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Abstract 

Silicon nanowires (SiNWs) are advantageous building blocks to explore a wide range 

of high performance nanoelectronics and photonics devices. In-plane solid-liquid-solid 

(IPSLS) SiNWs, grown by metal catalyst droplets that absorb hydrogenated amorphous 

silicon (a-Si:H) thin film to produce crystalline SiNWs, are particularly suitable for 

planar device fabrication and integration. Here, we explore a new growth control 

dimension to tailor the geometry of the in-plane SiNWs from island-chain to zigzag and 

to straight morphologies by using a simple plasma modification of the a-Si:H thin film 

precursor,. This unique capability is due to fact that the Gibbs energy and bonding status 

of the a-Si:H layer can be largely modified by the plasma treatments at various substrate 

temperatures, which in turn have a huge impact on the growth balance condition of the 

SiNWs and consequently on their morphologies. These results highlight a facile and yet 

highly effective strategy to tailor the morphologyof in-plane SiNWs that will find 

important applications in fabricating nanoelectronic, sensor and logic devices. 
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1. Introduction 

Silicon nanowires (SiNWs) with controllable morphologies are ideal building 

blocks to explore various novel nanoelectronic devices[1-7], where periodic 

diameter or orientation self-oscillations provide unique routes to tailor the desired 

photonic, transport, and mechanical properties targeting at specific 

optoelectronics[8-12], quantum electronics[13-16], flexible/stretchable 

electronics[17-21], and bioelectronics applications[22-24]. So far, pioneering 

studies have been devoted to tailor the morphologies of SiNWs via “top-down” 

or “bottom-up” approaches. For example, diameter modulated SiNWs can be 

etched out of uniform SiNWs encoded with complex doping profiles along the 

growth axis[25]; self-assembled vertical kinked SiNWs have been grown by 

applying alternative purge/and chamber pressure variation cycles during a vapor–

liquid–solid (VLS) growth process[26-28]; confinement-guided[29] and line-

shape programming[30-32] have been used to grow VLS SiNWs in pre-defined 

pattern channels or guiding edges. Recently, we have discovered an in-plane 

solid-liquid-solid (IPSLS) growth mode, where metal droplets are used to absorb 

an a-Si:H layer and produce crystalline SiNWs[33-36]. During this course, the 

advance rates of the front liquid/a-Si:H absorption and the rear liquid/SiNW 

deposition interfaces can be tuned by the ratio of droplet size over a-Si:H layer 

thickness, and thus tailor the geometry of the as-grown SiNWs to vary in a 

controlled way from island-chain, to straight and zigzag[37, 38]. However, the 

impact of the Gibbs energy of the a-Si:H feeding layer on the growth dynamics 

of in-plane SiNWs has never been explored, which could represent a new, as well 

as more convenient and effective parameter to achieve a programmable 

morphology engineering. 

    Meanwhile, plasma surface modification is a widely used technology that has 

been introduced to optimize the surface properties of various thin films[39-45], 

e.g. to improve interface passivation in various crystalline silicon solar cells[46-

50], and to relax the constraints of the conductivity/transparency trade-off in ZnO 

thin films[51]. Here, we demonstrate a new strategy to modify the Gibbs energy 
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of the a-Si:H thin film precursor, specifically the density of bonded hydrogen and 

the degree of disorder in a-Si:H, which allows to efficiently engineer the 

morphology of Sn-catalyzed in-plane SiNWs from island-chain, to zigzag and 

straight, as seen in Fig. 1. This new strategy, based on a combination of plasma 

treatments of the a-Si:H thin film at various temperatures, can help to modify the 

Gibbs energy of the a-Si:H thin film precursor, and as a consequence to control 

the morphology of in-plane SiNWs. This opens a whole new control strategy to 

tailor the morphology of SiNWs, which is a key capability required to promote 

their application as the building blocks for the next generation of Si-based 

nanoelectronic devices. 

2. Morphology control via a-Si:H modification 

2.1 Experiments 

In-plane SiNWs were grown on Si substrates with pre-patterned ~30nm Sn pads 

in a plasma-enhanced chemical vapor deposition (PECVD) system[33-35, 37, 38, 

52]. The fabrication process can be divided into four steps as schematically 

illustrated in Fig. 1: (a) Hydrogen plasma treatment of Sn pads (40 nm in 

thickness) at 250°C to reduce the native Sn oxide layer and form discrete Sn 

catalyst droplets with a mean diameter of ~300nm (Fig. S1); (b) Deposition of a-

Si:H thin film with a thickness of ~25nm at 120 °C; (c) a-Si:H thin film 

modification; and (d) annealing at 400°C to activate the growth of in-plane 

SiNWs. Depending on the a-Si:H modification conditions, different 

morphologies of SiNWs can be obtained as shown in Fig. 1e to 1l.  

In our previous works, a-Si:H layer thickness has been used as the major 

parameter to control the morphology of the in-plane SiNWs growth, led by Sn 

droplets[32, 37, 38], where the chemical or Gibbs energy of a-Si:H layer was 

always fixed. In this work, we focus on the use of H2 or Ar gas plasma treatments 

at various substrate temperatures to modify the chemical and structural properties 

of the a-Si:H thin film. The scanning electron microscopy (SEM) images of the 

as-grown SiNWs with different plasma treatment conditions are shown in Fig. 

1e-1l. It is very clear that the morphologies of the produced in-plane SiNWs can 
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be significantly modified by the plasma treatment of the a-Si:H layer. 

Specifically, for H2 plasma (HP) treatment, the low temperature treatment of a-

Si:H at ~120 °C (Fig. 1e and 1f) produces long island-chain SiNWs, with length 

distribution of the island-chain SiNWs shown in Fig. 3b, while a higher 

temperature (~270-400°C) HP treatment (Fig. 1g and 1h) changes SiNWs into 

zigzag growth mode. In contrast, the Argon plasma (AP) treatment of a-Si:H at 

low temperature (~120°C) causes a similar zigzag growth mode, but 

simultaneously with shorter SiNW length and less self-turning periods, while a 

higher temperature AP treatment of the a-Si:H caused the catalyst to grow into 

very straight lines. 

 

Fig. 1  Fabrication procedure for precise control of in-plane SiNW morphology via various plasma 

treatments of the a-Si:H precursor. (a-d) schematic illustration of the key process of in-plane 

SiNW growth, (a) H2 plasma treatment of the Sn pad, (b) a-Si:H deposition, (c) a-Si:H 

modification, (d) annealing to grow in-plane SiNWs; (e), (g), (i) and (k) are four different process 

conditions for a-Si:H modification, leading to controlled growth of in-plane SiNW morphologies; 

(f), (h), (j) and (l) are the SEM images of in-plane SiNW morphologies as-grown via various 

plasma treatments of the a-Si:H precursor, from diameter-modulated island-chain growth mode 

(f), to self-turning zigzag growth mode ((h) and (j)), and to straight growth mode (l). Scale bars 

are 2 µm in (f), 200nm in inset of (f), 500nm in (h), (j) and (l). 
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2.2 Discussion of the growth modes 

In general, the dissolved Si atoms within a running Sn catalyst droplet will diffuse 

from the higher concentration region (the front interface in contact with the a-

Si:H thin film precursor) to the lower concentration region (the deposition 

interface in contact with growing SiNW), as shown in Fig. 2a, which is the key 

driving force for the catalyst droplet to absorb more Si atoms continuously from 

the a-Si:H front interface and to precipitate c-SiNWs at the rear, with the 

reduction of Gibbs energy from the amorphous (��) to crystalline (��) phases, 

Δ� = �� − �� (Fig. 2b). Obviously, the Gibbs energy of a-Si:H (��) is the key 

parameter that determines the driving force for the in-plane movement of the 

catalyst droplets and the SiNWs growth. Meanwhile, the plasma treatment of a-

Si:H in Fig. 1 mainly modifies the state of a-Si:H, expressed in terms of Gibbs 

energy. Thus, a higher Gibbs energy of the a-Si:H thin film establishes a higher 

local equilibrium concentration of the dissolved Si atoms at the front a-Si:H/Sn 

absorption interface (���	), with respect to that established at the rear Sn/c-Si 

deposition or growth interface (��) with a relation of ���	 = 
��/����.  

As sketched in Fig. 2c, the difference of the equilibrium concentrations at the 

front and at the rear interfaces will drive diffusion of the dissolved Si atoms 

across the droplet and establish a supersaturation concentration ��	 at the rear 

interface. Once this supersaturation is established (that is, with  ��	 > �� ,), 

nucleation will happen and the dissolved Si atoms will attach continuously to the 

formed nucleation sites, with a rate of ���� = ����	 − ���, where �  is a pre-

factor constant. So the axial advance speed of the rear Sn/c-Si interface can be 

written as: 

����~���� = �� !" −  #�,                                      (1) 

In the meantime, the continuous absorption interface draws the catalyst droplet 

to move on forward, with an advancing speed determined by the diffusion 

transport of Si atoms though the catalyst droplet. Thus, the moving speed of the 

front absorption interface can be written as  

��$%~&�"''(%� )*+ −  !"�/,-,                               (2) 
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where ./, 01 and 23	44 are the length of Sn droplet, the diffusion constant of Si 

atoms in Sn droplet and the geometric correction factor accounting for the 

asymmetric width of the front and rear interfaces, respectively. 

As sketched in Fig. 2c and 2d, if ���	 (���	) increases, the droplet encounters 

a stronger driving force for absorption, and its front interface is pulled forward 

more intensely, leading to a stretched Sn catalyst droplet that tends to produce an 

island-chain structure under the Plateau-Rayleigh (PR) oscillation[38]. 

Otherwise, if ���	 (���	) reduces, the droplet encounters a weaker driving force 

at the front absorption interface, and thus the droplet will be squeezed to produce 

a zigzag NW. Therefore, we could draw the following conclusions: 

���	
	15�637/8�	6 > ���	

� > ���	
9	:9�:

                             (3) 

���	
	15�637/8�	6 > ���	

� > ���	
9	:9�:

                            (4) 

Based on this idea, the key control parameter adopted in this work is to adjust 

or modify the Gibbs energy of the a-Si:H precursor thin film, by using different 

plasma treatment conditions, which in turn provides a new dimension of control 

to engineer the morphology of the as-grown in-plane SiNWs.  
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Fig. 2  The growth modes of different morphologies of in-plane SiNWs. (a) illustrates the key 

parameters of in-plane SiNWs growth, where the height of the SiNW and the Sn droplet, and the 

thickness of the a-Si:H layer are labeled as Hnw, HC and ha, respectively; (b) Schematic illustration 

for the relative Gibbs energy of Si atoms in the crystalline SiNW, Sn catalyst droplet, and a-Si:H 

thin film. (c-d) delineates the growth modes determined by equilibrium concentration of 

dissolved Si atoms at the front a-Si:H/Sn absorption interface (CaSi). The blue (red) lines represent 

the evolution trend of the front absorption (rear deposition) rate as a function of the dissolved Si 

atom concentration CSi, and the insets present the stretched or squeezed Sn droplet in the 

corresponding growth mode. 

3. Hydrogen effusion measurements of a-Si:H 

The effect of hydrogen in a-Si:H thin films has been a fundamental research topic 

that has attracted tremendous interests and efforts since the 80’s of last 

century[53-57], where the evolution of the densities of defects, voids and weakly 

dangling bonded hydrogen in a-Si:H are mediated by the locations and motion of 

hydrogen atoms (e.g. hydrogen incorporation, diffusion and release)[58]. All 

these factors could contribute to the change of Gibbs energy in a-Si:H (��), which 

could break down into �� = �;< = �3	1>?3@? = �>�8@?, with the contribution of 

bonded hydrogen (A�B), the disorder, defects, and voids (A�"%CD��D) and other 

factors (AC�E�D) (e.g. the interface energy). 
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To characterize the effect of the plasma treatments on the a-Si:H thin film 

precursor, hydrogen effusion measurements were conducted[59], where 

hydrogen released from thin film was detected by a quadripolar mass 

spectrometer (QMS) . The hydrogen effusion system consists of a furnace 

connected to a QMS (PrismaTM 80 set) to measure the evolution of effusing 

molecular hydrogen as a function of temperature during the annealing from room 

temperature (RT) to 700°C (10°C/min) in a high vacuum. We deposited 9 

samples of ~25 nm of a-Si:H (as deduced from the analysis of spectroscopic 

ellipsometry measurements) on c-Si substrates, and then exposed them to 

different processes and plasma treatments, as described in detail in Experimental 

methods and summarized in Table S1. Then, these samples were characterized 

by gas evolution measurements. The entire system is kept under pumping a high 

vacuum at 4×10-7 mbar. The hydrogen effusion plots of these nine samples, 

normalized to the volume of a-Si:H, are shown in Fig. 3c, 4a, 5a for comparative 

study, respectively. 

3.1 a-Si:H modification by H2 plasma treatment 

As shown in Fig. 3c, sample #1 (the reference a-Si:H) has two main effusion 

stages termed low (LT, ~300°C) and high (HT, ~385°C) temperature, 

corresponding to the weakly bonded hydrogen (WBH) and the tightly bonded 

hydrogen (TBH), respectively[55, 56]. Then, for sample #2, where the as-

deposited a-Si:H was heated to 400°C and kept for 1min to reproduce in-plane 

SiNWs growth conditions, the LT peak (WBH density) is observed to decrease 

significantly by ~41%, while the HT peak (TBH density) also decreases but not 

so much only ~18%, which can be understood as the normal phenomenon of the 

hydrogen effusion out of a-Si:H thin film during the annealing taking place 

during the SiNW growth step at 400 °C in the PECVD system(seen Fig. 1d). So, 

samples #1 and #2 here are used as the references to compare the changes of 

plasma modified a-Si:H. 

To understand HP treatment at low temperature (120°C), hydrogen effusion 

curves of sample #3 and #4 are plotted in Fig. 3c. Interestingly, for sample #3, 

the hydrogen effusion peak at 300°C (LT peak, WBH) strongly increases 

compared to that of sample #1, indicating that the HP treatment at low 
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temperature would react and introduce hydrogen atoms into the a-Si:H 

network[60, 61]. Meanwhile, adding the 400 °C annealing for 1 min (i.e. sample 

#4) leads to a higher LT peak (WBH density) than that of sample #2, implicating 

that a portion of the injected hydrogen atoms has been redistributed among the 

a-Si:H matrix during the 400 °C annealing. What is more, we find that, the yield 

and length of island-chain SiNWs growth can be significantly increased, while 

there is no observation of the zigzag growth mode, as witnessed in Fig. 3a, 3b 

and Fig. S2. The statistical data (Fig. S3) also shows that the HP treatment 

substantially increases the percentage of the island-chain part (from 40% to 80%) 

in the total length of SiNWs. 

Considering the results in Fig. 3 and Fig. S3, it can be inferred that it is the 

much higher density of WBH that increases the Gibbs energy of a-Si:H (�;< 

increases, so �� increases), which leads to a stretching dynamics of the leading 

Sn catalyst droplet to produce island-chain due to the Plateau-Rayleigh (PR) 

oscillation[38]. It is also the reason why the strong increase of WHB affects for 

a longer time the PR oscillation and maintains a more extended length of island-

chain growth (Fig. 3a and 3b), before transforming into straight growth mode, 

associated to the decrease of Gibbs energy of a-Si:H[37, 38]. 
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Fig. 3  In-plane island-chain SiNWs growth. (a) typical SEM image of Sn-mediated in-plane 

SiNWs as-grown after a H2 plasma treatment at 120°C, starting with an island-chain growth mode 

followed by straight growth mode. Scale bar is 2µm. (b) the comparison of the  length distribution 

of in-plane island-chain SiNWs as-grown with and without H2 plasma treatment at 120°C. (c) 

Normalized hydrogen exodiffusion evolution ion current as a function of temperature for four 

different processes with the conditions indicated by the labels of the plots in the top table.  

 

 

On the other hand, considering the in-plane zigzag SiNWs are grown with a 

lower Gibbs energy of a-Si:H, the Plateau-Rayleigh oscillation of Sn droplets 

will be suppressed. From the above results, we expect to reduce the Gibbs energy 

by removing WBH thanks to a high temperature plasma treatment before in-plane 

SiNWs growth. In-situ SEM studies of in-plane SiNWs growth[33, 37] inform 

that Sn catalyzed growth starts from about 270°C at the rate of several nm/s, so 

the high temperature plasma treatment should start at 270°C, to avoid missing 

the initial growth during temperature increase.  

As shown by the H+ ion current profiles of samples #5 and #6 in Fig. 4a, HP 

treatment at high temperature (>300°C) does remove WBH from the a-Si:H thin 

film. This is because high temperature HP could be able to react and re-arrange 

the a-Si network, working as chemical annealing [44, 62-65]. Thus the bonded 

hydrogen term of the Gibbs energy �;< decreases and so does �� at the same 
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time. Accordingly, due to the removal of WBH and the reduction of ��, there is 

no island-chain growth of the as-grown SiNWs in Fig. 4b,  4c and Fig. S4, 

corresponding to the treatment of #5 and #6. 

Fig. 4  In-plane zigzag SiNWs growth mode via H2 plasma treatment at high temperature. 

(a) Normalized hydrogen exo-diffusion evolution ion current as a function of temperature for 

different processes with the conditions indicated by the labels of the plots in the top table. (b)-(c) 

typical SEM images of Sn-mediated in-plane SiNWs with the conditions indicated by the labels 

of the plots in (a); the scale bars are 1µm. 

 

3.2 a-Si:H modification by Ar plasma treatment 

In comparison, Ar plasma treatment leads to another kind of a-Si:H thin film 

modification, as the Ar atoms do not react with a-Si:H. However bombardment 

by Ar ions  can damage the a-Si:H surface via the breaking of Si-Si and Si-H 

bonds, thus making the a-Si:H network more disordered. For the low temperature 

treatment, a higher degree of disorder promotes the out-diffusion of the hydrogen 

atoms from the a-Si:H matrix and accelerates the H elimination during high 

temperature annealing. Then, the LT peak (~300°C WBH) in the H effusion 

evolution is wholly removed after AP treatment at 120°C and subsequent 

annealing at 400°C for 1min, as shown in the plot of #8 in Fig. 5a. Following the 
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more disorder and removal of WBH in a-Si:H thin film, Sn catalyst droplet will 

tend to be squeezed to produce zigzag SiNWs, as presented in Fig. 5b and Fig. 

S5. 

In addition, the high temperature AP treatment can completely remove WBH 

peaks, as well as reduce the TBH, as shown in plot #9, while making a-Si:H more 

disordered. As a result, Sn catalyst droplet will be drawn by the front absorptionn 

interface to produce straight SiNWs, as witnessed in Fig. 5c and and Fig. S5. 

Fig. 5  In-plane straight SiNWs growth mode via Ar plasma treatment. (a) Normalized 

hydrogen exo-dffusion evolution ion current as a function of temperature for different processes 

with the conditions indicated by the labels of the plots in the top table; (b) and (c) the typical 

SEM images of Sn-mediated in-plane SiNWs with Ar plasma treatment at low temperature(b) 

and high temperature(c); the scale bars are 1µm. 

 

 

In particular, the amplitude of hydrogen exo-diffusion peak at 385°C decreases 

as the degree of disorder increases, from sample #5 and #6 to #8 and #9 as clearly 

shown in Fig. S6a. Interestingly, the amplitude angle (θ) and period length (Lp) 

of self-turning in-plane zigzag SiNW springs also decrease, and eventually, the 

as-grown SiNWs become straight as shown in Fig. 5c. The comparison of this 
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quantitative change is presented in Fig. S6b-g. Based on the discussion above, 

we can reasonably conclude that the Gibbs energy of sample #4, #7, #8 and #9 

in Fig. 1e, 1g, 1i, 1k satisfies the following relation: 

��
#G > ��

?@4
> ��

#H > ��
#I > ��

#J > ��
#K, 

which is also consistent with the growth mode of as-grown in-plane SiNW 

morphology. 

 

4. Conclusions 

In summary, we have demonstrated a new strategy for in-plane SiNWs growth 

via plasma modification of the a-Si:H thin film precursor. This strategy allows 

us to precisely tailor the morphology of Sn-catalyzed in-plane SiNWs, from the 

diameter-modulated island-chain, to the self-turning zigzag, and to straight 

geometries, while the a-Si:H layer thickness was kept constant. These unique 

morphology control capabilities derive from the effective plasma treatments that 

modify substantially the density and distribution of the bonded hydrogen and the 

degree of disorder in a-Si:H, which results in changed Gibbs energy in the 

precursor layer. These results emphasize a completely new morphology control 

dimension for the planar growth of SiNWs and could eventually provide an 

unprecedented opportunity to tailor and batch-manufacture more complex and 

functional nanostructures and devices. 

5. Experimental methods 

Samples for hydrogen effusion measurements: #1: as-deposited a-Si:H 

reference sample; #2: heating up under vacuum to 400 °C and annealed for 1 min 

to reproduce the conditions of SiNWs growth; #3: H2 plasma treatment (HPT) 

under a RF power of 5 W (the RF power density is 22.2 mW/cm2) for 5 min under 

a pressure of 1 Torr at 120 °C; #4: the same HPT as #3, and then increasing the 

temperature to 400 °C to stay for 1 min; #5: increasing the temperature to 320 °C 

while exposing to a 5 W HPT under a pressure of 1 Torr starting at 270 °C (this 

heating process from 270 to 320 °C takes 2 min) and holding the sample at 320 
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°C for 3 min (the total HPT time is 5 min); #6: increasing the temperature to 400 

°C while exposing to H2 plasma of 5 W under a pressure of 1 Torr starting at 270 

°C and holding at 400 °C for 1min (the total HPT time is also 5min); #7: Ar 

plasma treatment (APT) at 120 °C under a pressure of 1Torr 5W for 5min; #8: 

same APT as #7, and then increasing the temperature to 400 °C to hold on for 

1min; #9: increasing temperature to 400 °C and APT 5W under a pressure of 

1Torr starting at 270 °C and hold at 400 °C for 1min (totally 5min). 
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