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ABSTRACT 

Silicon nanowires have been synthesized on quartz substrates using Al as a catalyst. 

Silane (SiH4) diluted in H2 carrier gas was employed as Si precursor in a plasma enhanced 

chemical vapor deposition (PECVD) system operated at 550°C. This growth temperature 

is lower than the eutectic temperature in the Al – Si system (577°C) which suggests a vapor 

– solid – solid (VSS) growth mechanism. Electrical measurements and back-gated 

current-voltage measurements indicated that silicon nanowires were heavily doped (p 

type), with a doping concentration of a few 10
19

cm
-3

. We have measured hole mobility 

values of ~ 30cm
2
/V.s. We have also evaluated the use of those highly doped Si nanowires 

for solar cell applications based on core-shell structure, an efficiency of ~ 2,37% for the 

best one with fill factor of ~ 48,2%, open circuit voltage of ~ 0.70V and current density of 

~ 15,2mA/cm
2
. 

Keywords: Silicon; nanowires; Silicon nanowires; solar cells; photovoltaics (PVs). 

TÓM TẮT 

Dây nano silicon đã được tổng hợp trên đế thạch anh dùng nhôm như vật liệu xúc tác. 

Trong quá trình mọc khí silane (SiH4) được trộn trong khí mang hyđrôgen (H2) làm việc như 

một nguồn cung cấp silicon trong thiết bị lắng đọng pha hơi hóa học sử dụng plasma (PECVD) 

ở 550
o
C.  Nhiệt độ mọc này thấp hơn nhiệt độ cùng tinh (eutectic) của hợp kim Al-Si (577

o
C) 

điều này đã gợi ý cơ chế mọc được thực hiện trong trường hợp này là cơ chế hơi – rắn – rắn 

(Vapor-Solid-Solid). Việc đo đặc tính điện, đặc trưng dòng thế thông qua cực cổng của 

transistor đã xác thực rằng dây nano silicon sau khi mọc là loại p-type và có nồng độ pha tạp 

khá cao khoảng 10
19

cm
-3

. Độ linh động lỗ trống khoảng 30cm
2
/V.s. Chúng tôi đã phát triển sử 

dụng những dây nano silicon có nồng độ pha tạp cao loại p-type này cho các ứng dụng tế bào 

pin năng lượng mặt trời trên cơ sở cấu trúc lõi-vỏ, kết quả một hiệu suất khoảng 2,37% đã được 

tạo ra với các thông số fill factor khoảng 48,2%, điện thế lúc mạch mở Voc ~ 0,7V và mật độ 

dòng khoảng 15,2mA/cm
2
. 

Từ khóa: Dây nano; silicon; Dây nano silicon; tế bào pin năng lượng mặt trời; quang điện. 
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1. INTRODUCTION 

Silicon nanowires (SiNWs) with 

excellent properties for photovoltage (PV) 

applications such as reflection reduction, 

extreme light trapping, absorption increasing, 

defect tolerance, less material use… in recent 

years, solar cells based on c-Si 

micro/nanowire arrays have emerged [1–5] as 

an alternative orientation for high cost 

traditional mono c-Si wafer solar cells (first 

generation of solar cells). This is reason why 

SiNWs have attracted a great deal of attention 

as one of the most promising building blocks 

for submicron electronic device applications 

in general, especially for solar cells.   

Although SiNWs can be fabricated by 

top-down microelectronic technologies 

(extensively based on photolithography and 

etching) [6–9], in many cases, they are grown 

from colloidal nanoparticles, using the 

so-called vapor-liquid-solid (VLS) process, 

which can be implemented in a chemical 

vapor deposition (CVD) reactor [10,11].  For 

Si NWs synthesis, the VLS process starts with 

the formation of a liquid alloy (usually a 

low-melting point eutectic composition) 

between a catalyst material (preferably a 

metal such as gold) and the semiconductor 

atoms originating from the decomposition of 

a gaseous precursor such as SiH4. This is 

followed by Si precipitation from the 

supersaturated eutectic alloy and the 

one-dimensional growth of nanowires [12].  

In addition to the VLS growth, nanowires 

can grow through a vapour-solid-solid (VSS) 

mechanism involving a solid catalyst particle. 

As far as Si is concerned, VSS growth has 

been reported in several studies such as the 

synthesis of TiSi2-catalyzed SiNWs [13], 

Pd-catalyzed SiNWs [14] and Al-catalyzed 

SiNWs [15]. Schematically, NWs grow 

according to the VLS mechanism when the 

growth temperature is higher than the 

catalyst-semiconductor eutectic temperature, 

whereas they follow the VSS route when the 

growth temperature is lower than the eutectic 

temperature. Au has been extensively used as 

a catalyst for the VLS synthesis of Si 

nanowires since it does not oxidize and 

provides a low temperature (~365°C) Au-Si 

eutectic point. However, in silicon 

technology, Au is well known as a lifetime 

killer for carriers in solar cells applications, 

since it forms deep trap levels inside the Si 

forbidden band gap [16]. Of course such a 

situation should be avoided, particularly when 

minority carrier devices are of concern (e.g., 

solar cells). Also, Si NWs grown from an Au 

catalyst are intrinsic or non-intentionally 

doped, unless dopant gas sources such as 

phosphine (PH3) or diborane (B2H6), for n 

type or p type doping respectively, are added 

in the gas phase during growth. However, the 

addition of those dopant gases can produce 

non uniform radial dopant profiles [17–19], as 

well as reduce the nucleation yield and the 

growth rate of the SiNWs. For all the above 

reasons, aluminum (Al) [15,20–22], together 

with other “CMOS-friendly” catalysts [13,23] 

have been studied over the past few years.  

The Al-Si and Au-Si phase diagrams are very 

similar, but the major difference is the high Al 

reactivity towards ambient O2 and H2O, 

leading to the almost unavoidable formation 

of surface Al2O3, which tends to block Si 

diffusion [24], thus preventing Si from mixing 

with Al.  For this reason, the growth of 

Al-catalyzed SiNWs is preferably performed 

in ultra-high vacuum environments, using in 

situ Al deposition [20–22,25]. One of the 

peculiarities of the Al catalyst (a column III 

element) is that there is no need of dopant gas 

in the growth atmosphere (such as B2H6 or 

trimethyl boron), since it directly produces 
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p-doped SiNWs. Another advantage is that 

the dopant profile (i.e., Al itself in this case) is 

uniform along the radial and axial directions 

of the Si wire [16].   

In this work, we have use a 

plasma-enhanced chemical vapor deposition 

process (PECVD) to grow the SiNWs from Al 

thin films directly deposited on quartz 

substrates, the Al-catalyzed SiNWs thus 

obtained have been characterized by scanning 

electron microscopy (SEM), transmission 

electron microscopy (TEM) and electrical 

measurements, including field- effect transistor 

evaluations. Having precisely evaluated the 

electrical characteristics of those Al-catalyzed 

SiNWs, we have studied their application to 

solar cells with core-shell structure. 

2. METHODS 

2.1. Growth of the Al-catalyzed SiNWs on 

quartz substrate  

Depend on the purpose for using, we can 

grow SiNWs on different substrates, for 

example: silicon, stainless steel or quartz 

substrates…, and in this case we chose quartz 

substrates because of low cost and its tough 

quality during process for solar cell 

fabrication. First of all, we prepared quartz 

substrates in size of 1cm
2
. The substrates were 

then cleaned in solvent solution (acetone, 

isopropanol and ethanol) to remove all dirty 

and organic particles prior to the deposition of 

a 300 nm-thick Al film coating by high 

vacuum electron-beam evaporation (in this 

case, we used a thick aluminum film of 

300nm for electricity conducting purpose 

(back contact for the solar cell)), on other 

hand this aluminum film also kept the role as a 

catalyst metal film for SiNWs growth. The 

Al-coated quartz substrates were then loaded 

on the bottom electrode 

(sample-holder/heater) of the PECVD reactor 

which was pumped down to ~ 10
-6 

torr. Once 

the base pressure reached, the temperature of 

the sample-holder was set to 550°C and H2 

gas was introduced into the chamber, at a flow 

rate of 250sccm while the pressure was 

stabilized and maintained at 0.5torr. Then, the 

plasma was ignited and sustained for the next 

20min, with a 20W applied power. During 

this step, the H2 – based plasma generates 

atomic hydrogen, which helps cleaning the Al 

surface and reducing the native Al2O3. After 

20min, as the temperature had stabilized at 

550
o
C, SiH4 was introduced into the chamber 

at flow rate of 25sccm, while the H2 flow was 

kept unchanged then the growth of the SiNWs 

started to proceed. After growth termination, 

the temperature was decreased down to room 

temperature and the samples were unloaded 

from the reactor. The nanowire morphology 

was first observed by scanning electron 

microscopy (SEM); some specimens were 

transferred onto Cu grids and then observed 

by transmission electron microscopy (TEM).   

2.2. Electrical characterizations of the 

Al-catalyzed SiNWs 

After growth, the nanowires were 

solubilized into an isopropyl alcohol solution 

through sonication. They were subsequently 

drop-casted onto a SiO2/ Si substrate (p-type, 

0.005Ω.cm with a 300nm thermal SiO2 layer).  

A number of device structures such as 

field-effect transistors (FETs) were fabricated 

and tested. When tested in FET configuration, 

the highly-doped Si substrate under the oxide 

was used as a back gate. Photolithography 

was used to define the locations of 2 

electrodes, in order to contact each nanowire 

(figure 6). After a 10s dip in buffered oxide 

etchant, which removed the native oxide from 

the surface of the nanowires, the samples 

were immediately loaded into an evaporator 

chamber to deposit 150nm Ni + 50nm Au 

films. Following metal deposition, the 

samples were dipped in acetone in order to 
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remove the photoresist and the unwanted 

metal (lift-off process). Finally, the devices 

were annealed at 350
°
C during 10min to 

complete the device fabrication before 

investigating electrical properties. All 

electrical measurements were performed with 

a Keithley 4200-SCS Semiconductor 

Characterization System. 

2.3. Solar cells fabrication and 

characterizations. 

Based on SiNWs growth process, 

concerning solar cells applications, figure 1   

explained clearly the process for fabricating 

the solar cell devices: quartz substrates after 

cleaning (figure 1a) were deposited 300nm Al 

(figure 1b), an area of Al was etched out of the 

sample device’s surface via photolithography 

and remained an area of Al with the shape of 

0,25x0,75cm
2
 (figure 1c-d), next we used 

another small quartz wafer to cover on a part 

of Al film with an area of 0,25x0,5cm
2
 where 

we were going to use as the back contact for 

the cell, this helped to protect the aluminum 

film below that quartz wafer in growth 

duration (figure 1e) (silicon atoms could not 

drop on the aluminum surface below that 

quartz wafer to make Al-Si alloy so this part of 

aluminum kept quality as deposited), by this 

 

 
 

Figure 1. The process to fabricate the solar cell device: (a) Quartz substrate after cleaning; b) 

Al film (300nm) was coated on quartz substrate; c) a photolithography process was made for 

etching unwanted aluminum on quartz substrate; d) Al remained after etching (0,25x0,75 cm
2
); 

e) a small quartz substrate covered on a part of Al film, the Al film remained as the operation 

area of the cell (0,25x0,25cm
2
); f) p-type core SiNWs grown on the operation area of the cell 

(0,25x0,25cm
2
); g) 150nm intrinsic a-Si/50nm n

+
-type a-Si was coated around p-type core 

SiNWs to make p-i-n structure; h) ITO film (200nm) was coated for top electrode of the cell; k) 

covering quartz substrate was removed from the sample device; l) unwanted ITO film was 

removed from the sample device’s surface; m) cross section image of the completed solar cell 

device; n) structure of a p-i-n wire after ITO coating. 
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way we defined the operation area of the cell is 

0,25x0,25cm
2 
(figure 1e). After the growth of 

the core p-type Si NWs (figure 1f), the SiH4 as 

well as the plasma power was stopped and the 

reactor temperature was decreased to 200°C 

under H2 flow. Once the temperature 

stabilized, SiH4 was re-introduced in the 

reactor (20sccm) and the plasma ignited again 

and set to 20W; the total pressure was fixed at 

300mTorr. In those conditions, a first shell of 

intrinsic, or rather non-intentionally doped 

(NID) hydrogenated amorphous Si (a-Si:H) 

was deposited all around the p-type Si wire 

cores.  Once the desired thickness reached, 

(typically 150nm) all parameters were kept 

unchanged and PH3 (0.05% diluted in H2) was 

flowed into the reactor (40sccm), in order to 

realize a second n
+
-doped shell layer, typically 

50nm-thick (figure 1g). Using the ImageJ 

software, we evaluated the area covered by 

p-i-n nanowires to ~ 97% of the footprint of 

the Al electrodes. After growth of p-i-n wires, 

the samples were loaded out from PECVD 

systems, and slowly moved inside Sputtering 

system to deposit 200nm transparent 

conducting oxide ITO (Indium Tin Oxide) 

film directly on n
+
-type layer of p-i-n wires for 

making top electrode of the solar cell (figure 

1h). After that, the samples were loaded out of 

the Sputtering system and the covering quartz 

panels were also taken out from the sample 

devices (figure 1k), next an area of ITO 

around the operation area of the cell was 

etched from the sample’s surface via 

photolithography process to complete the 

solar cell devices (figure 1l), notice that a part 

of ITO outside of p-i-n wires area on the 

sample’s surface was unremoved as figure 1m 

for top contact of the solar cell, this helps to 

take electrical measurement of the cells easily. 

The cell was then measured the electrical 

properties under 1 Sun-AM 1,5G (1000W/m
2
) 

with Solar simulator system. 

3. RESULTS AND DISCUSSION  

3.1 Scanning electron microscope 

observations of Al-catalyzed SiNWs 

and p-i-n wires -factor 

From SEM image (figure 2) we see that 

the SiNWs are highly tapered, the diameter at 

their top part being comparable to the 

wavelengths of visible light. This is an ideal 

situation for minimizing light reflection (see 

e.g., ref [26]) for solar cell applications, since 

there is a gradual change of refractive index 

going from air down to the roots of the Si 

wires. Beside we also observed the ~ 

11µm-long (on average) NWs shown on fig.2 

have been grown during 40min, which 

corresponds to an average growth rate of ~ 

275nm/min (neglecting any incubation time). 

Their diameter at the base lies in the 

100-120nm range. Because our growth 

temperature is below the Al-Si eutectic 

temperature (577°C) [25] and since we did not 

perform any particular thermal treatment 

before growth (such as a pre-alloying at T > 

577 °C, which would activate the VLS 

mechanism [21,22]) the SiNWs probably 

grew according to a VSS mechanism (instead 

of undercooled VLS [21]), as already reported 

for growth in the temperature range 

430-490°C [15]. The low growth rate 

observed here (compared to the ~ 5µm/min 

claimed in ref. [22] for growth at 520°C) is 

another indication that NW growth follows a 

VSS mechanism. 

As mentioned in the experiment, the 

process of p-i-n wires growth includes growth 

of p-type core SiNWs, deposition of shells 

(intrinsic and n
+
-type a-Si), all steps were 

done in the same PECVD system step by step, 

figure 3 shows the thickness of the shells 

(intrinsic and n
+
-type layers) was 200nm 

(150nm intrinsic a-Si and 50nm n
+
 a-Si 

respectively). 
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As mentioned in the experiment, the 

process of p-i-n wires growth includes growth 

of p-type core SiNWs, deposition of shells 

(intrinsic and n
+
-type a-Si), all steps were done 

in the same PECVD system step by step, figure 

3 shows the thickness of the shells (intrinsic 

and n
+
-type layers) was 200nm (150nm 

intrinsic a-Si and 50nm n
+
 a-Si respectively). 

 

Figure 2. Scanning electron microscope pictures of the core p-Si NWs grown on a quartz 

substrate at 550
o
C. 

 

Figure 3. Determination of the thickness of the shell layers.  (a): The core Al-doped Si wires right 

after growth. (b): After deposition of the intrinsic and n
+
 a-Si:H shell.  All the scanning electron 

microscope (SEM) pictures are taken at the same place.  The bar scale is 1 µm on all pictures. 

3.2. Structural characterizations of p-type 

core Al-catalyzed SiNWs grown on quartz 

substrates (550°C) 

Figure 4c shows an electron diffraction 

pattern, which can be indexed with the help of 

a recent paper [27]. The extra features in the 

diffraction pattern are the result of both 

microtwins which induce extra spots by 

double diffraction, and nanotwins which 

induce some streaking effects [27]. Figure 4b 

shows a high resolution TEM image of a 

SiNW; there seems to be a regular 

superstructure, but this is only the result of a 

Moiré pattern induced by the presence of 

nanotwins in the SiNW, figure 5 explained 

clearly about this phenomenon. Again, our 

observations are totally consistent with the  

 

Figure 4. HRTEM image of a SiNW showing 

high concentration of nanotwins; those 

induce the formation of Moiré patterns which 

looks like a superstructure. 

(a) 

(b) 

(c) 
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Figure 5. Simulation of the SiNWs Moiré 

structure: (a) Two silicon (111) surface tilted 

from 70.53
o
, (b) When the 2 images of (a) are 

superimposed, a Moiré structure naturally 

appears, which corresponds to the structure 

observed in TEM image at figure 4b, (c) A 

Fast Fourier Transform of the “simulated” 

Moiré structure (d) superimposed with the 

electron diffraction pattern of the Moiré 

structure measured in TEM. The 

superposition of two (111) surface tilted from 

70.53
o 
reproduces all the features observed in 

the TEM image. 

3.3. Electrical characterizations of the 

Al-catalyzed SiNWs. 

In the experiment session, we mentioned 

in detail how to prepare a transistor device 

(figure 6) to measure electrical 

characterizations of the p-type core Al 

SiNWs, various transistor characteristics of 

the Si NW shown on figure 7, when the highly 

doped Si substrate is used as a back gate. The 

drain current (IDS) is clearly seen to decrease 

as the gate voltage (VGS) goes from negative to 

positive values, which is indicative of a p-type 

behavior (figure 7a).  The output 

characteristics of the transistor are shown on 

figure 7b. The gate influence is very limited 

(the transistor cannot be turned off) and 

saturation is not reached, which indicates 

highly doped, metal-like wires.  

We have evaluated the hole mobility 

using the classical formula: 
trDS

m
CV

L
g

2

 , 

where gm is the transconductance of the 

device (
GS

DS
m

I

I
g




 ), L is the channel 

length of the transistor (here, 3µm), VDS is the 

drain voltage (0.2V) and Ctr is the gate 

capacitance of the transistor. 

Because we have a nanowire lying on a 

plane, the gate capacitance can be 

approximated by: 
)/4(

2

0

0

dtLn

L
C

x

r
tr


 , where 0 

is the vacuum permittivity, r is the dielectric 

constant of the gate insulator (here, we took r 

 2.5, i.e., an average value between air and 

SiO2), tox is the thickness of the gate insulator 

and d is the nanowire diameter. If we take an 

average value of d = 190nm ({150+230}/2 

figure 6), we get Ctr  5.60 x 10
-16

 F.   

 

 

Figure 6. A typical Si NW ready for 

electrical measurements.  The electrode 

separation is 3µm.  The bar scale on the 

picture is 1 µm.  Because the Si NWs are 

tapered after growth, the diameter varies 

between ~ 150 and 230nm. 
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Figure 7. Electrical characterizations of the 

core Si NWs.  (a): Transfer characteristic, 

with a VDS voltage of 0.2 V.  (b): Output 

characteristics. 

 

The gm value can be extracted from the 

slope of figure 7a; we find 
GS

DS
m

I

I
g




  3.64 

x 10
-8

A/V.  With the above values, we find a 

hole mobility of ~ 29cm
2
/Vs, for d = 190nm. 

Now, the resistance of the wire can be 

evaluated in the voltage interval between – 

50mV and + 50mV where the output 

characteristic for VGS = 0 is linear.  We find R 

 3.75k.  Still assuming a 190nm average 

diameter wire, this yields   282.cm. 

Hence, the carrier concentration is ~ 6 x 

10
19

/cm
3
. We have measured the 

characteristics of 4 different Si wires and 

found carrier concentrations between ~ 4 and 

6.7 x 10
19

/cm
3
. 

3.4. Application to solar cells. 

Figure 8 presents the electrical 

characteristics of one of our best solar cell 

structures based on array p-i-n wires, both in 

the dark and under 1 sun illumination 

(1000W/m
2
). We notice that a-Si works as a 

direct band gap material (in opposite way, 

crystalline Si (c-Si) works as an indirect band 

gap) so a-Si has a higher absorption index 

compare with c-Si, on the other hand with our 

structure we just used a very thin top layer of 

n
+
-type a-Si, so most of the light is absorbed 

in the intrinsic a-Si:H region of the p-i-n 

wires. The solar cell released an open circuit 

voltage (VOC) of ~ 0.7V, this value of Voc is 

quite high compare with another reports about 

SiNWs solar cells based on a-Si shell with 

core-shell structure [29], thanks to our p-i-n 

structure’s thin shells (150nm intrinsic a-Si 

and 50nm n
+
-type), carriers in intrinsic a-Si 

absorption layer which were obtained by light 

photons were collected quickly by domestic 

electric field between p-type core and n
+
-type 

layer, besides minority carriers were obtained 

in n
+
-type layer because of light photons also 

diffused quickly to the electric field domain 

then collected by electric field before 

recombination. So recombination speed in our 

structure was limited strongly, this is the 

reason we had a high value of Voc compare 

with earlier reports [26], on the other hand the 

band gap of the absorbtion layer (a-Si) is quite 

high ~ 1.7eV [30], this is also another reason 

for our high value of Voc. The short circuit 

current was ~ 893.75.10
-3

mA, so the short 

circuit current density (JSC) under 1 sun-AM 

1.5G illumination is ~ 14.3mA/cm
2
 (the 

operation area of the cell is 0.25x0.25cm
2
). 

The fill factor of the cell is 48.2%, this value 

of fill factor is still quite low, this parameter 

relates directly with series resistance of the 

cell, we suggested that space between p-i-n 

wires was quite close together in our 
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structure, so when ITO film was deposited, it 

could not obtain an uniform and continuous 

ITO film along p-i-n wires’ body, this leaded 

to a high series resistance, then resulted in a 

low fill factor [31,32]. We can overcome this 

phenomenon by optimizing density of 

nanowires (via annealing Al film before 

growth) for obtaining a good spacing between 

p-i-n wires before ITO film coating. 

 

Figure 8. Current–voltage (J–V) 

characteristics of the p-i-n radial junction 

silicon nanowire (SiNW) solar cell. 

 

4. CONCLUSSION 

Al-catalyzed SiNWs were successfully 

fabricated via a VSS mechanism in the 

PECVD reactor at 550 °C and their various 

properties evaluated. All the Al-catalyzed 

SiNWs that we have observed in the TEM 

exhibit high densities of micro- and 

nano-twins. From electrical characterization 

(field-effect transistors), we found that the 

Al-catalyzed SiNWs are heavily p-doped at a 

growth temperature of 550°C, with active 

dopant concentrations (Al) reaching ~ 

10
19

/cm
3
. For solar cell application, solar cells 

were fabricated based on these high p-doped 

Al  SiNWs released a high open circuit 

voltage (Voc) of ~ 0.7V, the current density of 

~ 14.3mA/cm
2
, however the fill factor was 

still low (48.2%), we can improve this 

parameter by optimizing the density of Al 

SiNWs to obtain a wide enough space 

between p-i-n wires before ITO film coating. 

The processes employed to fabricate these 

devices are readily scalable, making this solar 

cell architecture a promising candidate for 

future photovoltaic applications. 
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