon deposition in the nearby region, which in re-
turn leads to the thickness increase of the resultant
carbon wires.
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Fig. 2. AFM image of carbon wires with width ranging from 10 to 80 nm deposited with e-beam dose of 110mC/cm2,
(a) before HF etching, (b) after HF etching, and (c) after O2 plasma cleaning. (d) Height of carbonaceous wires
vs line width for exposure dose of 60, 110, 160, 210mC/cm2, extracted from AFM images before HF etching. (e)
Height of carbonaceous wires vs exposure dose for wire widths of 20, 40, 60, 80 nm, extracted from AFM images
before HF etching. (f) Line profile extracted from Figs. 2(a) and 2(b).

The same sample was then immersed in 2.5% HF
solution for 60 s. In Fig. 2(b), the carbon wires cre-
ated with a dose of 110mC/cm2 has hardly changed
after the wet etching process. Figure 2(f) shows the
height information extracted from Figs. 2(a) and 2(b).
The height of this set of carbon wires remains essen-
tially the same except for those with initial height less

than 0.5 nm (marked with green frame). The results
indicate that the etching resistance of the deposited
amorphous carbon against hydrofluoric acid is associ-
ated with film thickness. The amorphous carbon layer
could provide effective protection only if the thickness
is greater than 0.5 nm. A control sample was further
treated with oxygen plasma for 60 s. As displayed in
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Fig. 2(c), the carbon wires were almost completely re-
moved, which further confirmed the existence of e-
beam induced carbon.

Dopant wires in silicon were fabricated following
the procedure illustrated in Fig. 3(a). DVP molecules
were first grafted on the device layer of SOI substrate
(>10000 Ω·cm) that were cleaned properly (see the ex-
perimental section for details). SiO2 of 30 nm was then
grown upon the monolayers using a PE-ALD equip-
ment (Beneq TFS-200, Finland) to prevent phospho-

rus evaporation during the following e-beam irradia-
tion process. Carbon wires were formed on the SiO2

by e-beam induced carbon deposition, which acted as
an etching mask to protect the underlying SiO2 and
DVP from being etched away by HF solution. The
resulting sample was then annealed at 1050∘C for 90 s,
to drive in phosphorus dopants and to form dopant
wires. To facilitate electrical measurements, each wire
is connected to a pair of pre-ion-implanted pads.
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Fig. 3. (a) Process flow of the selective doping strategy. (b) Two probe measurements at 77K of 𝐼–𝑉 curves of
dopant-wire devices with width ranging from 30 nm to 1µm. (c) Conductance of dopant-wire devices as a function
of width ranging from 30 nm to 1µm, measured at 77K.

The conductivity of silicon substrate at room tem-
perature is relatively high. To eliminate background
current, dopant wire devices were characterized using
a cryogenic probe station at 77K. Figure 3(b) shows
the current-voltage (𝐼–𝑉 ) characteristics for dopant
wires with nominal width varying from 30 nm to 1µm.
All the dopant wires show ohmic 𝐼–𝑉 characteristics,
indicating the success of the whole selective doping
process. The conductance of each dopant wire is ex-
tracted and shown in Fig. 3(c). For wires wider than
100 nm, the conductance shows a linear dependence
on wire width. From the linear correlation, we found
that the sheet resistance of wires is calculated to be
3.2 kΩ/sq at 77 K, which indicates that a relatively
high concentration of phosphorus has diffused into sili-
con substrate. However, the fitted line (red dash) does
not project to zero at zero width. An offset of 22 nm
was observed at the 𝑥 axis, as displayed in the inset of
Fig. 3(c). This phenomenon can be explained by the
side etching of SiO2 during HF etching process. Dur-
ing the monolayer patterning process, the carbona-

ceous pattern was used to prevent the underlying SiO2

from being attacked by HF solution. However, the HF
etching of SiO2 is isotropic. As the sidewalls of pat-
terned wires are continuously exposed to HF solution,
the wire will be continuously narrowed. In our case,
approximately 11 nm has been etched away on both
sides of the wires, which is reasonable considering the
30-nm thickness of SiO2 we used. For the nominal
wire width of 30 nm, the actual doping width is ∼8 nm.
However, due to the thermal diffusion as we discussed
below, we actually lost control of dopants within this
8-nm-wide wire.

For wires narrower than 100 nm, a deviation of wire
conductance from the fitted line can observed in the
inset of Fig. 3(c). This result can be interpreted by the
diffusion induced attenuation in dopant concentration
during thermal annealing process, as described in our
previous report.[26] Using the mentioned method, we
find the best fit when diffusion length

√
𝐷𝑡 ∼ 20 nm

by enumerating possible diffusion lengths [green line in
Fig. 3(c)]. For an annealing time of 90 s, the diffusion
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coefficient is calculated to be 4.4 × 10−14 cm2/s. This
value is quite close to previous literature report,[27]
where the diffusivity 𝐷 can be expressed as Eq. (1)
with the corresponding value 3.14 × 10−14 cm2/s.

𝐷 = 5.7 exp
[︁
− 3.75(eV)

𝑘𝑇

]︁
. (1)

In the cross-section perpendicular to the wire axial
direction, the 𝑥 axis is pointing to bulk silicon from
surface and the 𝑦 axis is along the silicon surface.
The doping profile 𝐶(𝑥, 𝑦, 𝑡) of dopant wire can be de-
rived as Eq. (2) following the “source-limited” diffusion
model, where 𝑁0 is surface dopant concentration, 𝐷 is
diffusivity, 𝑡 is annealing time, and 𝑤 is line width.[26]

𝐶
(︁
𝑥, 𝑦, 𝑡

)︁
=

𝑁0

2
√
𝜋𝐷𝑡

𝑒−
𝑥2

4𝐷𝑡

[︁
erf

(︁𝑦 + 𝑤/2

2
√
𝐷𝑡

)︁
− erf

(︁𝑦 − 𝑤/2

2
√
𝐷𝑡

)︁]︁
. (2)

From the room temperature measurement, the sheet
resistance of wires is calculated to be 2.35 kΩ/sq. For a
diffusion length of 20 nm, the surface dopant concen-
tration of 1.26 × 1013 cm−2 can be found by solving
Eq. (3).

𝑅−1
s =

∫︁ ∞

0

𝑞𝜇𝐶(𝑥, 𝑡)𝑑𝑥

=

∫︁ ∞

0

𝑞×
(︁
𝜇min +

𝜇max − 𝜇min

1 + [𝐶(𝑥,𝑡)
𝑁ref

]
𝛼

)︁
× 𝑁0√

𝜋𝐷𝑡
𝑒−

𝑥2

4𝐷𝑡 𝑑𝑥. (3)

Typically, 𝜇min = 68.5 cm2/Vs, 𝜇max = 1414 cm2/Vs,
𝑁ref = 9.2 × 1016 cm−3, 𝛼 = 0.711.

Clearly, the maximum doping concentration is lo-
cated at 𝐶(0, 0, 𝑡). For a given diffusion length,
𝐶(0, 0, 𝑡) is proportional to erf( 𝑤

4
√
𝐷𝑡

). Using Eq. (2),
a peak concentration of 3.55 × 1018 cm−3 can be cal-
culated for wires wider than 100 nm. The peak con-
centration of dopant wire will decrease when the dif-
fusion length of phosphorus dopant is comparable to
wire width. A slight decrease of peak concentration
may result in the transition from degenerate to non-
degenerate doping wires. As we all know that the
ionization rate of phosphorus dopants in degenerated
region at 77 K is much higher than the rate in non-
degenerated region. As the wire narrows down, the
non-degenerate part of wire gradually dominates the
wire conductance, and hence, deviates from the linear
correlation.

In conclusion, a resist-free patterning strategy has
been developed for selective doping of silicon via self-
assembled monolayers. With the combination of e-
beam induced carbon deposition and HF etching,
phosphorus wires with width ranging from 1µm down
to 8 nm were fabricated and characterized. For wires
with wider width, low temperature electrical mea-
surement shows a linear correlation between width

and conductance, which indicates the success of the
whole selective doping process. The fitted sheet resis-
tance of 3.2 kΩ/sq at 77 K indicates that a relatively
high concentration of phosphorus has diffused into sil-
icon substrate. A transition from degenerate doping
to fully non-degenerate doping was also observed for
wires with narrower width as previously mentioned,[26]
which should be ascribed to the relatively large diffu-
sion length of phosphorus dopants. The present work
may provide a possible pathway for deterministic dop-
ing of silicon at atomic scale if the dopant thermal dif-
fusion is mitigated by adopting flash annealing or laser
annealing techniques to greatly shorten the diffusion
length and improve the dopant incorporation rate.

Experimental Section—Monolayer Formation.
Alignment markers were first etched into on SOI wafer
[6 inch, (100)-oriented, 10-µm-thick device layer, re-
sistivity >10 kΩ·cm, Ultrasil LLC] with a depth of
3µm by photolithography and reactive ion etching.
To facilitate the formation of Ohmic contact of each
dopant wire device, a second photolithography was
conducted on the same substrate to define the contact
regions, followed by ion implantation of phosphorus
dopants at a concentration of 1019 cm−3. After strip-
ing of photoresist, the SOI wafer was cleaved into
1.5 cm by 1.5 cm pieces, and thoroughly cleaned with
organic solvents (acetone, ethanol) and piranha solu-
tion (H2SO4:H2O2 = 3:1) to remove organic residues.
The cleaned substrate was then rinsed with DI water
and dried under nitrogen flow.

The surface functionalization of hydrogen-
terminated silicon with DVP molecules was followed
by previous literature reports.[16,26] DVP (> 98%,
TCI Shanghai) was first diluted with anhydrous 1,3,5-
trimethylbenzene (> 98%, water < 50 ppm, Aladdin)
at a ratio of 1:12 in a glovebox filled with Ar, followed
by deoxygenation using Ar bubbling for 10min. The
cleaned SOI sample was immersed in 2.5% HF solution
for 90 s to remove native oxide and to form a dense hy-
drogen terminated surface. The freshly etched sample
was quickly rinsed with DI water and dried by nitro-
gen, and immediately transferred into the prepared
precursor mixture. The hydrosilylation process was
performed at 160∘C overnight using a heating jacket,
and the reaction was stopped by removing the heat.
The obtained sample was ultrasonicated with acetone,
ethanol and DI water for 3min each to remove any
physiosorbed molecules.

Patterning of Self-Assembled Monolayers. SiO2

films with a thickness of 30 nm were first grown on the
prepared substrate by PE-ALD, to prevent the dopant
evaporation during e-beam irradiation. E-beam in-
duced carbon deposition was performed on a Vistec
EBPG-5200+ electron-beam lithography system, with
an acceleration voltage of 100 keV, beam current of
0.3 nA, and dose ranging from 10 to 210mC/cm2.
Thin layer of amorphous carbon was deposited onto
desired region and forming wires with width ranging
from 30 nm to 1µm to connect to a pair of prepared
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ion-implanted pads. Nanopatterning of DVP mono-
layers was achieved by dipping the fabricated sample
into 2.5% HF solution for 20 s, where the region pro-
tected by carbon wires would stay intact while the ex-
posed SiO2 along with underlying DVP molecules can
be etched away. The etched sample was then rinsed
with DI water and dried under nitrogen flow.

Capping Layer Deposition and Thermal Anneal-
ing. The carbon template was first removed by oxy-
gen plasma cleaning (Harrick Plasma, USA) for 1min
to reduce carbon contamination. Then, a thin layer
of silicon oxide was applied on the substrate by spin-
coating of IC1-200 (Futurrex Inc, USA), as previously
described.[12,17] The sample was annealed at 1050∘C
for 90 s, with a ramping rate of 10∘C/s. After anneal-
ing, the capping layer was removed by BOE solution
(HF:NH4F = 6:1, J.T. Baker Co. USA).

Electrical Characterizations. Metal contacts were
made on ion implanted area of dopant wire devices
by photolithography and thermal evaporating 200-nm
aluminum. Electrical measurements were performed
on a cryogenic probe station (Model TTPX, Lake
Shore Cryotronics, Inc., USA) at 77.6 K. A Keysight
B1500A semiconductor device parameter analyzer
was used to generate and collect voltage/current data.

The devices were fabricated at the center for Ad-
vanced Electronic Materials and Devices (AEMD),
and XPS, AFM and contact angle measurements were
conducted at the Instrumental Analysis Center (IAC),
Shanghai Jiao Tong University.

References
[1] Shinada T, Okamoto S, Kobayashi T and Ohdomari I 2005

Nature 437 1128
[2] Shinada T, Ishikawa A, Hinoshita C, Koh M and Ohdomari

I 2000 Appl. Surf. Sci. 162 499
[3] Dzurak A, Hollenberg L, Jamieson D, Stanley F, Yang C,

Buhler T, Chan V, Reilly D, Wellard C and Hamilton A
2003 arXiv:cond-mat/0306265

[4] Jamieson D N, Yang C, Hopf T, Hearne S M, Pakes C
I, Prawer S, Mitic M, Gauja E, Andresen S E, Hudson F
E, Dzurak A S and Clark R G 2005 Appl. Phys. Lett. 86
202101

[5] Fuechsle M, Miwa J A, Mahapatra S, Ryu H, Lee S,

Warschkow O, Hollenberg L C L, Klimeck G and Simmons
M Y 2012 Nat. Nanotechnol. 7 242

[6] Pok F J R W, Reusch T, Butcher M J, Goh K, Oberbeck L,
Scappucci G, Hamilton A R and Simmons M Y 2007 Small
3 563

[7] Ruess F J, Oberbeck L, Simmons M Y, Goh K E J, Hamil-
ton A R, Hallam T, Schofield S R, Curson N J and Clark
R G 2004 Nano Lett. 4 1969

[8] Tettamanzi G C, Hile S J, House M G, Fuechsle M, Rogge
S and Simmons M Y 2017 ACS Nano 11 2444

[9] Ho J C, Yerushalmi R, Jacobson Z A, Fan Z, Alley R L and
Javey A 2008 Nat. Mater. 7 62

[10] Ho J C, Yerushalmi R, Smith G, Majhi P, Bennett J, Halim
J, Faifer V N and Javey A 2009 Nano Lett. 9 725

[11] Gao X, Kolevatov I, Chen K, Guan B, Mesli A, Monakhov
E and Dan Y 2020 ACS Appl. Electron. Mater. 2 268

[12] Gao X, Guan B, Mesli A, Chen K and Dan Y 2018 Nat.
Commun. 9 118

[13] van Druenen M, Collins G, Glynn C, O’Dwyer C and
Holmes J D 2018 ACS Appl. Mater. & Interfaces 10 2191

[14] Thissen P, Cho K and Longo R C 2017 ACS Appl. Mater.
& Interfaces 9 1922

[15] Zhi K, Zhang C, Wei H, Wen H and Dan Y 2020 Chem.
Phys. 531 110658

[16] Ye L, Pujari S P, Zuilhof H, Kudernac T, de Jong M P, van
der Wiel W G and Huskens J 2015 ACS Appl. Mater. &
Interfaces 7 3231

[17] Guan B, Siampour H, Fan Z, Wang S, Kong X Y, Mesli A,
Zhang J and Dan Y 2015 Sci. Rep. 5 12641

[18] Ye L, González-Campo A, Núñez R, de Jong M P, Kud-
ernac T, van der Wiel W G and Huskens J 2015 ACS Appl.
Mater. & Interfaces 7 27357

[19] Fu J, Chen K, Chang S, Zhi K, Gao X, Wei H and Dan Y
2019 AIP Adv. 9 125219

[20] Longo R C, Mattson E C, Vega A, Cabrera W, Cho K,
Chabal Y J and Thissen P 2016 Chem. Mater. 28 1975

[21] O’Connell J, Verni G A, Gangnaik A, Shayesteh M, Long
B, Georgiev Y M, Petkov N, McGlacken G P, Morris M A,
Duffy R and Holmes J D 2015 ACS Appl. Mater. & Inter-
faces 7 15514

[22] Kennedy N, Garvey S, Maccioni B, Eaton L, Nolan M,
Duffy R, Meaney F, Kennedy M, Holmes J D and Long
B 2020 Langmuir 36 9993

[23] Alphazan T, Álvarez A D, Martin F, Grampeix H, Enyedi
V, Martinez E, Rochat N, Veillerot M, Dewitte M, Nys J
P, Berthe M, Stiévenard D, Thieuleux C and Grandidier B
2017 ACS Appl. Mater. & Interfaces 9 20179

[24] Mattson E C and Chabal Y J 2018 J. Phys. Chem. C 122
8414

[25] Ho J C, Ford A C, Chueh Y L, Leu P W, Ergen O, Takei
K, Smith G, Majhi P, Bennett J and Javey A 2009 Appl.
Phys. Lett. 95 072108

[26] Zhang C, Peng M, Hu W and Dan Y 2020 ACS Appl. Elec-
tron. Mater. 2 275

[27] Pelleg J and Ditchek B M 1993 J. Appl. Phys. 73 699

028101-6

Chin. Phys. Lett.
References

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

http://cpl.iphy.ac.cn
https://doi.org/10.1038/nature04086
https://doi.org/10.1038/nature04086
https://doi.org/10.1016/S0169-4332(00)00239-7
http://arxiv.org/abs/cond-mat/0306265
https://doi.org/10.1063/1.1925320
https://doi.org/10.1063/1.1925320
https://doi.org/10.1038/nnano.2012.21
https://doi.org/10.1002/smll.200600680
https://doi.org/10.1002/smll.200600680
https://doi.org/10.1021/nl048808v
https://doi.org/10.1021/acsnano.6b06362
https://doi.org/10.1038/nmat2058
https://doi.org/10.1021/nl8032526
https://doi.org/10.1021/acsaelm.9b00748
https://doi.org/10.1038/s41467-017-02564-3
https://doi.org/10.1038/s41467-017-02564-3
https://doi.org/10.1021/acsami.7b16950
https://doi.org/10.1021/acsami.6b13276
https://doi.org/10.1021/acsami.6b13276
https://doi.org/10.1016/j.chemphys.2019.110658
https://doi.org/10.1016/j.chemphys.2019.110658
https://doi.org/10.1021/am5079368
https://doi.org/10.1021/am5079368
https://doi.org/10.1038/srep12641
https://doi.org/10.1021/acsami.5b08952
https://doi.org/10.1021/acsami.5b08952
https://doi.org/10.1063/1.5134118
https://doi.org/10.1021/acs.chemmater.5b04394
https://doi.org/10.1021/acsami.5b03768
https://doi.org/10.1021/acsami.5b03768
https://doi.org/10.1021/acs.langmuir.0c00408
https://doi.org/10.1021/acsami.7b02645
https://doi.org/10.1021/acs.jpcc.8b01316
https://doi.org/10.1021/acs.jpcc.8b01316
https://doi.org/10.1063/1.3205113
https://doi.org/10.1063/1.3205113
https://doi.org/10.1021/acsaelm.9b00749
https://doi.org/10.1021/acsaelm.9b00749
https://doi.org/10.1063/1.353325


Chinese Physics Letters
Volume 38 Number 2 February 2021

GENERAL
020101 Classical-Noise-Free Measurement by High-Order Quantum Correlations

Xinyu Pan

020501 Ellipsoidal Thermal Concentrator and Cloak with Transformation Media
Yong Gao

020502 Micro-Gas Flow Induced Stochastic Resonance of a Nonlinear Nanomechanical Resonator
Shaochun Lin, Tian Tian, Peiran Yin, Pu Huang, Liang Zhang, and Jiangfeng Du

ATOMIC AND MOLECULAR PHYSICS
023201 Multiple Auger Decay Following Xe+ (4p−1

3/2) Ionization

Zhenqi Liu, Qing Liu, Yulong Ma, Fuyang Zhou, and Yizhi Qu

023301 Lower Exciton Number Strong Light Matter Interaction in Plasmonic Tweezers
Yun-Fei Zou and Li Yu

FUNDAMENTAL AREAS OF PHENOMENOLOGY(INCLUDING
APPLICATIONS)

024201 Moderate-Temperature Near-Field Thermophotovoltaic Systems with Thin-Film InSb Cells
Rongqian Wang, Jincheng Lu, and Jian-Hua Jiang

024202 Symmetry-Protected Scattering in Non-Hermitian Linear Systems Express Letter
L. Jin and Z. Song

024301 Second Virtual Pitch Shift in Cochlea Observed In Situ via Laser Interferometry
Zhang-Cai Long, Yan-Ping Zhang, and Lin Luo

024401 Tuning Thermal Conductivity in Si Nanowires with Patterned Structures
Gui-ping Zhu, Chang-wei Zhao, Xi-wen Wang, and Jian Wang

CONDENSED MATTER: STRUCTURE, MECHANICAL AND THERMAL
PROPERTIES

026101 Structural and Electrical Properties of BexZn1−xO Alloys under High Pressure

Yanling Zhang, Xiaozhu Hao, Yanping Huang, Fubo Tian, Da Li, Youchun Wang, Hao Song,
and Defang Duan

026102 Pressure Driven Structural Evolutions of 0.935(Na0.5Bi0.5)TiO3-0.065BaTiO3 Lead-Free
Ferroelectric Single Crystal through Raman Spectroscopy
Qunfei Zheng, Qiang Li, Saidong Xue, Yanhui Wu, Lijuan Wang, Qian Zhang, Xiaomei Qin,
Xiangyong Zhao, Feifei Wang, and Wenge Yang

026103 First-Principles Study of Intrinsic Point Defects of Monolayer GeS
Chen Qiu, Ruyue Cao, Cai-Xin Zhang, Chen Zhang, Dan Guo, Tao Shen, Zhu-You Liu, Yu-Ying Hu,
Fei Wang, and Hui-Xiong Deng

026401 Self-Similarity Breaking: Anomalous Nonequilibrium Finite-Size Scaling and Finite-Time
Scaling
Weilun Yuan, Shuai Yin, and Fan Zhong

026501 Scaling Behavior between Heat Capacity and Thermal Expansion in Solids
Meibo Tang, Xiuhong Pan, Minghui Zhang, and Haiqin Wen

CONDENSED MATTER: ELECTRONIC STRUCTURE, ELECTRICAL,
MAGNETIC, AND OPTICAL PROPERTIES

027201 Topological-Defect-Induced Superstructures on Graphite Surface
Zi-Lin Ruan, Zhen-Liang Hao, Hui Zhang, Shi-Jie Sun, Yong Zhang, Wei Xiong, Xing-Yue Wang,
Jian-Chen Lu, and Jin-Ming Cai

http://cpl.iphy.ac.cn
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/020101
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/020501
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/020502
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/023201
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/023301
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/024201
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/024202
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/024301
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/024401
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/026101
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/026102
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/026103
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/026401
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/026501
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/027201


027202 Suppressed Thermal Conductivity in Polycrystalline Gold Nanofilm: The Effect of Grain
Boundary and Substrate
Lan Dong, Xiangshui Wu, Yue Hu, Xiangfan Xu, and Hua Bao

027301 Directional Design of Materials Based on Multi-Objective Optimization: A Case Study of
Two-Dimensional Thermoelectric SnSe
Shenshen Yan, Yi Wang, Zhibin Gao, Yang Long, and Jie Ren

027401 Metal-Element-Incorporation Induced Superconducting Hydrogen Clathrate Structure at
High Pressure
Jiayu Ma, Junlin Kuang, Wenwen Cui, Ju Chen, Kun Gao, Jian Hao, Jingming Shi, and Yinwei Li

027501 Rational Design of Two-Dimensional Magnetic Chromium Borides Based on First-Principles
Calculation
Yi-Lin Zhang, Yue-Yu Zhang, Jin-Yang Ni, Ji-Hui Yang, Hong-Jun Xiang, and Xin-Gao Gong

027801 Wide-Angle Ultra-Broadband Metamaterial Absorber with Polarization-Insensitive
Characteristics
Peng Chen, Xianglin Kong, Jianfei Han, Weihua Wang, Kui Han, Hongyu Ma, Lei Zhao,
and Xiaopeng Shen

CROSS-DISCIPLINARY PHYSICS AND RELATED AREAS OF SCIENCE AND
TECHNOLOGY

028101 Towards Fabrication of Atomic Dopant Wires via Monolayer Doping Patterned by
Resist-Free Lithography
Chufan Zhang, Ke Li, Xiaoxian Zang, Fuyuan Ma, and Yaping Dan

028102 Design of a Class of New sp2–sp3 Carbons Constructed by Graphite and Diamond Building
Blocks
Kun Luo, Bing Liu, Lei Sun, Zhisheng Zhao, and Yongjun Tian

ERRATA AND OTHER CORRECTIONS

029901 Erratum: Growth of TlBa2Ca2Cu3O9 Epitaxial Thin Films by Two-Step Method in Argon
[Chin. Phys. Lett. 36 (2019) 057401]

Jian Xing, Li-Tian Wang, Xiao-Xin Gao, Xue-Lian Liang, Kai-Yong He, Ting Xue, Sheng-Hui Zhao,
Jin-Li Zhang, Ming He, Xin-Jie Zhao, Shao-Lin Yan, Pei Wang, and Lu Ji

http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/027202
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/027301
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/027401
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/027501
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/027801
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/028101
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/028102
http://cpl.iphy.ac.cn/10.1088/0256-307X/38/2/029901
https://doi.org/10.1088/0256-307X/36/5/057401

	Title
	Fig. 1
	Table-1
	Fig. 2
	Fig. 3
	Eq. (1)
	Eq. (2)
	Eq. (3)
	References

