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A B S T R A C T   

Catalytic growth of ultrathin silicon nanowires (SiNWs) provides ideal 1D channel materials for the construction 
of high-performance field effect transistors, where the diameter, uniformity and crystalline qualities are of 
utmost importance. In this work, a high-fidelity moulding growth of orderly ultrathin monocrystalline SiNWs, 
with diameter of 17 ± 2 nm, has been accomplished within tightly confined nanogrooves. A continuous and 
deterministic groove-width-transition or squeezing strategy has also been developed to accomplish an effective 
cross-section tailoring of the as-grown SiNW channels, while enabling a close-to-unity growth filling rate within 
the guiding grooves. Finally, a size-dependent adatom-searching model is proposed to explain how a mono
crystalline SiNWs can be obtained even at such a low growth temperature of < 350 ℃. These results indicate a 
feasible catalytic growth fabrication route to implement monolithic 3D integration of advanced in-memory- 
computing and neuromorphic electronics.   

1. Introduction 

In pursuit of stronger electrostatic control, faster operation speed and 
less power consumption, the mainstream crystalline silicon (c-Si) field 
effect transistors (FETs) have evolved, over the last decades, from planar 
to fin-gate [1,2], and to the latest gate-all-around (GAA) channel con
figurations. The last one features horizontally stacked quasi-1D channels 
of ultrathin Si nanowires (NWs) or nanosheets [3–7]. In parallel, 
monolithic 3D (M3D) integration has been widely explored as the most 
promising paradigm to boost the integration density, or push forward 
the Moore’s law further [8–11]. As illustrated schematically in Fig. 1a, 
multilayers of logics/memory units can be vertically stacked, and 
interconnected with direct unit-to-unit via, which is crucial to minimize 
the interlayer resistance and RC delay [12,13]. However, the conven
tional top-down etching fabrication of orderly array of ultrathin NW 
channels is difficult to implement in the stacked logic layers due to the 
lack of c-Si wafer. Also, the highest processing temperature allowed for 
the top, or the so-called back-end-of-line (BEOL), Si logic layer is ~ 450 
℃ [14,15], to avoid thermal damage of the bottom front-end-of-line 
(FEOL) logics. So, it is highly desirable to seek a reliable low- 
temperature fabrication strategy of ultrathin and monocrystalline c- 

SiNW channels, as a key basis to extend the mature c-Si technology in 
the M3D integration architecture. 

Instead of subtractive etching patterning into c-Si wafer for NW 
channel formation, high-quality c-Si NWs can also be obtained via ad
ditive catalytic growth approaches, mediated by nanoscale metal 
droplets [16–19]. Though many high-performance prototype logics 
[20–22], sensors [23,24] and memory devices [25,26] have been 
demonstrated based on the catalytic SiNW channels, via the famous 
vapor–liquid-solid (VLS) mechanism [26–29], a bottleneck challenge 
remains as to how to position and integrate them precisely on planar 
substrate, ready for reliable electronic device integration. A feasible 
approach is to marry the surface-pattern formed by top-down lithog
raphy to the low-temperature catalytic growth, where the former pro
vides a deterministic mould as growth guidance, while the latter can 
produce ultrathin monocrystalline c-Si channels at prescribed locations. 

In our previous works, an in-plane solid–liquid-solid (IPSLS) mech
anism has been established to grow planar SiNWs at a rather low tem
perature of ~ 350 ℃, where low-melting-point metal of indium (In) 
droplet was employed to absorb surface-coating amorphous Si (a-Si) 
thin film as precursor [30,31]. Compared to the VLS growth, the IPSLS 
SiNWs are particularly suitable to serve as 1D channels, as the SiNW 
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growth can be well guided by single-sided step edges to grow into 
desired locations [32–34]. However, the single-sided guided growth has 
a relatively weak control over the diameter or profile of the as-grown 
SiNWs, and a high-density integration (pitch ≤ 50 nm) of orderly 
SiNW array on planar surface has not been possible so far. It is also 
desirable that the SiNW can be grown into a rather dense array with 
readily tunable channel cross-section geometry, which is a critical 
dimension for the fin or GAA-gated FETs, as indicated in Fig. 1b. 

So, the goal of this work is to explore a high-fidelity catalytic 
moulding growth of ultrathin monocrystalline SiNWs, within tightly 
confined high-density grooves with aggressively reduced width < 25 
nm. A parametric investigation has been carried out to understand the 
influences of guiding groove profiles on the growth filling rate, unifor
mity and channel geometry profile of the as-grown SiNWs. In addition, 
the width of groove will be adopted as a new dimension to tailor the 
aspect ratio of the SiNW channels. And a size-dependent adatom- 
researching model will be proposed to explain the growth formation of 
monocrystalline SiNWs at such a low growth temperature. 

2. Experimental methods 

The major fabrication steps for the double-confined growth of IPSLS 
SiNWs are schematically diagrammed in Fig. 1c-f, which involve, first, 
the formation of SiO2 guiding grooves of 27 nm wide and 23 nm high, 
with a spacing of 23 nm on top of a Si substrate coated with a 90 nm SiO2 
layer, by using electron beam lithography (EBL), where the SiO2 side
walls were produced by using negative resist of hydrogen silsesquioxane 
(HSQ) under electron beam exposure. Second, indium (In) catalyst 
stripes of 6 nm thick were deposited crossing the ends of the nano
grooves, via EBL patterning and subsequent thermal evaporation. The 
sample was then loaded into a plasma-enhanced chemical vapor depo
sition (PECVD) system and treated by H2 plasma at 350 ℃ for 3 min, 
during which the surface oxide layer of In stripes were reduced, allowing 
them to diffuse and merge into separated droplets. The flow rate of H2, 
chamber pressure and RF power were 15 sccm, 140 Pa and 10 W. After 
that, the substrate was coated with an a-Si layer as precursor at 150 ℃, 
for 2 min30 s by introducing silane into the chamber with flow rate, 
chamber pressure and RF power of 5 sccm, 20 Pa and 2 W, which was 
followed by an in-situ annealing in a high vacuum (10-4 Pa) at 290 ℃ to 
activate the In droplets to absorb a-Si and produce c-Si NWs when 

moving along the grooves. Similar to our previous works [16,30–32,35], 
the a-Si precursor layer thickness has to be matched with the size of In 
catalyst droplets, which can be controlled by tuning the initial In layer 
thickness and the H2 plasma treatment conditions, to ensure a stable 
growth of relatively straight SiNWs. In this work, a suitable balance 
growth condition, with 10 nm thick a-Si layer and 6 nm thick initial In 
layer, has been adopted and fixed for all the following experiments. 
Finally, the remnant a-Si layer after the IPSLS growth can be removed by 
an in-situ H plasma etching at 180 ℃ or via a CF4 reactive ion etching 
(RIE) at room temperature [36,37], while the exposed nanogrooves can 
be etched off later by dipping into a diluted Hydrofluoric acid (dHF) 
solution for further device fabrication. However, in this work, the 
remnant a-Si layer and the nanogrooves were preserved to facilitate 
analysis of the growth dynamics of the IPSLS SiNWs within the tightly 
confined guiding grooves. 

3. Results and discussion 

The double-confined (DC) guiding nanogrooves were designed to 
impose a stronger size confinement of the IPSLS SiNWs, compared to the 
single-step-guided (SG) growth of SiNWs, as in the latter case the In 
droplet is attracted by the guiding edge, but still free to move or vibrate 
in the lateral direction, as depicted in Fig. 1g, which will lead to random 
diameter variation. This is indeed that case, as witnessed in the Scanning 
Electron Microscopy (SEM) image of the typical SiNWs in Fig. 1i and 
schematized diagrammed in Fig. 1h, where the DC and SG SiNWs are 
pseudo-colored into green and purple, respectively. According to the 
extracted diameter/width variations of the DC and SG SiNWs plotted in 
Fig. 1j, the uniformity of the SiNWs can be substantially improved 
within the double-confined grooves, to achieve a diameter of DDC

nw =

23 ± 1.8 nm, slightly narrower than the patterned groove width of 27 
nm. 

Interestingly, the groove width of Wg has a significant impact on the 
growth behaviors and uniformity of the SiNWs within the grooves. For a 
constant In stripe thickness of 6 nm, as seen for example in Fig. 2a, three 
groove widths of 50 nm, 30 nm and 20 nm, were fabricated with a 
constant wall width of 30 nm, as seen in Fig. 2b-2d. It was found that if 
the grooves are too wide, as in the case of Fig. 2b with Wg = 50 nm, 
though all the grooves are filled with at least one SiNW, the In droplet 
seems to be too small to fulfil the groove, resulting in SiNWs highlighted 

Fig. 1. (a), schematic illustration of 
the M3D integration of logic and 
memory units where the BEOL layer 
needs to be fabricated via a low tem
perature processing and without c-Si 
wafer. (b), depicts the desired cross- 
section tailoring of SiNWs into taller 
and thinner channels. (c)-(f), diagrams 
the major fabrication steps for the 
double-confined IPSLS growth of 
planar SiNWs within nanogrooves. (g), 
illustrates that double-confined SiNW 
growth imposes a stronger size control 
than that of single-step-guided droplet. 
(h)-(i), illustration and SEM images of 
the double-confined NWs (green) 
compared to the single-step-guided 
NWs (purple). Scale bar in (i) stands 
for 50 nm. (j), plots the extracted 
diameter/width variations of the 
double-confined and single-step- 
guided NWs for the bottom two 
SiNWs found in (i).   
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by pseudo-green loosely grown within the grooves, with random and 
huge diameter fluctuations. To the opposite extreme, the In droplets 
were too large to be fully confined within the narrow grooves with Wg =

20 nm, and thus there was a chance for the initial nucleation of c-Si seed 
to take place directly upon the top of the walls, in strong contrast to the 
desired nucleation site within the grooves, as depicted schematically in 
Fig. 2d. When this happened, surplus growth of continuous SiNWs can 
be found along the wall lines, or crossing from walls to grooves, 
undermining the basis for achieving a stable groove-confined guided 
growth. Only for the proper choice of groove width set to 30 nm, as 
showcased in Fig. 2c, a rather stable and uniform growth of SiNW have 
been obtained, fulfilling the width of all the grooves, with a rather 
uniform diameter of the SiNWs. 

However, a taller and narrower c-Si channel is always preferred for 
the construction of fin or GAA-gated FETs [38]. Unfortunately, this can’t 
be accomplished by simply reducing the groove width as seen already in 
Fig. 2d, due to the formation of surplus nucleation site upon the top of 
walls. Though reducing In catalyst thickness could help to alleviate this 
challenge to some extent, it will also reduce the chance for the discrete 
In droplets (initially sitting on the walls and the grooves) to merge into a 
bigger ones settled down only at the bottom of grooves. As a conse
quence, the In droplets left on top of the walls will lead to non-groove or 
wall-riding guided growth of SiNWs. Also, it is still attractive if one 
could enforce the growth of SiNW channels with higher aspect-ratio, 
such as the one diagrammed in the right panel of Fig. 2e. So, a new 
type of width-transition groove has been conceived and fabricated, 
where wider grooves in Region A, as labeled in Fig. 2e and 2f, were 
fabricated and crossed by the In stripe, and then switched into Region B 
with narrower grooves. In this way, we hope to combine the high growth 
filling rate (approaching 100%) achieved within the wider grooves, as 
witnessed in Fig. 2b, with the strong size confinement imposed by the 
narrower grooves, as in Fig. 2d. It is important to note that, as the SiNW 

growth through the transit position will be continuous, there is no need 
of forming extra nucleation centers around, thus completely suppressing 
the surplus growth of SiNW over the top of the walls. 

Impressively, as seen in the SEM image shown in Fig. 3a, the SiNW 
growth starting from Region A, with a groove width of 30 nm, into 
narrow grooves of 20 nm wide in Region B, is indeed continuous and 
rather stable. Atomic force microscopy (AFM) scanning in vertical di
rection across the segments of #1 SiNW in Region A and B, extracted and 
shown in Fig. 3b, reveals that the height of the SiNW increases by ΔH =

4.7 nm when grown into the narrower region, despite of the fact that 
the spatial resolution of could be degraded by the size of the AFM probe, 
~25 nm in radius. In order to verify this height increment, AFM scans 
were also carried out along axial direction for #1 and #6 SiNWs found in 
the grooves. As shown in Fig. 3c and 3d, the average heights of the SiNW 
segments before and after groove-squeezing transition all increase by an 
amount of ΔH = 4.1–4.5 nm, which are consistent with the value 
determined in cross section scan. 

In order to examine the final cross-section profile and crystalline 
quality, the as-grown SiNWs in the final narrow Region B were char
acterized by high-resolution transmission electron microscopy (HR- 
TEM), where a focused ion beam (FIB) milling was first applied to cut a 
slice of the grooves in Region B roughly at position X2 as indicated in 
Fig. 3a. As shown in Fig. 4a, 7 SiNWs can be clearly found in the grooves, 
corresponding to numbering in the SEM image in Fig. 3a, with diameter 
of 17 ± 2 nm, as well as heights and aspect-ratio displayed in Fig. 4d. 
Note that the heights of the SiNWs in Region A were deduced from those 
found in Region B, with the known height disparity determined via AFM 
characterization in Fig. 3. Though there is no TEM data for the cross- 
section profile of SiNWs in Region A for this specific sample, a typical 
TEM profile examination of a similar sample, with the same groove 
width of 30 nm, is shown Fig. 4b, where it is found that the NW grown in 
wider grooves are usually flat and thinner with an aspect ratio 

Fig. 2. (a), the schematic illustration and SEM image of the double-confined (DC) grooves with evaporated In stripe at one end, before the IPSLS growth. Scale bar 
stands for 100 nm. (b)-(d), depict the 3 typical situations for the DC growth of SiNWs, with too wide, proper and too narrow groove widths Wg, respectively, with 
corresponding SEM images shown in the lower panels. (e), illustrates a special groove width transition or squeezing design, to achieve first a high growth filling rate 
in wider grooves prior to being squeezed to become thinner in narrower grooves, with a typical SEM image of the groove width transition region shown in (f), where 
the Wg = 30 nm in Region A is reduced to to 20 nm in Region B. Scale bars in (b)-(d) and (f) stand for 100 nm and 30 nm, respectively. 
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ofHnw/Wnw ~ 0.5. Apparently, the groove squeezing does have signifi
cant impact on the profile of SiNWs, increasing their aspect ratio from 
0.5 to 1.0, as shown in Fig. 4d, indicating a new and rather effective 
dimension of control to reshape the channel of geometry of IPSLS 
SiNWs, without degrading their growth filling rate. 

More importantly, after characterizing each cross section of 14 
different ultrathin SiNWs with HR-TEM, it is found that all these SiNWs 
with diameters of ~ 20 nm are monocrystalline, despite of a rather low 
growth temperature at only 290 ℃, with 78% Si 〈100〉, 7% Si 〈110〉 and 
15% Si 〈111〉 as determined by the HR-TEM and electron diffraction 
patterns, as shown for example in Fig. 4b and 4c. While the underlying 
mechanism still need to be better understood via more systematical 
investigation, we propose here a qualitative Si-adatom searching model 
that could help to explain why a monocrystalline growth can be ex
pected even at such a low temperature. 

Considering a typical layer-by-layer growth scenario, which is 
indeed the case according to the real time TEM observation in VLS 
growth of SiNWs [39], when a Si adatom is landed on the liquid (In)/ 
solid (SiNW) deposition interface, as sketched in Fig. 4e, it will diffuse 
around seeking for the most energetically favorable, that’s the most 
stable, site to attach and settle down at the edges of 2D nucleation sites 
[40,41]. If each Si adatom can be given a long enough time of τd, without 
the interference of other adatoms, to diffuse and search for the full 
deposition interface for the most energetically stable sites, the growing 
system can arrive at the lowest energy state, that is forming mono
crystalline SiNWs. To guarantee this criterion, for a given diameter of 
the SiNW Dnw, the minimum diffusion time τdm required to search the full 
deposition interface can be estimated to be 

Dnw < lSi =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
DSi • τd

√
→τdm > D2

nw/DSi (1)  

where DSi ≈ 2 × 10-9 m2/s and lSi are the binary diffusion coefficient of Si 
atoms in liquid indium and the mean diffusion distance of Si adatoms, 
respectively. Assuming all Si adatoms are added sequentially into the 
SiNWs, this corresponds to a critical growth rate of 

v*
nw ∼

a3

D2
nwτdm

(2) 

For the SiNW growth proceeding at a growth rate of vnw > v*
nw, the 

adatoms will be given insufficient time to search the full deposition 
interface for the most stable attaching site, but instead bonded to other 
sites with a local lattice configuration inconsistent with the already 
formed 2D nucleation seeds, that’s, the formation of structural defects. 
So, a monocrystalline growth should be obtained most likely for the 
relatively slow growth with vnw < v*

nw, which is also dependent on the 
diameter of SiNW. 

For the IPSLS growth of SiNWs, the growth rate is typically of 
vnw ∼ 80 nm/sunder 290 ℃, for the growth condition adopted in this 
work, which translates into a critical diameter of 

Dnw < D*
nw =

(
DSi • a3

vnw

)1/4

∼ 29 nm (3) 

According to this largely simplified but heuristic formulation of Eq. 
(3), for the ultrathin SiNW with a diameter below 29 nm, the addition of 
Si adatoms at the growing SiNW ends could still arrive at the most 
energetically favorable sites, in other word achieving a mono-crystalline 
growth as indeed observed in this work. Note that, this critical diameter 
of D*

nw should be considered as an upper bound for the monocrystalline 
growth, as there could be other kinetic growth factors not considered in 
this model. Nevertheless, this model helps to emphasize an important 

Fig. 3. (a), SEM image of NW grown from region A (Wg = 30 nm) into region B (Wg = 20 nm). Scale bar stands for 100 nm. (b), plots the extracted height distribution 
of #1 SiNW at position x1 and x2, obtained by AFM scanning in vertical direction across #1 NW. (c)-(d), the extracted height increments of #1 and #6 SiNWs by 
groove-squeezing transition, obtained by AFM scanning from region A to B along the grooves. 
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fact that a low temperature growth of monocrystalline SiNW channels is 
indeed possible via a catalytic growth at the nanoscale deposition 
interfaces. 

4. Conclusions 

In summary, we have successfully demonstrated a high-fidelity 
moulding growth of orderly array of ultrathin SiNWs at 290 ℃, tightly 
confined by dense grooves, with a mean diameter of 17 ± 2 nm. A new 
width-transition groove design has been adopted to enable a close-to- 
unity growth filling rate of the SiNWs, while providing also a unique 
cross-section shaping capability to squeeze and reshape the height/ 
width ratio of SiNWs from 0.5 to 1.0, continuously and deterministi
cally, which is favorable for SiNW device applications. Moreover, an 
adatom-searching model is proposed to explain the formation of 
monocrystalline SiNWs even at a low temperature catalytic growth at <
350 ℃. These results indicate that a well-controlled catalytic growth has 
a promising potential to fabricate and integrate high quality 1D channels 
for the implementation of monolithic 3D integration of more advanced 
nanoelectronics, without the need of pre-existing c-Si wafer layer as 
substrate. 
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Fig. 4. (a), the cross-section of nanogrooves and SiNWs characterized by HR-TEM, which is obtained roughly from position x2 in region B in Fig. 3a. Scale bar stands 
for 50 nm. (b)-(c), the TEM images showing the profiles of SiNWs in groove with Wg = 30/20 nm respectively, followed by zoom-in images of the marked areas and 
corresponding electron diffraction patterns as insets. Scale bars in (b)-(c) stand for 30 nm. (d), the NW heights, and the ratios of height/width distribution in region A 
(left diagram) and B (right diagram). (e), the Si-adatom searching model in which Si adatom diffuses and seeks for the stable site on In/SiNW interface to form 
monocrystalline structure. 
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