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A B S T R A C T   

Catalytic growth of silicon nanowires (SiNWs), mediated by metallic droplet, provide ideal quasi-1D channels to 
construct high performance field effect transistor (FET). However, the incorporation of catalytic metal atoms into 
SiNWs channels has significant impact on the FET characteristics, and thus needs to be better understood and 
controlled to fulfil its potential for high performance electronics. In this work, we focus on the effect of the 
incorporation of indium (In) catalytic atoms into planar SiNWs, grown via an in-plane solid-liquid-solid (IPSLS) 
mechanism, on the FET device performance. It is found that the initial high concentration of p-type In dopants in 
the as-grown SiNWs led to an equivalent boron (B) doping of 5×1018 cm− 3. However, a simple step-wise 
annealing in oxygen at different temperatures, varied from 620 ◦C to 920 ◦C, can help to out-diffuse the dis
solved In atoms into the surface SiO2 layer, and reduce the In concentrations down to <5×1017 cm− 3, as verified 
by atom-probe tomography (APT) and four-point-probe measurements. This effective dopant control enables a 
remarkable device performance improvement of the Schottky barrier FETs, built upon an orderly array of parallel 
SiNWs of approximately 25 nm in diameter, where the current ratio (Ion/Ioff) has been substantially boosted from 
105 to 108, while the subthreshold swing (SS) reduced from 400 mV/dec down to ~100 mV/dec, with a hole 
carrier mobility increased from 10 to ~75 cm2 V− 1 s− 1 as extracted according to a finite element analysis. These 
results pave the way for the employment of the catalytic IPSLS SiNWs to serve as high quality 1D channels for 
high-performance SiNWs-based electronics and sensors.   

1. Introduction 

Low temperature catalytic growth of Si-based materials provides a 
rather convenient, high yield and diverse fabrication approach to 
explore a wide range of nanoscale electronics and devices [1–7], where 
quasi-one-dimensional (1D) silicon nanowires (SiNWs), led by metal 
droplets, have attracted particular research interests for the construction 
of high performance nanoelectronics and sensors, where the ultrathin 
SiNWs serve as ideal 1D channels to achieve excellent electrostatic 
gating or sensing effects [8–13]. For example, the famous 
vapor-liquid-solid (VLS) mechanism has been widely explored to pro
duce various high-crystallinity vertical SiNWs, upon which high per
formance field effect transistors (FETs), memory, and logics have been 
built successfully [13–22]. Various metal catalysts such as Al, Sn, Bi, Ga, 
Pb, and Au have been used to prepare SiNWs via the VLS methods, the 
choice of metal has profound effects on the morphology and electrical 

properties of the SiNWs, such as doping type and electrical resistivity 
[21]. For planar electronic device fabrication, the VLS-grown vertical 
SiNWs usually need to be picked and transferred onto planar substrate, 
which by itself is a technical challenge for achieving scalable device 
integration. In order to grow orderly SiNW channels on planar substrate, 
a relatively new in-plane solid-liquid-solid (IPSLS) growth mode has 
been established in our previous works [23–25], where a-Si thin film 
(instead of the gaseous silane as in VLS growth) is fed as precursor layer 
and consumed by indium (In) catalyst droplets to produce c-SiNWs. The 
IPSLS growth enables a deterministic guiding growth control of the 
planar SiNWs, following the pre-defined step edge routines [26]. 

However, similar to all the catalytic grown SiNWs [13,17], the metal 
atoms will dissolve into the SiNW channels during the growth. During 
the IPSLS growth, it has been known that a high concentration of In 
atoms will be incorporated into SiNWs, close to 1019 cm− 3 which is 
much higher than the equilibrium solubility of In atoms in c-Si, due to a 
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colossal injection kinetic process [27]. This thus gives rise to efficient 
p-type doping in the as-grown SiNW channels, as the In dopant causes an 
energy level 0.16 eV above the valence band top (VBT) [28]. In order to 
fabricate high performance SiNW FETs, this catalytic atom doping has to 
be reduced to an efficient doping level<1017 cm− 3. Though the IPSLS 
SiNWs have been explored to demonstrate reasonable FETs in a conve
nient junctionless configuration with Schottky tunneling barrier (STB) 
contacts at the metal/SiNW interfaces, a more comprehensive under
standing of the doping control of the In-catalyzed SiNWs, and its po
tential for high performance device, is definitively needed. 

In this work, we carried out a systematic parametric investigation of 
the device performance improvement of the SiNW-FETs, mainly by a 
series of post-growth annealing method that promotes out-diffusion of In 
atoms from the SiNW core and segregates into the surface SiO2 layers 
[29–33]. This thus provides a convenient and effective means to con
trol/reduce the In dopant density in the catalytic SiNW channels, as 
depicted schematically in Fig. 1(a)-(b). It was found that the effective 
doping effect of In dopants can be greatly reduced from an equivalent B 
(boron) concentration of 5×1018 cm− 3 down to ~1016 cm− 3, as verified 
by atomic probe tomography (APT) and four-point probe measurements, 
accompanied with a significant device performance improvement, in 
terms of higher current ratio, sharper subthreshold swing (SS) and 
higher hole mobility. These results provide a solid basis for the massive 
integration of catalytic-grown SiNW arrays to fabricate high perfor
mance transistors. 

2. Experimental procedure 

2.1. Process of SiNWs growth 

The planar SiNWs arrays were fabricated upon Si wafer substrate 
coated with an oxide layer of 500 nm thick, via an IPSLS growth 
approach, along pre-patterned guiding edge lines by using photoli
thography[34]. In order to increase the lateral density of the parallel 
SiNW channels, a special guiding terrace structure with multiple 
mini-steps (as depicted in Fig. 1(c) was first formed at each edge line via 
a multi-cycles alternating inductive coupled plasma (ICP) 
etching-passivation technology, as explained with more details in the 
Experimental procedure section and our previous works [34,35]. After 
that, narrow stripes of In catalyst were deposited and patterned at the 
starting position of the guiding terraces, as seen for example in the 
scanning electron microscopy (SEM) image and marked by the orange 
dashed rectangle in Fig. 1(d). Then, the samples were loaded into a 
plasma enhanced chemical vapor deposition (PECVD) system and 
treated by H2 plasma at 250 ◦C. During this course, the oxide layer of the 
In stripes was reduced, which allowed the diffusion and merging of In 
atoms to form discrete In nano-droplets. 

In the next step, a thin film of amorphous silicon (a-Si) was deposited 
to cover the whole surface by using silane plasma at a lower temperature 
of 100 ◦C, followed by a growth annealing at 350 ◦C for around 1 h in 
vacuum. Planar SiNWs were produced by the leading molten In droplets 
during their movement along the mini-steps of the guiding terraces, by 
consuming the a-Si precursor films to precipitate crystalline SiNWs [25, 
36]. At the end of the growth, the remnant a-Si precursor films were 
selectively removed through a low temperature reaction ion etching 
(RIE) at 25 ◦C, while the residual In catalyst can be cleaned by HCl 

Fig. 1. High density terrace-confined SiNWs arrays grown via IPSLS mechanism. (a) Terrace-guided high-density SiNWs with effective In dopants control. (b) The 
idea terrace guided SiNWs channels arrays for scale integration of high-performance SiNWs-FETs devices. (c) Schematic illustration of the synthetic process for high 
density terrace-guided SiNWs. (d)-(f) Typical SEM images of In catalyst and SiNWs growth region, empty terrace steps, and as-grown high density SiNWs. (g) 
Diameter statistics of the SiNWs. 
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solvents. More details about SiNWs growth and devices fabrication 
process can be obtained in the Supporting Information file Method part. 

2.2. Structural and elements analysis of SiNWs 

Via a proper growth parameter control including the H2 plasma 
treatment temperature, duration, and pressure, as well as the thick
nesses of the In stripes and a-Si film, a high-density growth of parallel 
ultrathin SiNWs, with a close to 100 % guiding rate, can be achieved 
along the terrace edges, as witnessed in the SEM images shown in Fig. 1 
(e)-(f) for the terrace region before and after the IPSLS growth of SiNWs, 
respectively (SiNWs more details in the enlarged FESEM image in 
Fig. S1). For the SiNWs taken as FET channels in this work, the SiNW 
diameter is Dnw = 25 ± 5nm, according to the statistics shown in Fig. 1 
(g), with a lateral NW-to-NW spacing of 150 nm. 

In addition, the lattice quality and element distributions were also 
examined by high-resolution transmission electron microscopy (HR- 
TEM). As shown in Fig. 2(a)-(b), the HR-TEM analysis reveals a mono
crystalline cross-section of the as-grown SiNW measured with 22 nm 
and 12 nm in width and height, respectively. According to the fast 
Fourier transform pattern, this specific SiNW was grown in Si<110>
crystallographic orientation, with a clear lattice fringe spacing of 
d=3.14 Å, corresponding to the Si (111) planes. Furthermore, the energy 
dispersive X-ray spectroscopy (EDS) analysis in Fig. 2(c) indicates 
indeed the existence of dissolved In element in the as-grown SiNW, but 
only in a trace amount. 

3. Results and discussions 

3.1. Doping concentrations analysis 

In our previous works[27], the concentration of the dissolved In 
atoms in SiNWs was found to be ~1019 at. cm− 3. Compared to the B 
dopants that cause a shallow acceptor level in c-Si that lies EB

A ~0.04 eV 
above the valence band top, the In dopants are known to introduce a 
deeper acceptor level with an activation energy EIn

A ~0.16 eV. As the 
Fermi level EF is determined by the following equation [28] 

p = NVexp
(

EV − EF

kT

)

=
NA

1 + gAexp
(

EA − EF
kT

) (1)  

where the NA/NA
- is the dissolved/ionized acceptor dopant concentra

tion, gA is the ground state degeneracy, EA is the acceptor energy level, k 
is the Boltzmann constant, Nv is the effective state density and Ev is the 
valence band top, the In dopants in the c-SiNW will not be fully ionized 
considering EIn

A > kT = 0.026eV. Therefore, according to the plots of 
numerically solved Fermi level positions in Fig. 2(d), for the In and B 
dopants, the incorporation of 1×1019 cm− 3 In atoms in c-Si will give rise 
to a p-type doping effect equivalent to that of ~2×1018 cm− 3 B atoms, 
which are supposed to be fully ionized at room temperature. To verify 
this point, the resistivity of the as-grown SiNWs was measured in a four- 
point probe configuration, as seen in Fig. 2(e), where the equidistant 
electrodes were patterned on a single SiNW by electron beam lithog
raphy (EBL) technology. For a single as-grown SiNW, the measured 
electrical resistivity (ρ) was extracted to be ~0.1 Ω cm, as seen in the left 
panel in Fig. 2(f) and Fig. S2(a)-(b), which is comparable to the doping 
effect of 5×1018 cm− 3 B dopants in c-Si according to Reference [27,28]. 

Fig. 2. Structural and compositional analysis of the SiNWs. (a) Typical TEM image of SiNW, where the purple dash line delineates the profile. (b) Partial enlarged 
detail of TEM image with lattice diffraction pattern as inset. (c) Distribution diagram of element EDX spectra. (d) The calculated Fermi level position as a function of 
the doping concentration of indium (red) and boron (blue). (e) Schematic diagram and SEM image of the four-point probes measurement. (f) Four-point probe 
measurements I− V characteristics for the as-grown and annealed SiNWs. (g) Schematic diagram of the typical processes for In atoms out-diffusion from SiNWs. 
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This finding indicates that there has been a large amount of In atom 
dopants dissolved into the as-grown SiNWs, resulting in a high con
centration of hole carriers that could screen and degrade the gating ef
fect of the top gate electrode. 

3.2. In catalytic atoms out-diffusion 

Fortunately, it has been known in the literature[30] that the In atoms 
feature a exponentially decreasing Si/SiO2 segregation coefficient with 
the increase of annealing temperature, 

m(T) =
CSi

Cox
= m0exp( − Em/KBT) (2)  

where Cox (CSi) is the equilibrium dopant concentration in the SiO2 (Si) 
medium, and an activation energy of Em=2.55 eV. This indicates that In 
atoms will tend to diffuse out from the c-Si into the surrounding SiO2 
medium at temperature T>720 ◦C (m<1), which is in strong contrast to 
the Si/SiO2 segregation of B atoms that favor diffusion from oxide me
dium into c-Si at elevated temperature [32]. 

Based on this assumption, a special oxidation-diffusion-cleaning 
(ODC) strategy has been designed to reduce the In concentrations in 
the planar SiNW, as depicted in Fig. 2(g) and Fig. 3(a). Specifically, the 
as-grown SiNWs will be annealed in oxygen ambient, at varied tem
peratures ranging from 720 ◦C to 920 ◦C, to allow the In atoms to 
segregate from the c-SiNW cores into the oxide shells (that can be later 
etched off by DHF). On the other hand, it is noteworthy that the out- 
diffusion of In atoms from the SiNW core is also a thermal activated 
process. Fig. 3(b) plots the quick increase of the diffusion coefficient DIn 
of In atoms at higher temperature, with DIn = D0exp( − Ed/kT), D0 is a 
pre-factor constant of 1.443 cm2/s and Ed=3.56 eV the diffusion barrier 
according to Ref [33]. Ideally, the annealing duration tann should be long 
enough for 

LIn =
̅̅̅̅̅̅̅̅̅̅̅̅̅
DIntann

√
> Dnw. (3) 

Hence, for the SiNWs grown in this work with a diameter of 25 nm, a 
suitable oxidation-diffusion time of T=650 s at 920 ◦C should be long 
enough to out-diffuse most of the In atoms from the SiNWs, as marked in 
Fig. 3(c). 

As a quick check of the effect of the ODC treatment, Fig. 2(f) and 

Fig. S2(c)-(d) show the four-point-probe I-V curve of the annealed SiNW 
at 920 ◦C for 10 min, where the extracted resistivity increases to 25 Ω cm 
that is equivalent to the p-type doping effect of ~1016 cm− 3 B atoms. 
Note that, as indicated in Fig. 2(d), with this low dopant concentration, 
both the In and B dopants will be fully ionized, thus giving off the same 
doping effect in c-Si. To verify the In concentrations in the annealed 
SiNW, a thicker SiNW segment of 120 nm width and annealed at 920 ◦C 
for 10 min was transferred and mounted (Fig. 3(d)), via a procedure as 
depicted in Fig. S3 upon the tip of a tungsten probe for atom probe to
mography (APT) analysis. Surprisingly, the APT analysis of the annealed 
SiNW terminal (see Fig. 3(d)) detects only Si atoms (grey) ~39 % and O 
atoms (blue) ~61 % as witnessed in Fig. 3(e)-(g). Considering the 
elemental detection limit of the APT device of 10 ppm, the remnant In 
atoms concentrations in the 920 ◦C-annealed SiNW should be lower than 
<5×1017 cm− 3, which is consistent with the estimated value from four- 
point-probe measurement. 

3.3. Electrical characteristics of the SiNW-FETs 

Prototype Schottky barrier FETs were also fabricated upon the SiNW 
channels, treated by ODC procedures at different annealing tempera
tures of 620/720/820/920 ◦C, with a direct Source/Drain (S/D) metal 
contacts of composite 5/55 nm Pt/Au, via a device fabrication process as 
described in Fig. 4(a). Then, the SiNW channels were coated with a 
20 nm-thick dielectric Al2O3 layer by using atomic layer deposition 
(ALD) process, followed by the fabrication of a 45 nm Al top gate by 
lithography, electron beam sputtering, and standard lift-off procedure. 
Finally, an Ω-shaped gating configuration has been realized upon the 
SiNW channels, as illustrated in Fig. 4(b). In principle, because of the 
formation of a pair of back-to-back Schottky barrier contacts at the S/D 
electrodes (see Fig. 4(c)), the hole transport through the SiNW channels 
will be blocked by the triangle barriers under zero or positive gating 
bias. But when a negative gating bias is applied, the band profile in the 
whole SiNW channel will be pulled up, and the Schottky barriers will be 
thinned quickly to become transparent for the holes to tunnel through, 
which leads to turning on the current transport of SiNW-FETs. 

Though this Schottky S/D contact and tunneling transport scenario is 
applicable to all these SiNW-FETs, there are still significant differences 
in the transfer properties of the devices treated at different 

Fig. 3. Reduction of In dopants concentrations for annealed SiNWs. (a) The segregation of dissolved In atoms into the surface SiO2 layer by thermal annealing in 
oxygen. (b) In Diffusion and segregation coefficient as a function of temperature. (c) In diffusion distance dependence on the annealing time. (d) Typical SEM image 
of the annealed SiNW tip, with corresponding Si and O atomic distribution mapping extracted in (e), (f) and (g) respectively. 
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temperatures, as observed in Fig. 4(d)-(f) and Fig. S4. For example, 
under the same channel bias of Vds=1.5 V, the on/off current ratio in
creases gradually from 105 to 107with the increase of annealing 

temperature, while the extracted SS values drop from >400 mV/dec 
down to <150 mV/dec, as summarized in Fig. 4(e). Actually, while the 
off-state current remains basically the same at <0.3 pA, the on-state 

Fig. 4. Electrical properties of devices based on annealed SiNWs at different temperatures. (a) Fabrication processes of SiNW-FETs and schematic illustration of 
annealed ambient. (b)-(c) Profile structure and working mechanism of the SiNWs-FETs. (d) Transfer characteristics of devices based on annealed SiNWs at different 
temperatures. (e) SS and Ion/off extracted from the transfer curves. (f) Statistics of the saturation current Ion. 

Fig. 5. Device performance analysis and simulation of SiNW-FETs. (a) Comparison of the transfer curves of FETs built on as-grown and annealed SiNW channels, 
with the corresponding extracted mobilities. (b) Output characteristics of the annealed SiNW-FETs. (c) A summary of the SS and Ion/off ratio performance of the FETs 
based on catalytic Si/or Ge NW channels in the literature and in this work. (d)-(f) Band gap profiles of SiNW-FETs under different gating biases with a constant Vds=- 
0.5 V, corresponding to the different transfer behavior regions as marked in (a). 
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current is found to enhance strongly after the ODC treatment at higher 
temperatures, by more than 3 orders of magnitude (see Fig. 4(f)). 

3.4. Mobility and band alignment profiles 

Compared to the device built upon the as-grown SiNWs, with Ion/ 

off~105, SS~400 mV/dec, the FET constructed on SiNWs annealed at 
920 ◦C can achieve a much higher on/off ratio approaching to 108, and a 
steeper SS of 100 mV/dec, as witnessed in Fig. 5(a)-(b). The hole 
mobility (μh) was extracted according to the formula of 

μ =
gmL2

ch
CgcV∗

ds
(4)  

where gm is the transconductance (gm=dI/dVg), Lch the channel length, 
Cgc the gate-to-channel capacitance and V∗

ds the actual bias applied on 
the SiNW channel. It should be noted that, due to the existence of a pair 
of back-to-back STB at the S/D electrodes on the SiNW, only a small 
portion of the source-drain bias (Vds>V∗

ds) is applied on the channel to 
drive the drifting of hole carriers [37]. So, in order to extract the actual 
hole mobility, the effective V∗

ds has to be obtained with the assistance of a 
finite element analysis, as seen in Fig. S5, and found to be around 
V∗

ds/Vds ∼ 0.4. Thus, the hole mobility can be estimated to be 
μh~75 cm2/V⋅s for the SiNW treated by ODC at 920 ◦C, which is much 
larger than that of the 10 cm2/V⋅s extracted from the as-grown SiNWs, 
indicating that the hole mobility in the SiNWs can indeed be substan
tially improved via the ODC treatment. 

Furthermore, the working mechanism of STB FET can be better un
derstood with the simulated band alignment profiles, calculated for a 
shorter channel of 300 nm (for simplicity) under different gate biases, by 
using Silvaco TCAD 3D device simulator (Synopsys, Inc.), as shown in 
Fig. 5(d)-(f). For example, under a constant channel bias of Vds=0.5 V, 
the transport of hole carriers through the SB/SiNW/SB channel can be 
quickly turned on under large negative gate biases, mainly by direct 
tunneling and thermal emission through the thinned SB region (Fig. 5 
(d)), corresponding to the Region A in Fig. 5(a) [38,39]. For the OFF 
state under small positive gating (see Fig. 5(e)), both the holes and 
electrons are blocked by the relatively thick and high barriers, that 
prohibit the transport current. Note that, for even larger positive gating 
to Vgs>2 V, the SB for electrons becomes thinner and thinner, thus 
leading to the rapid rise of electron tunneling current in Region C. 
However, this electron leak current was not observed for the FET with 
as-grown SiNW channels, probably due to the pinning of Fermi level in 
these un-treated SiNWs that prevents significant downward bending of 
the band profile even under large positive gate voltages. 

In comparison to the other catalytically synthesized Si or GeNW- 
based FETs, as summarized in Fig. 5(c) and Table S1, the SiNW-FETs 
demonstrated in this work achieve superior device performances, in 
terms of the Ion/off and SS parameters, compared to the FETs fabricated 
upon VLS-grown SiNWs [37,40–48]. Nevertheless, achieving an Ohmic 
contact at the S/D electrodes are still desirable and necessary, in our 
future works, to reduce the contact resistance and boost the On current 
further. One possible approach is to adopt ion-implantation at the S/D 
segments to form heavily doped contacts, as already demonstrated in Ref 
[49,50]. 

4. Conclusion 

In summary, a simple but rather efficient oxidation-diffusion- 
cleaning (ODC) strategy has been investigated in this work to control 
the In atom doping concentration in the catalytic SiNWs, grown via 
IPSLS mode with In catalyst droplets. It was shown that the enhanced 
segregation of dissolved In atoms at the Si/SiO2 interface allows for the 
extraction of In atoms from the SiNW cores into the outer SiO2 shell at 
elevated temperature, which has a significant impact on the device 
performance as verified via a series of compositional and electric 

characterization/analysis. Finally, by reducing the In doping effect to 
~1016 cm− 3, high performance SiNW-FETs were demonstrated with a 
high Ion/off ratio >108, SS~100 mV/dec, and an extracted hole mobi
lity~75 cm2/V⋅s. These findings indicate that the ODC-treated catalytic 
SiNWs have a potential to serve as high quality semiconducting 1D 
channels for future SiNW-based logic and sensor applications. 
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