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Chapter

Heterojunction-Based Hybrid 
Silicon Nanowires Solar Cell
Riam Abu Much, Prakash Natarajan, Awad Shalabny, 

Sumesh Sadhujan, Sherina Harilal and Muhammad Y. Bashouti

Abstract

It is known that defect-free, i.e., oxide-free, Si nanowires (Si NWs) exhibit lower 
defect density emissions than unmodified Si NWs. This is successfully established 
by grafting organic molecules on the surface. Here we show that by using a two-step 
chlorination/alkylation process, we are able to graft organic molecules on Si NWs 
for solar cell applications. Afterward, we show the electronic properties of the 
molecular surface (such as work function and band bending). Finally, we correlate 
these properties to the solar cell performance.

Keywords: silicon nanowire, defect-free surface, oxide-free silicon,  
chlorination/alkylation process, hybrid solar cell, oxidation resistance, 
photoemission, heterojunction

1. Introduction

Recently, many one-dimensional (1D) nanostructures have been realized by dif-
ferent methods [1, 2]. One-dimensional nanostructures such as nanowires (NWs) 
are considered a promising material for various applications in electronics [3], 
optoelectronics [4], photovoltaics [2, 5–15], and sensing [16–18].

Specifically, silicon nanowires (Si NWs) received a considerable attention since it 
can be integrated in the microelectronic industry. Therefore, Si NWs revealed their 
potential to become the mainstream building blocks of future nanodevices such as 
field effect transistors (FETs) [19–21] and solar cells [21–26], thus reducing process 
redesign costs. However, before such applications, we need at first to control the 
growth of the Si NWs and to understand its electronic properties. Here, we show a 
promising growth method and robust characterization method, i.e., the vapor-liquid-
solid (VLS) method and the X-ray photoelectron spectroscopy (XPS), respectively.

Moreover, studies show that the electronic properties of Si NWs can be tuned 
through attachment of molecules at the surface. The high ratio between the surface 
and the volume of NWs makes the electronic properties highly sensitive to surface 
properties. To this end, grafting the surface (through dangling bonds) with organic 
molecules is expected to have a significant impact on the final physical and chemical 
properties of Si NWs. The resulting surface is known as “hybrid Si NWs” [27, 28].

However, for many applications the presence of oxide (mainly native oxide) at 
the Si surfaces introduces defects and decreases the device performance. Native oxide 
grows at the Si surface after exposure to air or/and to humidity. The defects form an 
undesirable layer of oxide with high impurity levels, which can result in uncontrolled 
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oxide/silicon interfaces. Thus, to obtain efficient Si NWs, we need to protect the sur-
face against oxidation. For example, hydrogenated Si NWs, i.e., Si▬H bonds, exhibit 
low surface recombination velocities [29]. However, the Si▬H bonds tend to oxidize 
within a few minutes. Another method to functionalize the Si NW is through dif-
ferent bonds such as Si▬C bonds, which may increase the oxidation resistance from 
several minutes to a few hundred hours or even months [27, 28]. Another advantage 
of the Si▬C bonds (rather than stability and tuning the electronic properties) is their 
being selectively sensitive to the environment. For instance, gas sensors based on 
Si NWs can tune their functionality by adding special molecules at the surface with 
specific reactivity with the target gas [30–32]. In this article, we, first, explain how 
to grow the Si NWs, then how we functionalize their surface through chlorination/
alkylation process, electronic properties, and finally, their application in solar cells.

2. Experimental procedure

2.1 Growth of Si NW

Si NWs were prepared by vapor-liquid-solid (VLS) method by using chemical 
vapor deposition (CVD) with a silane gas. The obtained Si NWs is shown in Figure 1.

The main steps of the VLS growth can be summarized as follows:

i. Evaporation of growth species and their diffusion and dissolution into liquid 
droplets

ii. Diffusion and precipitation of saturated species at the liquid—substrate interface

iii. Nucleation and growth of desired material on the interface

iv. Separation of droplets from the substrate by further precipitation and the 
growth of NWs

Before starting the growth, the Si substrate [the (111)] is immersed in a 
dilute HF solution (2%) to remove the native oxide. Subsequently, we evaporate 
2 nm thick Au film or drop cast a gold nanoparticle on the Si surface. The gold 
nanoparticles can control the diameter of the Si NWs. The substrate is annealed 

Figure 1. 
SEM image of VLS-grown Si NWs with lengths of 3 ± 1 μm and diameters of 60 ± 10 nm.
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under vacuum at the CVD chamber to 580°C for 10 min. The temperature was then 
reduced to 520°C, and a mixture of 10:5 sccm (standard cm3 min−1) of Ar:SiH4 was 
introduced for 20 min at a pressure of 0.5–2 mbar. The growth time can basically 
control the final length of the Si NWs (see Figure 1).

The VLS-grown Si NW can be with lengths from 1 to 20 μm and diameters of 
10–100 nm [33]. As shown in the SEM image, the Si NWs were grown in random 
orientations.

2.2 Organic grafting via chlorination/alkylation

Among those methods developed for planar silicon, the chlorination/alkylation 
process is considered a promising method for molecular grafting. In this method, we 
cover the Si surface with Cl atoms and then convert them to R molecules. The conver-
sion process should maintain an inert atmosphere such as reflux system or glove box 
(Figure 2).

2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) can be used to investigate the chemical 
and electronic surface properties of the Si NWs. The final output of XPS measure-
ments is the function of kinetic energy (or binding energy) versus the intensity. A 
schematic layout of the XPS system is depicted in Figure 3 which shows the main 
components. Ay monochromatic Al K radiation (1487 eV) is irradiated to the sam-
ple to extract the core-level and valence band photoelectron spectra (0–1000 eV). 
They are collected at a take-off angle of 35° by a hemispherical analyzer with an 
adjustable overall resolution between 0.8 and 1.2 eV. In our case, it is very important 
to get high resolution for the following individual spectra:

i. Si 2p from 95.0 to 110.0 eV: to follow the properties of Si

ii. C 1 s from 282.0 to 287.0 eV: to figure out the grafting profile either physical or 
chemical grafting, molecular coverage, and functional group in the molecules

iii. 1 s from 520 to 550 eV: to follow the oxidation of the surface

Figure 2. 
The chlorination/alkylation system. In Figure 4, different reactions are carried in the same time.
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The resulting XPS spectra were analyzed, and oxide levels were determined by 
spectral decomposition using the XPS peak software.

3. Results and discussion

Usually “hybrid materials” are used to describe two conjugated components that are 
chemically different. Here, we use it to define the molecular junction that are obtained 
after grafting an organic molecule to Si. An example for this is illustrated in Figure 4, 
where alkyl molecules are chemically attached to Si NW via Si▬C bonds [27].

3.1 Organic functionalization via chlorination/alkylation

The method provides oxide-free Si and is consistent By chlorination/alkylation 
as shown in Figure 5. After hydrogenation and for the first step, we get Cl bonds by 
immersing the Si NWs sample in a saturated PCl5 solution. In the second step, we 

Figure 3. 
Schematic layout of an X-ray photoelectron spectroscopy (XPS) system including the analyzer, sample stage, X-ray 
anode, X-ray monochromator, and electron gun.
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convert the chlorine atoms by Grignard reaction to organic molecules. The organic 
molecule (alkyl as an example) will be attached normally to the surface by silicon-
alkyl surface bonds, i.e., Si▬C bonds [30, 34].

3.2 Native oxide

The Si NWs tends to form a native oxide at the surface. The chemical stoichiometric 
can be explored by XPS. It was found that there are two types of Si oxide: (i) interfacial 
sub-stoichiometric oxides, termed as transient oxides including Si2O (n = 1), SiO (n = 2), 
and Si2O3 (n = 3), and (ii) stoichiometric or full oxide SiO2 (n = 4) as schematically 
shown in Figure 6 [33–36].

3.3 Prior termination

Before any surface treatment, we removed the oxides by immersing the Si NWs 
in HF solution, and Si▬H can be formed. Obtaining Si▬H bonds has three main 
advantages: (i) it helps us explore oxidation mechanism since Si▬H bonds are 
stable for a few minutes (less than 5 min), (ii) it gives full monolayer, and  
(iii) H-terminated is the starting step for molecular grafting [33–36].

Figure 5. 
Scheme illustrating the functionalization of Si NWs through the two-step chlorination/alkylation process.

Figure 6. 
Schematic diagram of SiOx/Si interface.

Figure 4. 

Hybrid Si NW: the organic molecules (alkyl as example) are chemically connected to Si NW by covalent bonds Si▬C.
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To follow the stability of the Si▬H bonds or in other words to follow the oxidation 
of the Si NWs, we followed the Si2p emission spectra. As you can see in Figure 7, the 
Si2p emission includes two silicon spin-splitting peaks: (i) Si 2p1/2 and (ii) Si 2p3/2.

We can follow the amount of each oxide state (ISiOx) by the relative integrated  
area under each peak. For example, we divide the integrated area under the oxide 
state (ASiOx) by the sum of the integrated area under the Si2p, i.e., the Si2p1/2 and 
Si2p3/2 peaks (ASi 2p1/2 + ASi 2p3/2). Therefore, the total oxidation (Iox) can be calcu-
lated by the sum of the all the oxide states, i.e., (Iox = ISi2O + ISiO + ISi2O3 + ISiO2). It 
is worth to mention that the oxidation rate is different at low or high temperature 
(Figure 8). For example, Bashouti and co-authors observed different mechanisms 
at low temperatures (from 25 to 150°C), in which the suboxide states are the main 
share of the total oxide state, while at high temperatures (200–400°C), the full 
oxide state (i.e., SiO2) is the main contributor to the total oxide [37, 38].

Each oxide state shows different shift and intensity relative to the Si2p. 
Therefore, each state has its own oxidation rate. To this end, we can calculate the 
respective activation energies (EA

ox) of each state. Roughly speaking, since all the 

Figure 7. 
XPS spectrum of Si2p core-level emission showing two silicon and four oxide peaks.

Figure 8. 
(a) The sub- and full oxide distribution as function of binding energy shift and intensity per suboxide 
and (b) total oxide intensity of all oxide states in low and high temperature in Si NWs and 2D surfaces.
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suboxides show similar rate, the EA
ox was 46.35 and 23.31 meV in high and low tem-

perature, respectively [39, 40]. The differences in the activation energies of Si NW 
in the high and low temperatures reveal different oxidation kinetic mechanisms:

i. Low-temperature mechanism: below the Si▬H bonds, the back bond starts to 
be oxidized and turns to be suboxides. Therefore, oxidation of the backbonds 
(Si▬O▬Si) can be considered as the primary mechanism. For longer oxidation 
times, more backbonds are oxidized backbond form and isolated Si▬OH bonds 
[41]. The schematic diagram of the mechanism is illustrated in Figure 9 [42].

ii. High-temperature mechanism: the oxidation of the Si NWs can be attrib-
uted to the self-limited oxidation caused by the function of the initially 
formed oxide layer as a diffusion barrier (see Figure 10).

Understanding the oxidation mechanism will help us get high stable molecules 
on the Si NWs surface. In addition, since most of the electronic devices are oper-
ated in low temperature (below 200°C), the understanding of the low-temperature 
mechanism is very valuable [42].

3.4 Si2p emission

As explained above, the Si NWs show native oxide on the surface. The emission 
of the native oxide (without charging effect) appears in the 101–104 eV. By remov-
ing the native oxide and obtaining Si▬H bonds, we can start the chlorination/
alkylation process. Removing the native oxide is confirmed by the absence of the 
emission in 101–104 eV as seen Figure 11 [46].

3.5 Carbon 1S emission

The emission of the C1 s confirms that the attachment via the chlorination/alkylation 
gives either chemical or physical bonds. Before grafting, or in the case of physical 
bonding, no Si▬C should be available. However, in the case of chemical bond, the 
Si▬C should be observed in the C1 s emission. For example, Figure 12 depicts the 
C1 s emission of the CH3-terminated Si NWs. Before termination, no Si▬C bond was 
found. In this case only two emissions observed: C▬C at 285.20 ± 0.02 eV and C▬O at 

Figure 10. 
Scheme of the suggested mechanism for high-temperature oxidation of the H-terminated Si NW.

Figure 9. 
Scheme of the suggested mechanism for low-temperature oxidation of the H-terminated Si NW.
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286.69 ± 0.02 eV which may belong to adventitious hydrocarbons. After termination, 
the CH3 is chemically bonded to the Si and the Si▬C is observed. Therefore, the emis-
sion of the C1 s fitted to three peaks: C▬Si at 284.11 ± 0.02 eV, C▬C at 285.20 ± 0.02 eV, 
and C▬O at 286.69 ± 0.02 eV. The deconvolution method is described in [27].

3.6 Calculating the molecular density on the Si NW surface

In order to address this issue, we used a “model” molecule. In our case we chose 
the methyl (i.e., CH3) since it is the smallest organic alkyl molecule with a van der 
Waals diameter (VDW) of 2.5 Å lower than the internuclear distance between 
adjacent Si atoms (3.8 Å). To this end, theoretically, the molecule should give nearly 
full surface density (100%), i.e., coverage (see Figure 13). The molecular coverage 
can be obtained by dividing the area under the C▬Si peak to the area under the Si2p 
peak (sum of Si2p1/2 and Si2p3/2). Subsequently, we ratioed all the molecular cover-
age to the methyl, i.e., “(C▬Si/Si2p)alkyl/(C▬Si/Si2p)max.methyl” [27].

Figure 12. 

XPS data from the C1 s emission region before and after alkyl-terminated Si NWs. (a) H▬Si NWs show two 

peaks: C▬C at 285.20 ± 0.02 eV and C▬O at 286.69 ± 0.02 eV. (b) Methyl-Si NWs show three peaks: C▬Si at 

284.11 ± 0.02 eV, C▬C at 285.20 ± 0.02 eV, and C▬O at 286.69 ± 0.02 eV.

Figure 11. 

Si2p emission of SiO2▬Si NW and H▬Si NW.
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3.7 Termination of the Si NW with different molecules

Here we use alkyl molecules since they have the same structure as in methyl. The 
molecular coverage was found to be dependent on the steric effects which caused by 
the lateral interactions between the molecules. Steric effects decrease the coverage 
level for any molecule longer than methyl. This is due to the fact that longer molecules 
have higher VDW diameter (4.5–5.0 Å) than the diameter of the Si atoms. In our case, 
we used molecule with the form of CnH2n + 1 (where n = 1–10) and represented by Cn. 
For example, methyl and decyl are represented by C1 and C10, respectively. As the 
VDW diameter increases, low coverage decreases as shown in Figure 14.

We compare the coverage between the Si NWs and the 2D silicon. We found a similar 
decay but lower coverage of 10% in average than the 1Si NWs. This is maybe due to the 
couverture effect, which causes the molecule to be normal to the surface, and therefore, 
the steric effect can be lower in the case of the Si NWs. However, after > C6, an inconsis-
tency is observed. Based on this we can consider two main factors for grafting:

i. Molecule-substrate vertical interaction

ii. Molecule-molecule lateral interaction

The first factor can play a role in the short molecules (C1–C5), since they exhibit 
liquid-like behavior and thermal fluctuations; the determining factor is the vertical 

Figure 14. 
Γmax-alkyl versus alkyl chain length on Si NWs and, for comparison, on 2D Si(100) surfaces. Note: (Γmax-

alkyl) (C▬Si/Si2p)max-alkyl/(C▬Si/Si2p)max-C1. Reproduced with permission from [28].

Figure 13. 
Schematic diagram of methyl connected to adjacent Si atoms.
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interaction [43]. The second factor may play a role in the longer molecule, i.e., 
(C6–C10) that forms a solid-like phase, and therefore, the lateral interactions become 
dominant in this regime [44].

3.8 Stability of functionalized Si NW

It was found that the stability of grafted molecules on the Si NWs is the function 
of several factors mainly the (i) molecular chain length, (ii) coverage level, and  
(iii) surface energy and diameter.

3.9 Effect of coverage and chain length

The molecular surfaces (C1–C10) were exposed to ambient air for 100 hours 
at room temperature, as shown in Figure 15. In the first days, all the alkylated Si 
NW show high oxide resistivity. However, after 8 days the oxide intensity became 
considerable and found to be dependent on the chain length and the coverage level. 
For example, in the case of C3–C6, the oxide level rose to ~0.13. However, at the 
same time, C1 shows only 0.03, which is twofold higher oxidation resistance than 
that of C3▬C6▬Si NWs. This implies that stability of the Si NWs is dependent on 
the molecule coverage [28].

3.10 Effect of surface energy and diameter

Different diameters of Si NW have been used to explore the impact of the diam-
eter: 2D (100), 2D (111), Si NW 50 nm in diameter (Si NW50nm), and Si NW 25 nm 
in diameter (Si NW25nm). To make a proper comparison, we used the same molecule 
(CH3) in all the different samples. Then we exposed them to ambient air for same 
periods (see Figure 16).

Interestingly, the stability of methyl groups on Si NW is dependent on the 
surface. For example, the CH3 molecule on 2D (111) was more stable than 2D (100). 
For example, they show the same oxidation level, but after 40 and 20 days, the Si 
(111) and (100), respectively, i.e., (111), show double stability than (100). The 
higher stability of the 2D (111) relative to the 2D (100) structure is understandable 
since it naturally has a 15–20% higher coverage than the 2D (100) case [45, 46].

Compering to the NWs, the NWs show almost threefold lower oxidation than 
the Si (111) and (100). These observations can be attributed to the stronger Si▬C 

Figure 15. 
Observed oxidation intensity (SiO2/Si2p peak ratio) of alkyl-terminated Si NWs at different 
exposure times to ambient air. Reproduced with permission from [28].
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bonds on Si NW surfaces. This is supported by the shift in the Si▬C bond in the 
NWs from 284.33 ± 0.02 eV (Si NW25nm) and 284.22 ± 0.02 eV (Si NW50nm) to 
284.11 ± 0.02 eV for planar 2D Si. The ~0.11 ± 0.02 eV to higher binding energy 
ascribed to the higher reactivity of atop sites.

3.11 Effect of bonds type: π-π vs. σ-σ interactions

Not only the coverage degree and surface may affect the stability of the mol-
ecules on the Si surface. It was found that bond type interactions (π-π vs. σ-σ) 
can tune the stability. To check this, Si NW were embedded with methyl CH3 and 
propenyl (CH3▬CH〓CH▬ Si NWs). Figure 17 shows the oxidation of CH3▬CH 
〓 CH▬Si and CH3▬Si NWs. The oxidation began for the two molecules after 
only ∼100 hours of exposure. However, after 100 hours, the propenyl shows higher 
stability, i.e., less oxidation. This became more clear after 180 hours; the propenyl 

Figure 17. 
Ratio of the SiO2 to Si2p peak areas for the different surface modifications of Si NWs, exposed to air 
over extended time periods. Reproduced with permission from [47].

Figure 16. 
Ratio of the oxidized to bulk Si2p peak areas for the methyl modification of NW25nm and NW50nm and 2D Si (111), 
exposed to air over extended time periods.
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shows much lower intensity of 0.015 ± 0.005, that is, almost 8 times less than the 
methyl 0.11 ± 0.017. The high stability of the CH3▬CH 〓 CH▬Si NW can be 
attributed to the π-π interactions between the adjacent molecules [47–49].

3.12 Integration of hybrid Si NWs into solar cells

The performance of the Si solar cell can be improved by grafting molecules on 
the surface. Here, we present three different surface terminations: (i) H▬Si NWs, 
(ii) SiO2▬Si NWs, and (iii) CH3▬Si NW. The surface Fermi level was calculated 
from the emission of the Si2p emission and the work function measured by the KP 
and summarized in the following table:

The electron affinity is calculated according to χ = Φ − Eg + (EF − EV), while the 
surface dipole is calculated by χ-χB, when χB is the affinity of the bulk (4.05 eV) [50].

3.13 Photoelectron yield spectroscopy of the solar cell heterojunction

The photoemission yield (PYS) of electrons is a function of the electronic 
properties of the interface. As shown in Figure 18, each PYS shows two thresholds 
near 5.0 ± 0.2 and 4.2 ± 0.2 eV. The higher energy band, i.e., near the 5.0 ± 0.2, 
corresponds to the valence band, while the lower band 4.2 ± 0.2 eV corresponds to 
the defects in the band gap [50].

H▬Si NW SiO2▬Si NW CH3▬Si NWs

Surface Fermi level 1.05 eV 0.98 eV 0.83 eV

Work function 4.26 eV 4.32 eV 4.22 eV

Electron affinity 4.12 eV 4.29 eV 3.93 eV

Surface dipoles δss +0.07 eV +0.24 eV −0.12 eV

Figure 18. 

Photoelectron yield Y(hν) spectral and spectral density of states of SiO2▬Si NW, H▬Si NW,  

and CH3▬Si NW.
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To compare the quality of the surface, we normalized the valence emission at 
0.76 eV below the valence band maximum where they should be strongly dominated 
by the valence band emission only. Therefore, all the three samples show identical 
PYS. To this end, we can clearly see that the SiO2▬Si NWs show the highest defect 
density in the bandgap, while the CH3▬Si NWs show the lowest defect density.

3.14 I-V curves of solar cells

The three samples were assembled at photovoltaic cells together with polymer 
(PEDOT:PSS). The polymer is considered as a hole conductor, while the Si NW 
plays the role of light absorber and electron conductor [9]. In this cell configura-
tion, the photo-generated electron-hole pairs are separated at a heterojunction as 
shown in Figure 19.

Four main advantages for this configuration [51, 52]:

i. Efficient light absorption

ii. Short diffusion distance of carriers

iii. Air-stable and robust polymer, PEDOT:PSS, as an efficient hole conductor [9]

iv. Utilizing only 1% of the Si used in other thin-film cells

Figure 20 shows the current-voltage (I-V) characteristics of CH3▬Si NW/
PEDOT:PSS and SiO2▬Si NW/PEDOT:PSS solar cells under AM1.5 illumination. 
The SiO2▬Si NW/PEDOT:PSS shows low performance: short circuit current (Jsc) of 
1.6 mA/cm2, an open circuit voltage (Voc) of 320 mV, a fill factor (FF) of 0.53, and a 
conversion efficiency (μ) of 0.28%. However, in the CH3▬Si NW/PEDOT:PSS, the 
devices show superior performance relative to the CH3▬Si NW/PEDOT:PSS and 
exhibit improved performance with Jsc, Voc, FF, and μ magnitudes of 7.0 mA/cm2, 
399 mV, 0.44, and 1.2%, respectively.

Both samples show low values due to the high contact resistances (Rs 300 Ω). 
However, the comparative increase in efficiency (by about a factor of four) upon meth-
ylation proves that this kind of surface functionalization has very promising prospective.

Figure 19. 
Schematic diagram shows the charge separation near the Si/polymer interface.
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The improved performance of the CH3▬Si NWs is attributed to the removal of 
the defects on the surface; therefore, the charges can transfer with low recombination 
rate: hole to the polymer and electron to Si. In addition, efficient charge coupling can 
improve the performance which will improve the charge transfer causing to an increase 
in Voc. According to the Shockley diode equation, Voc = kBT/q.ln(Jsc/J0), where J0 is the 
saturation current. It should be mentioned that observed gain in the Voc gain cannot be 
explained by the increase of the current alone. Assuming a similar J0, the increase of Jsc 
would lead to a Voc gain of 0.037 V. However, we observed a gain of ∆Voc = 0.079 V. This 
can be attributed to the grafting effect which reduces the surface recombinations (as 
measured by PY) and/or a favorable barrier formation (surface dipole) [50–58].

4. Conclusions

Chlorination/alkylation process was used to graft different molecules on the Si 
NWs. The methyl provided the highest coverage (100%) among all of the alkyl mol-
ecules (50–70%). We show different parameters that affect the stability of the mol-
ecules on the surface: molecular coverage, chain length, types of bond interactions, 
surface energy, and Si NW diameter. However, the propenyl (CH3▬CH〓CH▬ 
Si NWs) showed excellent surface oxidation resistance: very small amount of 
oxides forming after more than 2 months of exposure to ambient air. Studies on 
the H-terminated Si NW oxidation kinetics revealed that their thermal stability 
relies strongly on the temperature. At lower temperatures, initially Si▬Si backbond 
oxidation. At higher temperatures, oxygen diffusion is considered to be the initial 
rate-determining step, as it controls the growth site concentration.

We show that the molecules affect the solar cell performance, and a proper molec-
ular may lead to superior solar cell performance. For instance, Si NW attached to CH3 
shows higher performance than oxide surface (by factor of four). This is attributed to 
the low surface recombination, low defects, and efficient charge transfer at the hetero-
junction. All these can be achieved by grafting a molecule of the surface. This type of 
heterojunction is used in advanced solar cell configurations and still under review.
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