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ABSTRACT

Pursuing solar energy conversion devices with low cost and high efficiency has become the
major task of scientists and engineers in our age. Nanotechnology provides the exciting future
for achieving this aim. Si nanowire (SINW) and porous Si (PSi) have received great attention due
to their unique chemical, optical and electrical properties. They offer the possibilities of boosting
cell efficiency, reducing the expensive material use, and allowing the deployment of low quality
materials. In this thesis, we obtain SINW and PSi on wafer scale through advanced cost-effective
nanofabrication technique ‘metal assisted chemical etching’ (MaCE). In case of SINW, we find
that during etching of ‘dirty’ Si (e.g. metallurgical silicon (MG-Si)), superior purification effect
is observed, and metal impurities inside ‘dirty’ Si can be effectively removed. Depending on
their concentrations, these dissolved metal ions in the etchant, are capable of developing unique
features at SiINWs such as line etching defects or uniform porosity. We additionally apply
SiNWs in photoelectrochemical (PEC) water splitting. SINWs show significant improvements in
both photocurrent and on-set potential for hydrogen evolution. We propose that the surface effect
strengthens the band bending in SiNWSs, and facilitates the separation of photon generated

electron and hole pairs.

In case of PSi, we successfully obtain meso-PSi with high uniformity. The porosity can be
flexibly tuned by changing HF or H20: concentration. Compared with traditional
electrochemical etching method, this simple new technique has fast etching rate (~1.7 pm/min),
and the ability of developing uniform PSi morphology. Thus, it can be directly applied in layer

transfer photovoltaics while significantly reducing process complexities and improving the yield.
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The energy demand of human-beings is ever increasing. The world-marketed energy

INTRODUCTION AND MOTIVATION

1.1 Historic background

consumption would grow by 44% over the 2006 to 2030 period (from 15.8 TW in 2006 to 22.7
TW in 2030). Currently over 80% demand is met by the consumption of fossil fuels in the form
of oil (~5.3 TW), coal (~4.2 TW) and natural gas (~3.5 TW) [1,2]. Although oil reserves are
diminishing, coal is rather abundant, which is capable of supporting a 30 TW burn rate for
centuries [1]. However, the combustion of fossil fuels raises up the CO- levels in the atmosphere,
which cause an increase in an average of global temperature and a rapid changing climate. Thus,

it is imperative to develop and promote carbon-neutral renewable energy sources.

Among various renewable energies, such as wind, geothermal and hydropower energy, solar
energy is the most abundant, and universally available. Sunlight strikes the Earth’s surface at a
rate of ~120,000 TW [3]. Sunlight can be captured and converted into electricity by solar cells. It
can also produce chemical fuels such as methanol and hydrogen via CO; reduction [4] and water
splitting [5,6] in photoelectrochemical (PEC) cells. However, the solar energy is diffuse (~100
mW/cm?) and diurnal [1,3], requiring large areas of solar collectors to harvest significant

amounts of power.

Until now, the high cost and low efficiency hinder the wide installation of these solar energy
conversion systems. For example, even though the solar cell industry has experienced a
significant expansion in the past decade, the total installed capacity is only ~0.070 TW in 2011.
Assuming a 20-year lifetime of the solar cells, the electricity price USD 0.25-0.65/kWh is four
times higher than the coal based electricity price ~USD 0.05/kWh [7]. Therefore, it is crucial to
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develop cost-effective solar energy conversion systems with high light absorption and to break

the current bottleneck.

1.2 Semiconductors for harvesting solar energy

The photovoltaic (PV) effect was firstly discovered by the French scientist Edmond Becquerel
by shining light on the silver-chloride in an acidic solution [8]. His discovery then sparked the
idea of using semiconductor materials as sources to convert solar power into electrical energy.
Photovoltaics take advantage of the fact that photons falling on a semiconductor can create free
electrons and holes, which can be separated by the junction between two different materials and

then collected to power the external circuit.

Until now, hundreds of semiconductors have been discovered and artificially synthesized, mostly
commonly used are semiconductors such as CdTe [9], GaAs [10], TiO2[11], and CulnGaSSe>

(CIGS) [12].

However, several requirements need to be satisfied for large area installation:
1. Relatively high efficiency >10%,

2. High optical absorption,

3. Inexpensive and non-toxic,

4. Stable under long time exposure to sunlight,

5. Matured industrial processes.



Most of semiconductors fail to fulfill these requirements. For example, TiO2 can only utilize 5%
of the total solar energy due to its large bandgap (3-3.2 eV) [11]. New candidate materials for
thin film solar cells lose their competiveness either in high material costs such as CIGS, or in

toxicity such as CdTe.

(a) Capacity percentage of different solar cells (b) Cost structure of Si solar cell
gIGS 1%

Ribbon-Si 1% _@m

Figure 1.1 Pie charts of (a) capacity percentage of solar cells based on different materials, and (b)

cost structure of crystalline Si solar cell. Data is from Ref. 13.

Silicon is probably the only material meeting all requirements at present. Firstly, Si is the second
most abundant element (25.7%) of the earth’s crust, which guarantees that Si would be available
forever [13]. Secondly, Si is stable and resistive to most acids without any protection layer, and it
is non-toxic. Thirdly, benefiting from the tremendous development of microelectronics, the
process technology of Si is matured. The metal contact and dielectric passivation techniques are
readily available. Therefore, Si is currently playing a dominant role in the solar cell market (see

Fig. 1.1(a)).



Although state-of-art solar cells have achieved an efficiency of ~25% [14], the cost is rather high.
The metal impurities have detrimental effects on the Si solar cell efficiency. The transitional
metals such as Fe, Cr, and Mo create deep levels in the bandgap inducing strong recombination
activities. Their concentrations need to be controlled less than 1 ppm (parts per million) or even
1 ppb (parts per billion) range [15]. Furthermore, Si has a relatively low absorption coefficient
throughout much of the visible and near infrared ranges [16]. Crystalline Si solar cell must be
thicker than 500 pum to absorb most of light. In PV industry, chemical texturing (e.g. KOH or
HF/HNO3 etching) and antireflective layer coating (e.g. SiNX, SiO;) are applied to suppress
optical reflection [13]. These additional processes again increase the process complexity and cost.
Fig. 1.1(b) shows the cost structure of crystalline Si solar cell, Si feedstock and cell processing

occupy more than 40% of the total costs.

In order to make solar energy competitive with traditional fossil fuels, continuous price reduction
is required. From material perspective, there are three basic strategies to break the current

bottleneck for a word-wide installation of Si-based solar energy conversion devices.

Firstly, one can continue to improve the efficiency. However, conventional solar cell designs
based on planar p-n junction have rather limited space to further improve the efficiency above
~25% even with advanced surface passivation techniques. The main reason is that the charge
carriers generated far from the junction cannot be effectively collected due to the limited
minority carrier diffusion length. A new cell design which can absorb nearly all the light above
the bandgap, effectively separate and collect all the generated charge carriers would be expected

to significantly exceed the current efficiency limit.



Secondly, one can try to reduce the expensive material use such as reducing the thickness of high
quality crystalline Si material. This needs a challenging manufacturing approach to ‘peel off’
~20-50 um Si thin film from Si substrate, which cannot be realized by current wafer sawing
techniques (minimum wafer thickness ~100 um). This strategy also requires a new antireflection

layer technique due to the low light absorption of thin film crystalline Si.

Thirdly, one can use cheaper Si feedstock with more metal impurities than solar grade (99.9999%
pure, SG-Si) or even electronic-grade (>99.999999% pure, EG-Si) Si. Fig. 1.2 shows the solar
value chain. Metallurgical grade silicon (MG-Si) is firstly obtained by reducing quartzite (SiO>)
with charcoal in an arc furnace. Afterwards MG-Si (98.5% pure) is purified to SG-Si or even
EG-Si by the typical ‘Siemens’ process. Such process is very energy intensive, amounting to the
hundreds of kWh/kg. This process is also not environmental friendly. The side products such as
halogenated silicon compounds are toxic and flammable [13,15]. Therefore, high fabrication
costs are imposed at the purification step. If one can successfully apply the ‘dirty’ silicon
including upgraded metallurgical Si (UMG-Si) and MG-Si in solar energy conversion devices
without sacrificing too much efficiency, or invent a new simple purification method to avoid the

‘Siemens’ process, it would be an impactive technological breakthrough.

To realize these strategies, we look into current nanotechnological approaches, which may

perfectly solve the challenging issues. This is also the main motivation in this thesis.
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Figure 1.2 A solar value chain showing the fabrication from quartzite to Si solar cells. Parts of

figures are from Ref. 17.

1.3 Motivation: Applying Si nanotechnology

1.3.1 Current status: Summary of various fabrication methods

Benefiting from its key role in modern microelectronics and enormous development of
nanotechnology in the past decades, Si now possesses possibly the richest family of
nanostructures among all semiconductor materials. Various Si nanostructures ranging from 0-D

to 3-D have been fabricated, such as nanocrystals [18], nanowire [19], nanotube [20] and porous



Si [21,22].With the shrinkage of structural dimensions and the increase of surface to volume
ratio, Si nanostructures become more optically [23], electrically [24] and chemically [25] active
than bulk silicon. Due to their unique properties, Si nanostructures have been considered of
having a great potential to improve the device performance. Especially in PV applications,
nanostructured Si offers new opportunities to address the challenges mentioned before, such as
perfect absorption [24], ‘peeling off’ thin film Si [26], applying ‘dirty’ Si in solar cells. In
addition, it can also serve as a novel platform for designing a new type of solar energy
conversion device. In this thesis, we mainly concentrate on two types of nanostructures: Si

nanowire (SINW) and porous Si, which have been mostly studied in the past decades.

Current nanofabrication methods can be roughly divided into two groups: top-down and bottom-
up. The bottom-up methods begin with atoms or molecules to build up nanostructures; on the
other hand, top-down methods prepare nanostructures via dimensional reduction of bulk Si by
lithography and etching [27]. Fig. 1.3 shows the schematic setups of commonly used methods
for Si nanowire fabrication, including one bottom-up method: chemical vapor deposition (CVD)
[19], and three top-down methods: reactive ion etching (RIE) [26], electrochemical etching (ECE)
[28], metal assisted chemical etching (MaCE). Fig. 1.5 shows the obtained Si wire structures.
Despite of significant advances in the bottom-up methods such as CVD, the cost is still high. The
process usually requires high temperature 500-1000 °C (see Fig. 1.4), and the silane precursor
cost is higher than ~USD 130/kg. In addition, the metal catalysts would be partially dissolved in

SiNWs, resulting in the shortened carrier diffusion length.

For top-down methods, the cost difference also comes from the fabrication processes. RIE loses

its competiveness due to the vacuum process and the requirement of additional lithography. ECE
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is able to create deep pores and wires; however, the obtained structures are always restricted to
the dimension of a space charge region (SCR) [28,29]. For commonly used Si wafers with
resistivity 1-10 Q cm, the diameter of the obtained Si wire cannot achieve below 500 nm [30].
Moreover, the etching area is restricted to an O-ring size. It is hard to achieve wafer scale etching

with nice uniformity. The risk of leakage of HF solution also imposes serious safety issues.

Meal assisted chemical etching (MaCE) [31-33], is a purely solution processed, high throughput
technique. It was firstly invented by Li et al. in 2000 [31], and further developed by Peng et al.
[29]. MaCE involves two successive steps, nucleation of metal nanoparticles and anisotropic
etching in a solution containing HF and oxidant agents [32]. MaCE is able to create SINWs with

dimension ranging from tens to hundreds of nanometers on a wafer scale.

For porous Si fabrication, commonly fabrication methods are mostly top-down wet chemical
etching approaches including stain etching [34], ECE and MaCE. Stain etching has a quite
limited etching depth and lack the controllability of pore size and porosity. Therefore,
considering its low cost, simple process and high controllability, MaCE is chosen to fabricate

SiNWs and porous Si for device application in this thesis.
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(a) Chemical vapor deposition (CVD) (b) Reactiveion etching (RIE)
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Figure 1.3 Schematic experimental setups for (a) CVD, (b) RIE, (c) ECE and (d) MaCE.




Figure 1.4 SEM images of Si wires fabricated via (a) CVD (White dots at the top of the SINWs
are the Ni catalysts. SiCls was supplied as a Si source heating at ~1000 °C.), (b) RIE (SisN4 dots
worked as the etching mask, the etching gas was a mixture of SFs and O), (c) ECE (The starting
pattern was a lithography defined inverted pyramid arrays in a Si substrate. The ECE was
conducted under a constant potential 2 V with a backside illumination at 300 W. Post KOH
etching was applied to obtain free-standing wire arrays [28].), and (d) MaCE (SiNWs were
obtained by etching a Si substrate loaded with Ag catalysts in a HF and H2O> mixed solution at

room temperature.).

1.3.2 Advanced concepts of applying Si nanowire (SiNW) in solar energy conversion

Fig. 1.5(a) shows the color contrast between a planar EG-Si and a SG-Si wafer before and after
NW texturing. The NW sample is black indicating high light absorption. Both experimental and

theoretical works have demonstrated that 100 times less Si materials in the form of SINW arrays
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can achieve the same amount of absorption as thick bulk Si materials [35]. Previous literatures
attributed the strong light trapping properties of SINW to the gradient refractive index effects and
the long optical path lengths of incident lights. With the light absorption advantage, SINW-based
solar energy conversion devices are very promising to continuously improve the device
efficiencies. In addition, SINWs will also allow the continuously thinning the Si substrate to 20-
50 pum without influencing much of the total light absorption [36]. By simply taking SINW as an
antireflective layer, the SINW solar cell shows ~4% efficiency enhancement over the controlled

planar Si [37].

Figure 1.5 (a) Photograph of planar EG-Si and SG-Si wafer before and after NW texturing.
Cross-sectional SEM images of the Si surface textured by (b) micro-pyramids and (c) SiNWs.
The green and red circles represent electrons and holes, respectively. The arrows are their

moving directions.
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Another key advantage of SINWs is that they can orthogonalize the direction of light absorption
to the charge carrier collection. Fig. 1.5(b,c) show the difference between the traditional micro-
pyramid planar junction design and the nanowire junction deign. The photon generated electrons
only need to travel very short distances in a radial direction (smaller than the NW diameter) to be
collected [38-40]. In contrast, in the traditional design, the collection efficiency of charge carriers
at a given distance from the junction depends on the minority carrier diffusion length. Therefore,
for the traditional design, the Si material needs to be extremely pure single crystalline Si to
minimize carrier recombination. Since the NW radial junction design is highly tolerant to the
defects and impurities inside material [38], low quality material such as UMG-Si or even MG-Si
can be applied without degrading the efficiency, or even shows higher efficiency than the high

quality Si solar energy conversion device with the traditional design.

The first theoretical work of this new concept was demonstrated by Atwater group in 2005. The
calculation demonstrated that the radial p-n junction can greatly enhance the charge carrier
collection [38]. Inspired by the theoretical work, the first radial p-i-n NW junction device was
realized by Lieber group in 2007 with single NW efficiency 3.4% [39]. However, the continuous
work on the SiNW radial p-n junction solar cells met several difficulties, such as exactly
controlling the doping level at the nanoscale, severe surface/interfacial recombination, high
resistance and large shunting [40]. The efficiency of SINW based solar cell was reported only 0.1%
in 2007 [41] and 0.5% in 2008 [42]. Therefore, lots of work switched to the microwire radial p-n
junction solar cells [43], SiNW-organic polymer hybrid solar cells [44] and SiNW based
photoelectrochemical (PEC) cells [45]. Moderate efficiencies ~11% for the microwire [46] and
~10.3% for the SINW-polymer hybrid solar cells [47] have been achieved with adequate metal

electrode design and surface passivation.
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In contrast to the solid-state radial junction Si wire solar cell, the PEC cell requires no high
temperature dopant diffusion or CVD process. Since the electrolyte closely contacts with the NW
forming conformal radial NW-electrolyte junctions, the NW based PEC cell becomes a perfect
platform to investigate the NW formation and facilitated carrier collection in the solar energy

conversion [48].

Motivated by the above advantages, in most of this thesis (Chap. 3 and 5), we concentrate on
fabricating SINWs fabrication from ‘dirty’ Si including UMG- and MG-Si, and exploring the

merits of SINW application in PEC cells for H> fuel production.

1.3.3 Advanced concepts of applying porous Si

PSi can be classified into three types in terms of pore diameter d: micro-PSi (d < 2nm, meso-PSi
2 <d < 50 nm and macro-PSi (d > 50nm) [49]. Currently there are three basic ‘tricks’ using
meso-PSi [50] and macro-PSi [51,52] to fabricate and detach thin film Si from the crystalline Si

substrate.
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Figure 1.6 (a) Schematic of two different layer transfer tricks based on patterned macro-PSi. (b,c)
SEM images of non-patterned macro-PSi formed by ECE. Sample shown in (c) has an additional

highly porous Si separation layer.

Fig. 1.6 shows the processes of two tricks based on macro-PSi. Both tricks start with lithography
defined macro-PSi layer with different etching technique: ECE (#1) and RIE (#2). The #1 trick
developed by Brendel et al. [51] adds a separation layer by increasing the etching current. The
macro-PSi layer is detached for further solar cell fabrication. The final efficiency can achieve
13.1%. The #2 trick directly anneals the macro-PSi in Hz atmosphere at 1150 °C, a thin Si film
with thickness 1-5 um can be formed ready for detachment. After solar cell fabrication, the cell
efficiency can achieve ~4% [52]. Both methods have the advantages of greatly reducing the thin

Si film thickness and reusing the mother substrate, however the disadvantage of using
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lithography imposes extra costs. Moreover the production speed is very limited by the batch

processes of RIE and ECE.

The meso-PSi trick was also developed by Brendel et al. [50,53] as shown in Fig. 1.7. ECE is
applied to fabricate porous double layers consisting of a high porosity layer beneath a low
porosity layer [54]. Upon annealing at temperatures above 1000°C in Ha, the upper layer takes on
an originally polished and monocrystalline quality, which allows further epitaxial growth of a
higher quality silicon layer. Compared with the macro-PSi tricks, the meso-PSi trick requires no
lithography; moreover, the fabricated solar cells from meso-PSi have achieved the highest

efficiency 19.1% [50] among three tricks.

Since MaCE has much simpler processes than ECE and RIE, and it is suitable for industrial
production, in this thesis (Chap. 4), we apply MaCE to produce meso-PSi and control its porosity

for future application in layer transfer photovoltaics.
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Figure 1.7 (a) SEM image of double layered meso-PSi formed by a two-step etching process.

Si substrate

The inset is an optical image of the obtained meso-PSi sample. (b) Schematic diagrams of a layer

transfer process based on a double-layered meso-PSi.

1.4 Introduction to metal assisted chemical etching (MaCE):

Basic mechanism and expected purification effect

MaCE consists of two steps: 1. Metal nanoparticle (NP) or film deposition 2. Metal catalyzed
silicon etching in aqueous HF solution mixed with an oxidant [33]. The formation of Si
nanostructures depends on the anisotropic properties of MaCE: Silicon beneath the metal NPs

would be dissolved much faster than its surrounding area.

Since metals should be noble enough for avoiding fast dissolution in HF solution, metal catalysts
including Cu [55], Ag [56], Au [57], Pt [58] and Pd [59] have been used and studied. For SINW
synthesis, Ag and Au were found to be the ideal catalysts without formation of extra porous layer
[33]. Though controlling the shape of metal catalysts during deposition process, the resulting Si

nanostructures can be determined as seen in Fig. 1.8. The metal deposition can be achieved by
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various methods such as thermal evaporation, sputtering and galvanic displacement. Due to its
low cost and simplicity, galvanic displacement is favorable in most of literatures for the SINW

synthesis.

The galvanic displacement can be conducted by simply immersing Si wafer into the HF solution
mixed with metal salt, such as AgNO3z and KAuCls. Fig. 1.9(a) shows the diagrams of the
comparison between the electrochemical potentials of metal redox systems and the Si band edges.
Taking Ag as an example, the electrochemical potential of Ag*/Ag is located below the valence
band of Si; therefore, Ag" ions are able to inject hole into Si. During this process, Ag* would be
reduced accompanying Si dissolution. The half reactions are as follows [33]:

Metal reduction: Ag* + e— Ag Eag= 0.7996 V (vs. NHE) (e.q. 1.1)

Si dissolution: Si + 4HF,— SiFe?* + 2HF + Hp1 + 2e” Esi=-1.2 V (vs. NHE)  (e.q. 1.2)

Metal NPs
/

MaCE

Si substrate

Figure 1.8 Schematic of Si substrates loaded with metal nanoparticles in different sizes before

and after etching.

After coating Si with interconnected metal NPs, the Si samples are etched in a mixed solution

with HF and an oxidant. For MaCE, there are several oxidants available, e.g. K2Cr.O7 [60],

19



KMnO4 [60], AgNOs [61], Fe(NO)s [32] and H20. [31]. As shown in Fig. 1.9(a), the
electrochemical potentials of these oxidants are much more positive than the Si valence band.
They are able to inject holes to Si and cause Si dissolution. Until now, AgNO3z and H.O; are
considered as the best oxidants for SINW synthesis, while other oxidants such as K>Cr,0z,
KMnOg lead to non-uniform porous structures [60]. Using AgNOs for metal coating and also as
the oxidant for SINW fabrication can be achieved by simply immersing Si samples into HF and

AgNO:s for long time [61]. Thus this approach is so-called ‘one-step’ etching.

In our work, we adopt a ‘two-step’ etching method using H20- as the oxidant, because the SINW
growth speed in HF + H20> is much faster than that in HF + AgNO3, and the H20 concentration
can be used as another factor for tuning the porosity of Si nanostructures. As shown in Fig. 1.9(c),
Si etching involves a local coupling of two redox reactions at the metal NPs. The etching process
starts with H>O. reduction. The surface area of metal NPs facing the etchant would act as

cathodes:

Cathodic reaction [62]:

H20, + 2H"— 2H20 + 2h*, En202= 1.76V (vs. NHE) (e.q.1.3)

Since the metal-Si interface exhibits a much lower Schottky barrier height as compared to the
electrolyte-Si contact, the generated holes (h*) are effectively injected though the metal-Si
contact [55], leading to a h*-rich region of silicon which surrounds metal NPs [59,63]. Thus, NPs

facing the Si act as anodes for Si dissolution.

Anodic reaction [62]:
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Si dissolution could either be in divalent state (dissolution valence n=2)

Si + 4HF, — SiFe? + 2HF + H21 + 2¢” Esi=-1.2 V (vs. NHE) (e.q.1.4)
Or in tetravalent state (electropolishing, n=4)

Si + 2H20 — SiO2 + 4h* + 4¢

SiO + 6HF — HaSiFs + 4 H20 Esi= -0.84 V (vs. NHE) (e.q. 1.5)

The driving force for anodic dissolution is the electrode potential difference between anode and
cathode. As a consequence of the microscopic reactions, Si beneath the metal NPs is dissolved

and the NPs drill deep into the Si substrate.

Since Si(100) plane has the fewest bonds to break than other planes, the “drilling’ directions of
metal NPs mostly follow the <100> direction [33]. In order to explain the autonomous motion of
metal NPs, Peng et al. [64] proposed an electrokinetic model as shown in Fig. 1.9(c, d). The
electron flow through NPs is coupled with proton translocations in the fluid, which implies an
electrical field capable of introducing electrokinetic effects. However, this model cannot explain
the unexpected non-<100> directions, we propose that the unexpected motion of metal NPs is
due to the unbalanced cathodic current (jc) and anodic current (ja), which would be discussed in

detail in Chap. 4.
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Figure 1.9 (a) Comparison of the Si band edge energies and the electrochemical redox potentials
of different metals (Em*/m). (b) Comparison of the Si band edge energies and the electrochemical
redox potentials of various oxidants. Ecs and Eves are the conduction band and the valence band
of Si, respectively. Red circles represent holes. Red arrow represents the hole injection into Si. ()

Schematic illustration of the autonomous Au particle movement in bulk Si.

Another unique feature of MaCE is that large surface areas of Si nanostructures are exposed to
the acidic etchant during the ‘drilling’ process of metal NPs. Thus, we expect that metal
impurities including their precipitates and silicides would be dissolved upon exposing to the HF
solution. In other words, MaCE would induce enhanced purification effect than traditional acid
washing technique. It may provide another way to skip the expensive ‘Siemens’ process by
nanostructuring ‘dirty’ Si. The purification effect and the underlying mechanism will be

discussed in Chap. 3.
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Besides the capability of fabricating SINWs, MaCE is also able to form highly porous structure.
Several literatures have reported using Pt to fabricate micro- or meso-PSi due to its strong
catalytivity in decomposing H20, over Ag and Au [31,65]. However, there are no systematic
studies, the origin of porous Si layer formation remains clear. This is also part of the motivation

of investigating Pt nanoparticle assisted chemical etching (PaCE) in Chap. 4.

1.5 Introduction to photoelectrochemical (PEC) water splitting using Si as photocathode

In contrast to solid state solar cells, PEC cells can directly convert solar energy to chemical fuels
such as Hz, methanol and glucose [66-68]. This technique offers an alternative way to store the
solar energy in a chemical way; the generated fuels can be stored, transported and burnt, solving

short-term fluctuations in output from sunlight capture.
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Figure 1.10 Relationship between band structures of semiconductor and redox potentials of

water splitting. The bandgap values are from Ref. 67 and 68.

Since H: is considered the cleanest energy among various fuels without any carbon emission, in
this thesis (Chap. 5), PEC water splitting based on Si is studied. The water splitting reactions
taking placed at cathode and anode are described as [69]:

2H* + 2e'— H» (cathode) (e.q. 1.6)

H2.0 —' Oz + 2H+ + 2e” (anode) (e.q.1.7)

The Gibbs free energy change AG? of the net reactions at room temperature is 237 kJ/mol, which
is equivalent to AE® = 1.23 V according to the Nernst equation. In an ideal case, a semiconductor
can absorb most of solar spectrum, and has a band gap energy larger than 1.23 eV [66,69]. The
conduction band-edge (Ecg) and the valence band-edge (Evs) should straddle the electrochemical
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potentials of E°(H*/H,) and E°(O2/H-0) [68]. Fig. 1.10 shows the relationship between the band

structures of some commonly used semiconductors and the redox potentials of water splitting.

Most of semiconductors with large bandgap (e.g. TiO2, ZnS and SrTiO3) can generate enough

photovoltage for water splitting; they can only absorb small portion of sunlight in the UV region.

Some semiconductors with moderate bandgap value (e.g. CdSe and CdS) are suitable for water

splitting but own poor stability in contact with aqueous acidic or alkaline electrolytes. Si with

small bandgap can absorb most of the visible light, and it has relatively nice stability against

corrosion in the electrolyte. Its conduction band edge well locates above E°(H*/H,). Therefore, Si

would be an ideal material acting as the photocathode for the hydrogen evolution reaction (HER).
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; ;——E(Hﬁ’ H,)

Figure 1.11 Band diagrams of p-type Si before (a) and after (b) contacting with electrolyte. Ecs

and Evs are the conduction band and the valence band of Si, respectively. Evac represents the

vacuum level. Red circles represent holes. As the Fermi level of Si (Er) and E(H*/H2) equilibrate,
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the energy bands of Si bend downwards. A SCR layer is formed, which is capable of separating

photon generated electrons (green balls) and holes (red balls). SS represents the surface states.

Fig. 1.11 shows the band diagrams of p-type Si before and after contacting with a liquid
electrolyte. After bringing Si into contact with an electrolyte, the Fermi level in both Si and
electrolyte must equilibrate (Er = E°(H*/Hy)). Since E°(H*/H>) is higher than Er in p-type Si, the
majority carriers (i.e. holes) would flow to the solution phase. Consequently, the resulting excess
charge in Si would distribute in a region near the Si surface called space charge region (SCR)
[67]. The resulting electric field in the SCR is shown as the downward band bending in Fig. 1.10.
At the electrolyte side, an ionic layer on the solution side establishes an electric field double

layer (Helmholtz layer and Gouy layer) between Si and electrolyte [70].

The photon generated electrons and holes can be separated due to the electrical field built in the
SCR. Electrons would flow the Si cathode surface leading to H. formation, meanwhile holes
would transport through the anode for O2 evolution. However, such flow is limited to the
existence of surface states in the bandgap shown in Fig. 1.11. The surface states are caused by
the dangling bonds of surface atoms or surface defects. Without adequate surface passivation
(e.g. H termination by HF dipping), these surface states would trap the electrons leading to the
strong surface recombination. The surface recombination would become much more severe
while increasing the surface roughness by nanostructuring [69,71,72]. Investigation of the
surface state density in Si nanostructures on the photocurrent would be one of topics in Chap. 5.

Since Si cannot generate high enough photovoltage for water splitting, a small overpotential (~-
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0.6 V for planar Si) needs to be applied. Through applying nanostructured Si, the overpotetnial
can be minimized to ~-0.2 V [67,68], the mechanism behind the lowering overpotential would be

also discussed in Chap. 5.

1.4 Summary

In this chapter, we introduce our motivation: applying nanotechnologies to break the current high
cost bottleneck of solar energy conversion devices. We propose three basic strategies: (1)
Improving the solar conversion efficiency, (2) Utilizing cheap ‘dirty’ UMG-Si or even MG-Si
and (3) Reducing the expensive materials use. Strategy (1) and (2) can be realized based on the
new radial junction design based on SiNW structure. The new design would orthogonalize the
directions of light absorption and charge carrier collection. The enhanced charge carrier
collection allows further efficiency improvement of high quality material and the use of low
quality UMG-Si or MG-Si without sacrificing much efficiency. The wet chemical NW
fabrication method MaCE is also expected to remove the metal impurities inside ‘dirty’ Si. In
Chap. 3, we will show the SiINW construction on EG-, SG- UMG- and MG-Si by MaCE. The
purification effect induced by MaCE is also confirmed. In Chap. 5, we will investigate the PEC
performance of the obtained SINW to verify the advantages of radial NW-electrolyte junction.
Strategy (3) can be achieved by another nanotechnological approach: meso-PSi based layer
transfer technique. In Chap. 4, we will demonstrate that similar as ECE, MaCE is also capable of

fabricating meso-PSi and flexibly controlling the porosity.
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2

EXPERIMENTAL

2.1 Etching Process
2.1.1 SINW fabrication from different grades of silicon via MaCE

Four different grades of silicon shown in Fig. 2.1 were used, including, MG-Si pieces and
powder (~99.74% pure, from Q-Cells GmbH), UMG-Si (multicrystalline, p-type, 0.2-0.5 Q
cm, 99.999772% pure, from Fraunhofer IWM), SG-Si (multicrystalline, p-type, 1-3 Q cm,
99.9999% pure, from Fraunhofer IWM) and EG-Si (monocrystalline, (100) orientation, 1-10

Q.cm, >99.999999% pure, from Si-Mat GmbH).

MG-Si piece & powder

——— —
e et INE BF GF 1 ] L A T T T R T A M A A s S S
uOLS

Figure 2.1 Photographs of four different grades of silicon including MG-Si piece and powder,

UMG-SI, SG-Si and EG-Si wafers.
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Prior to the etching, Si wafers were cleaned in Piranha (98% H>SO4/ 30% H20, = 3:1, (v/v)) for
15 min and afterwards rinsed by DI water. Clean Si wafers were cut into pieces of suitable size
and dipped into 5% HF solution for 3 min to remove the native oxide. Subsequently, the MaCE
was carried out by immersing Si samples into 5 M HF and 10 mM AgNO3 solution for
deposition of Ag nanoparticles (AgNPs) and then etched in an aqueous etchant containing 5 M
HF and 0.3 M H202 shown in Fig. 2.2. After etching, the Si samples were rinsed with DI water
and dried by N gas blowing. All experiments were performed at room temperature inside a fume

hood (~ 20 °C).

For MG-Si powder etching, 25% ethanol was added to wet the particle surface. After each step

of MaCE, the MG-Si powder needed to be filtered and washed with the help of filter papers.

Step1.Ag deposition Step 2. Ag induced etching Step 3. Ag removal

Si substrate [>

B

AgNO, + HF HF+H,0, HNO,

Figure 2.2 Schematic representation of the formation of Si nanowires by MaCE.

2.1.2 Porous Si fabrication via MaCE

To investigate porous Si formation by MaCE, single-crystal EG-Si (100) wafers with two types

of resistivity were used: 1-10 Q cm (p7, n", moderately doped) and 0.01-0.02 Q c¢cm (p*, n*, highly
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doped). The etching process was the same as SINW fabrication, except that Pt nanoparticles
(PtNPs) were used instead of AgNPs as the catalysts for etching. PtNPs were deposited on the Si

surface by immersing the Si samples into a solution containing 0.5 M HF and 1 mM KzPtCle.

2.2 Photoelectrochemical (PEC) measurement

2.2.1 PEC setup

A PEC cell was constructed in a three electrode configuration as shown in Fig. 2.3. An Ag/AgCl,
KCI (3M) electrode acted as the reference electrode and a platinum mesh was used as the counter
electrode. Fig. 2.3(b) shows the design of our silicon photocathode. An Ohmic contact was
formed by smearing In-Ga eutectic on the backside of Si sample. Then, the sample was attached
to polyvinyl chloride (PVC) holder. At the center of the substrate, there was a small square
copper plate with its backside connected with a copper wire. In order to protect the backside
electrode from the acidic electrolyte, PDMS or resin was used to encapsulate the backside of the
sample. We used a mixture of polydimethylsiloxane PDMS (Sylgard 184, Dow Corning) and
PDMS curing agent with a weight ratio (10:1). After uniformly coating the sample backside with
the mixture, the sample was placed into the vacuum chamber and baked at 80°C for 12 hrs. The

formed PDMS is resistive to the sulfuric acid.
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Figure 2.3 (a) Photograph of a PEC cell consisting of a quartz cell, a Si photocathode at the front
side, a reference electrode, and a Pt counter electrode at the backside. (b) Schematic design of

the photocathode with a Si sample attached to a PVC substrate.

The light source is critically important for PEC measurements. It should have stable intensity,
and a similar spectrum as the natural sunlight. A Xenon lamp (50 - 200 W Research Arc Lamp,
Newport Corporation) was used to simulate the sun light. Fig. 2.4 shows its spectrum. Since its
intensity is too high intensity in the range of 800 to 1100 nm, a glass filter (FSR-KG2, Schott
GmbH) was added to shape the lamp spectrum. The light intensity could be flexibly tuned by
changing the applied current of the lamp. To get the light focused on the Si samples with a small
circle area about 0.4cm?, an iris and a lens were used. Fig. 2.5 shows the optical setup. For the

data shown in Section 4.1, the light intensity was around 200 W/cm?. Since the standard AM 1.5
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light source was purchased later, the light intensity was changed to 952 W/cm?. The obtained

PEC data was shown in Section 4.2.

0.30 —— Sunlight
—— Xenon Lamp

0.25 —— Xenon Lamp with filter
; 0.20
©
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[
c
S
=
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Figure 2.4 The spectrum of the Xenon lamp before (blue) and after (black) using an optical filter.

The red curve represents the rough spectrum of sunlight.
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Figure 2.5 Optical setup for the PEC consisting of a power supply, a lamp, a light filter, an iris, a

lens and a PEC cell (from left to right).

2.2.2 PEC characterization

The PEC J-V curves were ramped from — 1.6 V to 0.2 V (vs. Ag/AgCl reference electrode) at a
rate of 50 mV/s. The photoelectrode stability tests were done by switching on-off light source

every 20 s.

2.3 Characterization and other measurements

2.3.1 Scanning electron microscopy (SEM)

Si nanostructures were characterized by SEM (JEOL 6700F). In order to cut the MG-Si particles,

plasma focused ion beam (TESCAN USA) was used.
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2.3.2 High resolution transmission electron microscopy (HRTEM)

For TEM characterization, SINWSs were sonicated from the substrate, and dispersed in an ethanol
solution (see in Fig. 2.6). A gold TEM grid was dipped into the NW solution and dried in air.

HRTEM images were obtained by JEOL 4010.

For MG-SiNW, TEM images were obtained by FEI Titan G2 60-300 scanning transmission
electron microscopes (STEM) with Cs-correction, the EDX spectrum and mapping was done by

Super-X EDX (installed in STEM), the counting time was 1 hr for one nanowire.

(b).=5
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Figure 2.6 (a) Yellow SiNW ethanol solution formed by sonicating NW structured Si substrates,

(b) TEM images of SINWs dispersed on the TEM grid.
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2.3.3 Inductively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma

optical emission spectrometry (ICP-OES)

The ICP-MS and ICP-OES analysis were performed using Element XR and iCAP 6500 (Thermo
Scientific) instruments respectively. The calibration was done with commercial multi element
standard solutions. Since ICP-MS is very sensitive to the impurities, the experiments need to be
carried out very carefully to avoid any possible environmental contamination. The UMG-Si
wafers were firstly cleaned by piranha solution, and then etched for several hours in such a way
that 50-60% of the wafer thickness was converted to nanowires. The etched wafer was immersed
in fresh HNO3 (68%) and rinsed by DI water for 3 hours, and such a HNO3z process was repeated
for 3 times to ensure complete removal of Ag catalysts. The etched wafer was again cleaned by

piranha to remove all the possible contaminations induced during chemical etching.

After drying the samples in a flow box (clean room conditions) the etched and non-etched wafers
were completely dissolved with HF/HNO3z and evaporated to almost dryness. Prior to ICP-MS
analysis the samples were diluted with a 2% HNO3z solution. A thorough background
determination was performed by analysing multiple control samples without silicon. Based on
the variation between control samples, the limit of detection (LOD) was determined for each

element.

Element analysis of MG-Si powder by ICP-OES followed similar operations as ICP-MS. Due to
the high reactivity of MG-Si powder, HF/HNO3 dissolution needs to be carefully controlled to

avoid very rapid reactions.
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2.3.4 Reflectance measurement

The measurements were conducted in LAMBDA 750 UV/Vis/NIR Spectrophotometer (Perkin-

Elmer Inc.).

2.3.5 Quasi steady state photoconductivity (QSSPC) measurements

The carrier lifetime measurements were performed by the quasi steady state photoconductance

(QSSPC) measurements (Sinton Instruments WCT-120).

2.3.6 Electrochemical measurement: Open circuit potential (OCP), short circuit current

In order to obtain stable OCP, short circuit current and impedance data of silicon samples, an
electrochemical cell was constructed shown in Fig. 2.7(a,b). It consists of several parts including
a Cu plate and a Teflon cell with a hole with diameter ~1.5 cm at the bottom, an O-ring for
sealing, an iron hoop and several screws. In-Ga eutectic was smeared at the backside of a Si
sample to form an Ohmic contact with Cu. Fig. 2.7(c,d) shows the whole setup. The working
electrode of the IVIUM potentiostat was connected with Cu plate, the counter electrode was

connected with a Pt wire.
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Figure 2.7 (a) A Cu plate with a Si sample. The white metal is In-Ga eutectic. (b) Top view of a
sealed electrochemical cell. (c, d) Photograph of the whole setup consisting of an

electrochemical cell, an IVIUM pontentiostat and a computer for data recording.
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THE RESULTS
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Si NANOWIRE (SiINW) FABRICATED BY MaCE

In this chapter, we focus on the fabrication of SINWSs from different grades of Si including EG-,

SG-, UMG- and MG-Si by MaCE and the etching mechanism behind it. In Section 3.1, we firstly
show the production of SINWSs on a wafer scale. Afterwards, SINWSs etched from “dirty” silicon
(UMG- and MG-Si) are demonstrated in Section 3.2. Interestingly, for the first time, we find the
existence of line defects in some UMG-SINWSs, and uniform porosity development in MG-
SiNWs. Furthermore, through element analysis, we confirm that the metal impurities in Si are

removed, and the “dirty’ silicon (UMG- and MG-Si) can be upgraded close to solar grade.

In Section 3.3, we discuss the etching mechanism in detail. A new chemical etching model is
proposed to explain the removal of metal impurities and the porosity formation in SINWSs during

etching of MG-Si.

3.1 SiNW etched from EG-Si and SG-Si

3.1.1 SiNW fabrication from EG-Si

Previously lots of literature reported on the synthesis of SINW from EG-Si, here we followed the
2-step MaCE process developed by Peng et al. [32]: (1) AgNP deposition in 5 M HF + 10 mM
AgNOsg, (2) Etching in 5 M HF + 0.3 M H20.. Fig. 3.1 shows the influence of AgNP coverage
on the formation of SINW from polished p-type Si (1-10 Q cm) through varying the Ag

deposition time. Short deposition time (< 1min) leads to the formation of macroporous Si instead
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of NWs. Excessive deposition time (> 1min) causes extra dissolution of SINWSs. Thus, we fixed

the Ag deposition time at 1 min for all polished Si wafers.

Ag 0.5 min

Figure 3.1 SEM images of AgNPs deposited on the polished EG-Si (1-10 © cm) surface with
different deposition times (a) 0.5 min, (c) Imin and (e) 3min; (b, d, f) are the tilt SEM images of

the corresponding Si structures formed after etching in 5 M HF + 0.3 M H20- for 5 min.

Through measuring the cross-section SEM, we obtained the linear relationship between SINW

length and etching time (see Fig. 3.2). The growth rate of SiNW is nearly constant (~0.3
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um/min). The bulk diffusion would not limit the etching if there is enough amount of etchant. Si

wafers (~500 um) can be even etched through by prolonging the etching time.

Fig. 3.3(a) shows the polished EG-Si wafer before and after etching. The etching was very
uniform and turned Si surface into totally black. The diameter of SiNWs ranges from 50 to 200
nm seen in Fig. 3.3(b,c). The effect of the doping level of Si substrates on the morphology of
SiNWSs was also studied. With the increasing of doping level, there were more tiny pores formed
at the side walls of SINWSs (see Fig. 3.4(a,b), p*-type Si ). For the p**-type Si, SiNWs became

totally porous (see Fig. 3.4(c)), agreeing with previous report [73].
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Figure 3.2 Dependence of the etching time on the length of EG-SINW (black square) and SG-
NW (blue triangular). The etching was conducted in 5 M + 0.3 M H20 solution at room

temperature.
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Figure 3.3 (a) Photograph of p-type polished EG-Si(100) wafer (1-10  cm) before and after

SINW texturing. (b) Cross-sectional SEM images of SINWSs. (c) is the magnified view of (b).
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Figure 3.4 Cross-sectional SEM images of silicon nanowire (SiNW) etched from (a) p*-type Si

(0.01-0.02 © cm), (c) p™*-type Si (0.001-0.002 Q cm). (b) is the magnified view of (a).

3.1.2 SiNW fabrication from SG-Si

The as-cut multicrystalline SG-Si wafers were sliced by laser and the wafer surfaces were
covered with cut-injured regions. Fig. 3.5(a) shows the SEM image of AgNPs on the SG-Si
surface, more AgNPs were deposited than those on the EG-Si surface. Since there were lots of
surface states, defects, and dislocations on the SG-Si surface, the nucleation of AgNPs
preferentially occurred at these defect sites, where the energetic barrier was lowered and

electrons can easily tunnel through it.

Fig. 3.5(b-d) shows the SEM images of SINWSs formed on a SG-Si wafer. Compared with MaCE

of the polished EG-Si wafer (see Fig. 3.1), the reaction of SG-Si was more complex. At first,
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much more hydrogen bubbles were generated than during the etching of EG-Si indicating a high
silicon dissolution speed. Within a few minutes, morphological defects developed by wafer
sawing were removed, due to excessive Ag deposition. SINWs of good crystallinity were formed
as shown in Fig. 3.5(c-d). For the SG-Si with different crystallographic grains, SINWSs in
different grains were slanted in different angles (see in Fig. 3.5(b)) but the etching directions

generally followed the <100> direction.

(b)

Grain boundaries

Figure 3.5 Top-view SEM images of (a) AgNPs deposited on SG-Si surface, (b) SINWSs formed

on SG-Si surface, (c, d) Cross-sectional SEM images of SiNWs at low and high magnifications.
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3.1.3 SINW array fabrication from SG-Si

Since the shape of the metal film determines the position and size of the remaining Si structures
after etching, the controlled fabrication of SINW array can be realized by using lithography to
define the metal mesh on Si surface. However, traditional lithography techniques including
photolithography and e-beam lithography are cost-ineffective, and the Si surface needs to be

smooth enough for photoresist coating.

Here, we use the nanosphere lithography for patterning of the metal mesh. The low-cost
polystyrene beads are self-assembled as a close-packed monolayer at the Si surface serving as
the mask for metal deposition. Fig. 3.6 illustrates the scheme for fabricating size-tunable SINWs.
The as-cut SG-Si wafer was firstly polished in 30 wt% KOH solution at 80 °C for 3 min. In the
second step, PS beads were coated at the SG-Si surface. After O. plasma etching, the size of the
PS beads was further reduced. Afterwards, an Ag layer with thickness ~20 nm was deposited by

thermal evaporation. A silicon nanowire array can be obtained by the subsequent MaCE process.

Polystyrene
Grain boudaries (b) () bea ds
KOH
m B " 3 coatmg W
Plasma
etcmng “ deposmon | | MaCE m

Figure 3.6 Fabrication scheme for a SINW array combing nanosphere lithography and MaCE.
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Fig. 3.7(a,b) show the SEM images of PS beads coated on SG-Si surface before and after plasma
etching. Even though the SG-Si surface was rough after KOH polishing, PS beads can be
uniformly deposited. The bead size was reduced by 20% after plasma etching. Fig. 3.7(c,d) show
the SEM images of the obtained SiNW array after MaCE. It is worth noting that the size of
SINW is ~700 nm, which is bigger than the reduced PS bead size (~200 nm). Moreover, the
surface of SINW was porous. The main reason of this phenomenon is that the Ag mesh was
slowly dissolved in the HF and H2O: solution, and the SINW growth cannot be confined into the
patterned area. The dissolved Ag ions would be redeposited leading to the formation of the
porous layer at the NW surface. We used 1 wt% KOH solution to remove this porous layer, and

solid NWs can be obtained shown in Fig. 3.7(e).
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Figure 3.7 Top-view SEM images of (a) PS spheres coated on SG-Si surface polished by KOH
solution, (b) PS spheres with reduced size after plasma etching. (c, d) Tilt-view SEM images of
MG-SiINW array formed after MaCE at low and high magnification. (e) Tilt-view SEM images

of MG-Si array after post KOH etching treatment.

3.2 SINW etched from UMG-Si and MG-Si

Fig. 3.8 shows the schematic diagrams for the UMG-SINW and MG-SiNW synthesis by MaCE.
Similar as the NW formation in EG-Si, AgNPs drill nanopores deep into UMG-Si and MG-Si,
and SiNWs are formed due to merging to adjacent pores. Simultaneously, we expect that metal
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impurities such as their precipitates or silicides [74] are dissolved upon exposure to the acidic
etchant solution. Consequently, SINWs are purified and local defects or tiny pores would form at

NW surface as a result of the impurity removal.

(a) Agnanoparticles Metalimpurities
Grain boundaries

Porous SiNW

/

(b) SINW with local defects

Figure 3.8 Schematic representation of the fabrication process of purified SINWs from ‘dirty’

silicon via metal assisted chemical etching (MaCE): (a) MG-Si, (b) UMG-Si.

Fig. 3.9(a-d) show the SEM images of the deposited AgNPs and SiNWs formed after MaCE.
The reaction of as-cut UMG-Si was same as of SG-Si described in Section 3.1.2. The UMG-
SiNWs were also slanted in different angles at different crystallographic grains. The HRTEM

image (see Fig. 3.10(d)) reveals the nice crystallinity. Interestingly, we found there were local
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etching defects in some UMG-SiNWs confirmed both by SEM and HRTEM images (Fig. 3.9(c,d)

and Fig. 3.10(a-b). Such local defects cannot be observed in EG- and SG-SiNWs.

To confirm the reduced impurity level inside the UMG-Si after etching, we used inductively
coupled plasma mass spectrometry (ICP-MS) element analysis, which is capable of tracing
multi-elements, at the part per trillion levels. The impurity level of a ~50% etched wafer was
compared with that of non-etched wafer as shown in Fig. 3.11. After MaCE, transitional metals
all met reduced levels: Cr (92.6% reduction), Fe (74.3%), Ni (77.6%), Co (78.8%), Mo (79.6%),
Cu (17.7%), and Ag (90.6%). The dopant levels such as B, P, and As were not changed,
validating the high accuracy of our measurements. UMG-Si was thus upgraded from 99.999772

t0 99.999899% in purity.
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Figure 3.9 (a, b) Top-view SEM images of AgNPs deposited on UMG-Si surface. (c, d) Cross-

sectional SEM images of SiNWs etched from UMG-Si.
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Figure 3.10 TEM images of UMG-SINWSs sonicated from the substrate at different
magnification. Two dark lines shown in the (a, b) are defects caused by local etching. There is a
line in the middle of SINW showing two neighboring NWs are sticking together. (c, d) show the

high resolution TEM images of the SINW sidewall.
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Figure 3.11 (a, b) Schematics of the non-etched and the etched UMG-Si wafers. Red dots are
metal impurities. (c) SEM picture of ~50% etched wafer. (d) Impurity concentrations of the non-
etched (green), and etched ‘dirty’ silicon wafer (blue). The grey bar represents the limit of
detection (LOD): all elements are above this value. The error bars show the standard deviation

between the multiple determinations.

The formation of MG-SiNWSs is more complicated than that of EG- or UMG-Si. There are two
kinds of MG-Si including blocks and powder. Because small MG-Si pieces were directly cracked

from MG-Si blocks by mechanical forces, the surfaces were very rough and full of
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morphological defects. Since there would be much more Ag deposition at morphological defects
than other areas (see Fig. 3.12 (b), big Ag dendrites were formed), the Ag deposition time was

extended to 5 min for ensuring full coverage of the MG-Si surfaces.

Figure 3.12 Top view SEM images of AgNPs deposited on MG-Si. (b) and (c) are the magnified

views of different areas in (a).

Fig. 3.13 shows the top and cross-sectional view of SEM images of the etched MG-SiNWs. Due
to much higher amount of metal impurities compared to UMG-Si, SiNWs etched from MG-Si
had not only etching pits on their surfaces but became entirely porous. At different areas in MG-
Si pieces, the porosity and the length of MG-SiNWs were also different shown in Fig. 3.13(a-d).
The growth speed of MG-SiNWSs (<0.1 um/min) was much slower than those of EG- and UMG-
SINWSs (~0.3 um/min). The porosity difference of MG-SiNWSs was also confirmed by TEM
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images (see Fig. 3.14). In each MG-SiNW the porosity was uniform with a pore size of 8-20 nm.
The etched MG-SiNWSs well preserved the crystallinity from their mother substrates. The

HRTEM images shown in Fig. 3.14(b, d) show the crystalline phase in between pores.

Figure 3.13 SEM images of MG-SiNWs at different areas with different magnifications. (a-d)
Tilted-view of SiNWs etched from MG-Si. (e, f) Cross-sectional view of SiNWs etched from

MG-Si. (b), (d) and (f) are the magnified view of (a), (c) and (e), respectively.
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Figure 3.14 TEM images of porous SiNWs with high (a) and low (c) porosity etched from MG-
Si (MaCE followed by HNOs treatment). (b) and (d) are the magnified view of (a) and (c),

respectively.

To verify that the metal impurities have been removed and MG-SiNWSs are clean, we firstly
conducted the EDX analysis. The Super-X EDX (from FEI) spectrum of MG-SiNWs (detection
limit ~0.1%, Fig. 3.15(b)) shows no metal impurities in MG-SiNW, and the EDX mapping of
different metal impurities only exhibited the background signals (see Fig. 3.15(c-g)), again

confirming that MG-SiNWs were purified.
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Figure 3.15 (a) TEM image of a SINW detached from MG-Si. (b) EDX spectrum of the SINW.
The Au signal was from the gold TEM grid. Carbon signal was from the carbon layer on the
TEM grid and environmental contaminations. (c-g) EDX mapping of elements including Si, O,
Ti, Fe Cr. EDX mapping pictures of other elements were not shown, because they behaved

identically as pictures of Ti, Fe, and Cr.

We used inductively coupled plasma optical emission spectroscopy (ICP-OES) to quantitatively
compare the impurity level of MG-Si before and after etching. Since the MG-Si piece was too
thick to etch more than 50% (thickness > 2 cm), we etched MG-Si powder for impurity
comparison. The MG-Si powder contained Si particles with different size ranging from 1-100um
shown in Fig. 3.16(a). After etching in HF, H20. and ethanol solution for 15 min, AgNPs

penetrated ~1-2.5 pm deep into the MG-Si particles (see Fig. 3.16 (b-d)).
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We compared MG-Si powder with four different treatments, including raw MG-Si particle,
MaCE processed, MaCE+HNO3 processed, and HF+H202/HNO3 acid washed (etching without
Ag deposition). Simple acid washing could remove all kinds of metals with the reduction ratio of
60-95% agreeing well with previous reports on acid leaching [75] (see Table 3.1). MG-Si was
upgraded from 99.74 to 99.975%. Removal ratios of most of metals such as Mg, Ti, Cr, Fe, and
Ni were higher than those of acid washed one because more surface areas were exposed to the
etchant (see Fig. 3.16(e) and Table 3.1). Especially for Fe (impurity showing the largest amount),
its concentration decreased by 98%. MG-Si was purified to 99.9881% (without taking Ag
catalysts into account). Compared with the acid washed sample, however, Ca showed no
reduction due its reaction with HF forming CaF. precipitates, which could be trapped and
adsorbed in porous MG-Si. Transition metals nobler than Pb were not removed as effective as for
the acid washed sample shown in the Table 3.1, and the amount of Cu was even higher. The
subsequent HNO3 step further purified MG-Si to 99.9884%, by washing out the Ag catalysts, as
well as CaF, and metals adsorbed on porous MG-Si particle. Fig. 3.16(e) revealed the metals
which were more improved compared with acid washed sample, the purification enhancement of

the HNO3 step was large for Ca, Pb, and Cu, but small for relatively light metals Zn, Cr, Ni.
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Figure 3.16 SEM images of MaCE processed MG-Si at different magnifications: (a) Top view,
(b-d) Cross-sectional view. The MG-Si particle was cut by plasma FIB. (e) The impurity levels
in MG-Si powders treated by three different methods: MaCE (green), MaCE+HNO3 (blue), and

etching without Ag (red).
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ng/g B P Ba Ca Mg Ti Zn
MG-Si 4 7E+03 | 6.6E+03 | 1.0E+04 | 1.7E+05 | 2.8E+04 | 1.8E+04 | 6.9E+03
acid wash 5.7E+03 | 4.4E+03 | 3.3E+03 | 1.3E+04 | 8.0E+03 | 6.8E+03 | 2.6E+02
Reduction
No 32.6% 67.4% 92.7% 71.8% 62.2% 96.2%
percentage
MaCE 6.6E+03 | 3.7E+03 | 2.3E+03 | 1.4E+04 | 2.7E+03 | 5.5E+03 | 3.4E+02
Reduction
No 43.2% 77.1% 92.0% 90.4% 69.4% 95.1%
percentage
MaCE+HNO3 | 5.0E+03 | 3.9E+03 | 2.1E+03 | 4.7E+03 | 2.9E+03 | 5.7E+03 | 9.8E+01
Reduction
No 40.0% 78.8% 97.3% 89.5% 68.5% 98.6%
percentage
ng/g Cr Fe Ni Pb Mo Cu
MG-Si 1.2E+04 | 2.3E+06 | 2.3E+03 | 5.6E+03 | 6.8E+02 | 1.3E+04
Etching
) 5.3E+03 | 1.0E+05 | 3.0E+02 | 3.8E+02 | 8.6E+01 | 7.9E+02
without Ag
Reduction
56.7% 95.6% 87.2% 93.6% 87.3% 93.8%
percentage
MaCE 42E+03 | 4.4E+04 | 1.2E+02 | 5.8E+02 | 1.1E+02 | 1.0E+04
Reduction
65.4% 98.1% 94.9% 89.7% 83.6% 19.5%
percentage
MaCE+HNO3 | 2839.87 | 5.1E+04 | 7.5E+01 | 2.2E+02 | 9.7E+01 | 1.8E+03
Reduction
76.6% 97.8% 96.7% 96.1% 85.8% 85.8%
percentage
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Table 3.1 Impurity amount in raw MG-Si powder, acid washed (etching without Ag), MaCE and
MaCE+HNOs processed ones. Reduction percentage indicates the metal removal ratio (in

comparison with raw MG-Si). Co and Ag are below detection limit.

3.3 Discussion: A chemical mode

3.3.1 Etching attack at the SINW sidewalls

During the formation of SiNWSs, there is a constant etching attack at the SINW sidewalls
resulting in the defect or tiny pore formation on the SINW surface. X. Zhong et al. [76] ascribed
such attack to the slow dissolution of Ag catalysts in the HF and H>O> solution according to the

following reaction:
2Ag + H20; + 2H"— 2Ag* +2H,0 (e.q.3.1)

Even most of Ag® ions can be quickly reduced back to the original Ag catalyst by taking
electrons from oxidizing Si, however, part of Ag* ions diffuse upwards from the root of SINWs,

and renucleate on the sidewalls. The reaction is
Si + 4Ag" + 6F — 4Ag + SiFe (e.g.3.2)

The renucleated tiny Ag particles again act as new etching sites. We confirm such reaction by
EDX mapping and adding HCI solution (1 M) into the etchant. Fig. 3.17 shows the cross
sectional view of SiNWs and the corresponding EDX mapping of Ag element. The distribution

of Ag elements demonstrated gradient concentration towards the etching direction. Furthermore,
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if HCI was added, the transparent etchant turned into white blurry solution due to formation of

AQCl precipitates; and no SINWSs could be obtained.

Figure 3.17 (a) SEM image of the obtained SG-SiNWs after etching in 5 M HF + 0.3 M H,0..

(b) Corresponding Ag elemental mapping image by the EDX spectroscopy.

Increasing the doping level of the Si wafer would cause more redeposition of Ag nuclei at the
SINW sidewalls, due to large number of defective sites near dopants that are favorable for the
etching. Thus, there were more tiny pores formed at the side walls of SiNWs for p*-type Si. For
the p**-type Si, SiNWs turned into totally porous (see Fig. 3.4). Such Ag dissolution and
redeposition mechanism also leads to the imperfect formation of SINW arrays (see Section 3.1.2).
Because part of thermal evaporated Ag catalysts were dissolved, they failed to confine the SINW

size to the diameter of the PS beads.
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3.3.2 Etching model of porous SiNW formation

To understand the upgrading effect showing the relevance between the reduction levels of metals
(see Fig. 3.18) and a formation of porosity in MG-SiNWSs, we need to consider the following

three key factors:

1. Heterogeneous distribution of metal impurities inside MG-Si [77-79];

2. Effect of dissolved metal ions on MaCE;

3. Interaction between different metal ions.

Different solid solubilities between impurity elements in Si mainly cause a non-uniform
distribution of metal impurities. During solidification of Si from molten state, impurities (e.g. Fe)
with concentrations exceeding their low solid solubilities mainly segregate along the grain
boundaries [77,78]. Since the grain boundaries are morphologically defective in crystal
structures, the nucleation of AgNPs preferentially occurs at these defect sites which are
energetically more favorable for etching. As a result, a high Si dissolution rate is observed at
grain boundaries than other areas (see Fig. 3.19 and Table 3.2), the strong removal of Fe is thus

reasonable upon MaCE.
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Figure 3.18 (a-b) Impurity levels in MG-Si powder treated by three different methods: MaCE

(green), MaCE+HNO3 (blue), and HF+H202/HNO3 (acid wash without Ag deposition (red))

MaCE MaCE Electrode MaCE MaCE Electrode
+HNO, Potential /'V +HNO, Potential /V
Fe

Ba 29% 34.8%°" -2.91 56% 49.1%* -0.44
Ca No 63%" -2.86 Ni 60% 74.5% -0.25
Mg 66.5% 63.4%*F -2.70 Pb No 42% -0.13
Ti 19.2% 16.8% -1.63 Mo No No +0.11
Zn No 62.3% -0.76 Cu No No +0.34
Cr  20%  45.9% 0.74 Ag  Below detectionlimit +0.80

Table 3.2 Table lists reduction ratios of MG-Si samples treated by MaCE and MaCE+HNO3 (in
comparison with MG-Si etched without Ag). Red-colored ‘F’ denotes the metal ions reacted
with HF to be fluoride precipitates. Red-colored “*’ indicates a possibility of contamination from
the environment, which causes an increase of reduction ratios upon HNO3 cleaning. The standard

electrode potential data were extracted from Ref. 17.
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Figure 3.19 Top-view SEM images of the MG-Si particle (a) after Ag deposition, and (b) after

MaCE.

The second factor (effect of dissolved metal ions) also plays a crucial role during MaCE of MG-
Si. During the “drilling’ process of AgNPs, metal impurities would be dissolved upon exposure
to the acidic etchant. Fig. 3.20 (a,b) show that many tiny metal particles spreading all over the
surfaces of MG-SiNWs. We confirm that most of nanoparticles are Ag by energy dispersive X-
ray spectrometer installed in SEM (SEM-EDX) (see Fig. 3.21). As stated in Section 3.3.1, Ag
catalysts locating at the roots would be partially dissolved, diffuse upwards and renucleate on the
sidewalls of nanowires to initiate new etching pathways. Since there are a large amount of
defective sites near the dopants in heavily doped Si (10'°-102%cm™3), many AgNPs will renucleate
at the NW surfaces. Here, the doping level of MG-Si is low (B - 6.6x<10'" cm™ and P -3.0x10Y
cm®). Therefore, we speculate that the metal impurities instead of dopants are the reason of the

nucleated Ag particles on MG-SiNWs.
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Figure 3.20 (a, b) SEM images of MG-SiNW bundles formed after MaCE at low and high
magnification. (c, d) TEM images of metal NPs on MG-SiNWs at low and high magnification.

The white dots in (a) and (b) are metal nanoparticles.
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Figure 3.21 (a) SEM images of MG-SiNWSs. White dots are the metal nanoparticles. (b) A tiny

Ag particle in a MG-SiNW. (c) EDX spectrum of the MG-SiNW shown in (a).

In order to confirm our assumption, we first conducted the etchant contamination experiment
during MaCE of ultra-pure EG-Si. The etchants were separately contaminated each with 1mM
metal ions, i.e., Ca?*, Fe?*, Co?*, Ni?*, Cu?*, and Ag*. Metals nobler than Ni or Co, were easily
nucleated at the Si surface at the cost of the dissolution of SINWSs (see Fig. 3.22). The reactions

are as follows [33]:
Metal deposition: M* + g=«> M° Eo>~—-0.3 V vs. NHE (Nobler than Co)

Silicon dissolution: Si%+ 6F—s [SiFs]* + 4e~ Eo =-1.24 V vs. NHE

66



We find the NW dissolution rate would increase with the positive increase of the standard
electrode potential of metal [80], because the driving force for such reaction is the potential
difference between the above two half-cell reactions. Metals with enough positive electrode
potential (i.e. Cu, Ag) would fully cover the Si surface. During MaCE of MG-Si, the
concentrations of dissolved metal ions are estimated to vary in a big range from ~20 uM (Fe) to
~7.1x10°% pM (Mo) (suppose 0.1 g MG-Si dissolved in 100 mL etchant) depending on their
original concentrations inside MG-Si. In the second etchant contamination experiment, the six
kinds of metal ions above mentioned were mixed together. With the increase of mixed metal ion
concentration, the growth speed of EG-SiNWSs was lowered from 0.36 um/min (no metal ions) to
0.14 um/min (1 pM metal ions) to 0.08 um/min (10uM), indicating the slow dissolution of EG-
SiINWs (see Fig. 3.23). In the real case, the etching environment during MaCE of MG-Si is far
more complex than simply mixing the metal ions. The metal impurities are originally non-
uniformly distributed, and their concentrations differ from area to area. But, why do MG-SiNWs

turn to be uniformly porous?

We propose a new etching model as shown in Fig. 3.24, explaining the influence of metal
impurities on the NW morphology. In this model, metal impurities are classified metals into
three types: Mimetal with large negative redox potentials (from Ba to Fe listed in Table 3.2), M>
metal with moderate negative redox potentials (from Ni to Mo), M3 metal with small positive
redox potentials (Cu, Ag). For M1 metals, they simply exist as ions after dissolution (Ti, Cr, Fe),
or precipitates (MgF2, CaF., BaF2). M2 ions can attract the electrons emitted from Si, and are
renucleated at the SINW surfaces, causing Si dissolution and porosity formation. Due to the

instability of M metals, they would be dissolved again in the etchant, and a repeated
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renucleation/dissolution cycle is formed. For Mz metals, there is an extra Ag" source from the
dissolution of original Ag catalysts locating at the roots of SINWs. Compared with M, metals,
Cu and Ag ions not only have the repeated cycle etching, but also catalyze the etching reactions
for dissolving more Si area surrounding metals, due to the high catalytivity of their metallic
particles. The metal ions become uniformly distributed because of the diffusion of metal ions in

the etchant. Hence, homogeneous distributed pores in MG-SiNWs are created.

(a) SINW M- Metal ions
1 I\

Etching

Electronic
grade Si

Figure 3.22 (a) Schematic of the effect of metal ions on MaCE. Tilt SEM images of the EG-Si
surfaces after etching in solutions HF + H2O. each contaminated with 1 mM different metal ions

(b) Ca?*, (c) Co?*, (d) Cu?*and (d) Ag".
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(b)

Figure 3.23 Cross-sectional SEM images of SiNWSs obtained from the contaminated etching
solution HF + H,0>. The contamination was done by mixing six different metal ions (Ca%*, Fe?*,

Ni2* Co?*, Cu?*, Ag*) with a concentration of (a) 1 M and (b) 10 M, respectively.
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Figure 3.24 Schematic diagrams of the new etching model for MaCE of MG-SiNWs. Three

different colors represent three different types of metals: M; (Ba, Ca, Mg, Ti, Cr, Zn, Fe, green
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color), M2 (Ni, Co, Pb, Mo, blue color) and Mz (Cu, Ag, red color). M* represents the dissolved

metal ions.

Given a third factor stressing the interaction of different metals, it is reasonable that galvanic
displacement would happen if the noble metal Ms ions surround the renucleated M> metal
particles. As shown in Fig. 3.24, such reaction would replace all the renucleated M2 particles
with M3 particle. Furthermore, because such reaction would deplete M3 ions in the etchant, and
Cu amount is low in MG-Si, it would promote the dissolution of original Ag catalysts at the root
of SINWSs. As a result, there are much more tiny Ag particles nucleated at MG-SiNWs than those

at EG-SINWs.

To verify our model, we carefully conducted the TEM-EDX analysis of several MG-SiNWs
without HNO3 treatment. Most of tiny metal particles are Ag agreeing with large area SEM-EDX
analysis, and no My and M particles are detected. Interestingly, Cu particles can be found in few
MG-SiNWSs shown in Fig. 3.20(c). Since there are no Cu ions in the etchant, it provides the
direct evidence of the dissolution/renucleation model. We unexpectedly find that the diameter of
Cu particles (60-90 nm) is much bigger than that of the neighboring Ag particle (~ 9 nm). We
speculate that due to the positive electrode potential of Cu, its renucleation speed is quicker and
its displacement speed by Ag is lower than those of M, metals. Based on our model, we can
conclude that the difficulty of removing a metal by MaCE increases with the positive increase of
its electrode potential. Therefore, MaCE is easy to remove M, hard to remove M2 and very

difficult to remove Mas. The subsequent HNO3z cleaning step is thus critically important for
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purifying MG-Si.

3.4 Summary

In this chapter, we demonstrate the power of MaCE. It not only can create large areas of SINWs
from ‘clean’ Si (EG- and SG-Si) and ‘dirty’ UMG- and MG-Si, but also has the ability to remove
the metal impurities inside ‘dirty’ Si. Through element analysis (ICP-MS and ICP-OES), we
confirm the superior purification of MaCE over the traditional acid leaching. The MG-Si powder
was upgraded from 99.74 to 99.9884%, and the UMG-Si wafer was purified from 99.999772 to
99.999899%. Furthermore, the strong metal impurity removal process induced unique features in
SiNWs. For UMG-Si, some SiNWSs showed local line etching defects; and for MG-Si, uniform
porous feature was developed inside SiNWs. In order to explain the porosity formation in SINWs
and different reduction levels of metal impurities in ‘dirty’ Si, we propose a new chemical
etching model. This model takes into consideration of various dissolved metal impurities from
‘dirty” MG-Si and Ag* ions from original Ag catalysts in the etchant. The metal ions (nobler than
Ni or Co) go through diffusion and repeated metal renucleation/dissolution cycles, forming
SiINWs with homogeneously distributed pores despite of heterogeneously metal impurity
distribution in MG-Si. This model not only highlights the importance of controlling the metal ion
concentration and selecting metal types for engineer porous features in NW, but also explains the

reason of the difficulty of removing noble metals such as Cu.

We believe the obtained SiNWs from dirty’ Si would have a great potential of applying not only

in solar energy conversion, but also in thermoelectrics, lithium ion battery and sensors while
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keeping fabrication cost extremely low. Moreover, this room temperature MaCE technique can
be easily scaled up for mass production, and would possibly emerge as a new route to upgrade

MG-Si to solar grade in the near future.
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POROUS Si FABRICATED BY PaCE I

Previous literatures have reported that porous Si films can be fabricated by using Pt as the

catalyst instead of Ag [31,81]. The main reason is that Pt is a highly active catalyst for
decomposing H20> [65]. Thus, excessive holes would be injected leading to the formation of a
highly porous structure. However, the fabrication of uniform microporous (micro-PSi) or
mesoporous Si (meso-PSi) film by MaCE has not been reported in the literature yet, and also the

possibility of controlling the porosity has not been shown.

In Section 4.1, through systematic studies of Pt nanoparticle assisted chemical etching (PaCE) of
Si wafers with various doping levels, we report that uniform meso-PSi can be obtained by
etching highly doped p*-type Si (0.01-0.02 Q cm). In contrast, non-uniform micro-PSi was
formed on lightly doped p- and n-type Si. Through changing the HF and H.O> concentration, we

achieve a flexible tuning of meso-PSi layer. Moreover, a meso-PSi membrane can be obtained.

To understand the morphological difference of the produced micro- and meso-PSi, a physical
model based on the nano-Schottky contact is proposed in Section 4.2. This model also explains
the observed but unexpected motion of metal NPs during etching. The mechanism of porosity

tuning is also analyzed.
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4.1 Porous Si fabricated by Pt assisted chemical etching
Cz-grown, electronic grade, single-side polished p-type and n-type, single-crystal Si(100) wafers
with two types of resistivity, 1-10 Q cm (p7, n", moderately doped) and 0.01-0.02 Q c¢m (p*, n*,

highly doped) were used in this study.

Sparsely distributed spherical Pt nanoparticles (PtNPs) were deposited on the Si surfaces using
galvanic displacement by immersing the Si samples into a solution containing 0.5 M HF and 1
mM KoPtCle. As shown in Fig. 4.1, the diameter of the PtNPs ranges from 50-200 nm, and the
density and size of NPs slightly decrease with the doping level. In contrast, a high density of

almost touching AgNPs is easily formed in all kinds of silicon wafers (see Fig. 3.1).

Figure 4.1 Top-view SEM images of Pt nanoparticles (NPs) deposited on silicon substrates with

different doping level: (a-b) PtNPs deposited on moderately doped p™-type Si (1-10  cm) for 3
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min, (c-d) PtNPs deposited on highly doped p*-type Si (0.01-0.02 © c¢m) for 3 min. (b) and (d)

are the high magnified view of (a) and (c), respectively.
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Figure 4.2 SEM images of (a) p*-Si after etching, (b) p~-Si and n™-Si after etching, and (c) n*-Si
after etching. (a) and (b) are cross-sectional views. (c) is the top-view. (e) A schematic map of

porosity vs. doping level of silicon.
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We firstly investigate PaCE on Si samples with various levels of doping as shown in Fig. 4.2.
Porous Si can be obtained in p*-, p- and n-type Si. The PtNPs deposited on the n*-Si are not
able to penetrate deep into the Si substrate, and reveal a high mobility near the surface during

etching. Thus, in this work we mainly concentrate on the etching of p*- and p™-Si.

Fig. 4.3(a-d) show cross-sectional SEM and TEM images of as-generated PSi in p*-Si. Silicon
beneath the PtNPs was dissolved, and macropores of about dmacro = 80 nm were drilled in the
<100> direction (see Fig. 4.3(b)) by the PtNPs. Meso-PSi formed in areas without metal
coverage as it has already been observed in Ref. 31. The porosification of meso-PSi was very
uniform, and its etching rate was nearly the same as the macropore etching rate below the PtNPs.
In contrast, SINWSs were obtained without formation of meso-PSi on the highly doped p*-Si for

MaCE with AgNPs under the same etching condition.
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Figure 4.3 (a, b) Cross-sectional SEM images of meso-PSi fabricated by etching of a PtNPs
loaded highly doped p*-Si substrate (0.01-0.02 Q c¢m) in HF and H20> solution; (c,d) HRTEM
images of meso-PSi at different magnification; (e) EDX mapping of Si; (f, g) Cross-sectional
SEM images of micro-PSi by etching of a PtNPs loaded, moderately doped p™-Si substrate (1-10
Q cm). (b) and (g) are the magnified view of (a) and (f), respectively. The dashed white lines

show the border of PSi structure in (c) and (d).
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The HRTEM images in Fig. 4.3(c-d) reveal the structural details of the meso-PSi region. The
dark regions observed in the TEM images are due to the diffraction contrast created by strain
fields along the PSi/Si interface [29]. The pore diameter d is around 20 nm, and the pore wall
thickness dw increases with the depth (dw~10 nm at the bottom). The etched morphology is very
similar to the electrochemically etched mesoporous layers [82]. The energy-dispersive X-ray
(EDX) mapping in Fig. 4.3(e) reveals the gradually varying porosity of the meso-PSi. Very low
Pt signals are distributed in the meso-PSi layer, indicating the etching attacks the PSi sidewalls
(see Fig. 4.4). A similar behavior was observed for MaCE based on AgNPs [76]. To validate
such an attack from the redeposited Pt nuclei, a Pt wire was placed close to the bare wafer. As a

result the polished Si surface turned into PSi, verifying the slow dissolution of Pt into the etchant.

The etched morphologies of Si are totally different for Si wafers with a low doping level. For
moderately doped p-type Si, the macropores induced by PtNPs are surrounded by extremely
high porous micro-PSi as shown in the SEM and HRTEM images shown in Fig. 4.3(f) and (g).

Compared with meso-PSi, silicon was less dissolved, resulting in non-uniform micro-PSi film.
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Figure 4.4 (a) Cross-sectional SEM image of meso-PSi etched from p*-type Si (b) EDX
mapping of Pt element in the red square area marked in (a). (The image color was processed to
enhance the contrast.) (c) Top view of PSi etched by immersing Pt wire in the etchant solution.

The distance between Pt wire and Si substrate was kept around 0.5 cm.

In order to demonstrate the flexibility of PaCE for controlling the porosity and etching rate, the
influence of HF and H20> concentrations during etching of meso-PSi was studied seen in Fig.
4.5. A porosity increase can be achieved by decreasing the HF concentration or increasing the
H>0> concentration. As shown in Fig. 4.5, decreasing the HF concentration from 15 M to 2.5 M
would increase the porosity of meso-PSi (Region Il in Fig. 4.5(e), constant H.O2 concentration
0.3 M), and meanwhile the etching rate is lowered from 1.7 to 0.5 pum/min. If the HF
concentration is lower than 2.5 M, the etching enters the electropolishing region (Region I in Fig
4.5(e)).
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We find that the porosity of meso-Si is very sensitive to the change of H.O> concentration. A
slight increase of the H.O» concentration above 0.5 M (constant HF concentration 5 M)
significantly enhances the Si dissolution reaction, causing strong etching non-uniformity and
significant cracking of meso-PSi films. Stable meso-PSi growth is only achieved for the Region
Il in Fig. 4.5(f). At high H2O> concentration, lots of H> bubbles were observed due to the fast
etching. These bubbles would cause inhomogeneous etchant diffusion, and impose strong
capillary forces to crack the highly porous PSi film of low mechanical strength [29]. Significant
cracking was created during N2 drying of samples (Region Ill in Fig. 4.5(f)). High H20>
concentration also leaded to the dissolution of the top of meso-PSi. Thus, the etching rate

increase is lowered when the H>O> concentration is around 0.75 M (see Fig. 4.5(f)).

The porosity and the thickness of meso-PSi layer can be well controlled by changing the HF or
the H>O> concentration, and the etching time within Region Il. A meso-PSi membrane was
fabricated by using a two-step etching process consisting of a low (0.3 M) and a high (2 M) H20:
concentration shown in Fig. 4.5(c) and (d). The second step was applied for a very short time,

and ethanol was added to reduce the capillary forces to reduce cracking.
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Figure 4.5 SEM images of meso-PSi formed at (a) 3 M HF and 0.3 M H20>, (b) 5 M HF and 0.6
M H20., (c, d) A meso-PSi membrane fabricated using two etching steps (first step 5M + 0.3 M
H>0>, second step 5M + 2 M H20>), (e) Dependence of etching rate on the HF concentration
while keeping the H20, concentration constant at 0.3 M, (f) Dependence of etching rate on the
H>0> concentration while keeping the HF concentration constant at 5 M. | is the electropolishing

regime, 1l is the stable meso-PSi growth regime, and 11 is the meso-PSi cracking regime.
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4.2 Discussion of results: A physical model

4.2.1 A new etching model based on nano-Schottky contact

There are three major steps involved in PaCE:

(1) Hole supply by the H>O:> reduction,

(2) Hole transport over the electronic barriers of electrolyte/Pt and Pt/Si,

(3) Si dissolution by HF.

The morphology of porous Si is determined by the step which is rate limiting. Since Pt can
decompose H>O> more effectively than Ag [65], more holes would be supplied while using
PtNPs as the catalysts. This leads to higher etching rates and porosities compared to Ag assisted
etching. Thus, step (1) would not be the rate limiting step. In addition, because the HF
concentration used here is 5 M, which is enough to etch through the wafer, step (3) cannot act as

the main factor influencing the morphology of porous Si.

To explain the morphological differences between micro- and meso-PSi formed by Pt as a
catalyst, the key is to understand the hole flow through the PtNP-Si nano-Schottky contact. In the
following, we first derive the band diagram of the interface between p-type Si and PtNPs in the
etchant; afterwards, we simulate the electric field distribution of the PtNP-Si nano-Schottky

contact based on Tung’s model [83].
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The band diagram is sketched in Fig. 4.6. When a p-type Si is brought in contact to the etchant,
band bending occurs at the Si surface, resulting from equilibration of the Fermi energy level in Si
with that of the chemical potential (redox potential) in the etchant [84]. The result of such an
equilibration is the formation of an energetic (Schottky) barrier ®g° that inhibits charge transfer
at the interface. After metal NP deposition, the Fermi level EF(M) is found to be relatively low
compared with EF(E), near the valence band edge of Ev(E). The conduction and valence band
edges (Ec(M) and Ev(M)) at the metal NP-Si change their energetic locations according to Er,
while the band edges of Ec(E) and Ev(E) at the etchant-Si interface remain constant [84].
Meanwhile, the local barrier height at the NP-Si interface is lowered to ®gm, depending on the

value of the metal work function.

p-type Si N
W SCR . \‘ ............. Ec(E)
= width ... Ec(M)
Vit 125 e (®)
(DO
Vi B
bb EV(E) NI I(_I)_EF(M)
) BM
Ev(M)

Figure 4.6 (a) Schematic energy band diagram for a metal NP/p-Si in the dark. Er, Ec, and Ev
are the Fermi level, conduction and valence band of p-Si, respectively. E(M) and E(E) represent
the energy levels of metal-Si and metal-etchant contact, respectively. SCR is the space charge
region. @ is the surface barrier height of Si-solution contact. ®gm is the surface barrier height
of metal-Si. V, is the energy difference between the Fermi level and valence band of silicon and
Voo represents the band bending. The band bending potential Vuy is the difference between the

flat band potential Vi, and the open circuit voltage Voce .
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Simulation of the nano-Schottky contact

The simulation of the nano-Schottky contact between Si and metal nanoparticle (NP) follows the

model established by Tung [83].

a. Cross sectional view b. Top view
Metal nanoparticle

2R,

P-type Si substrate

Figure 4.7 Schematics of the metal NP-Si nano-Schottky contact with established cylindrical

coordinates (p, ©, z), (a) cross sectional view, (b) top view.

Fig. 4.7 shows the top and cross sectional view of one NP covering the Si substrate, and the
established cylindrical coordinates (p, ®, z). Ro is the radius of metal NP. The potential

underneath NP inside the semiconductor can be expressed as:

_ 7\ 2 A 21 R P2
Vi(p,2) = Vob (1 B W) + Zfo Jo [zz+p2+p§—2pp1cos(®1)]3/2dp1d®1(e'q' 4.1)

where W is the space charge region width. From ref. [85], A can be obtained as, A = ®F —
®g v = Vocp/si-pt — Vocp/Baresi = 0.22 V (see Fig. 4.8), where Vocp is the open circuit

potential.
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Figure 4.8 Time dependence of OCP for p*-type Si etching with 3 min Pt deposition (red), 1min

Pt deposition (green), Ag deposition (blue), and non-treatment (black)

The electrical field can be calculated as: E= -grad(V). The space charge region W [29] is given

by:

_ 2e0€Vpp
W= ’—eNA (e.q.4.2)

where & is the permittivity of free space; € is the dielectric constant of silicon. Here, W ~ 9-16
nm for high doped p-type silicon. For the p-type silicon with resistivity above 1 Q cm, W is
slightly above W =200 nm. The value of Vs can be extracted from the Mott-Schottky plot [86]
as seen in Fig. 4.9, V= -0.2 V. Thus, Vb, = V& - Vocp = 0.56 V. Because the HF + H20> solution
would dissolve the Pt electrode and etch the Si substrate, the measurement of the Mott-Schottky

plot was conducted in 5 M HF without H2O> to roughly obtain the Vi, value.
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Figure 4.9 The Mott-Schottky plot of high doped p*-type silicon in 5 M HF solution. The red

line is the linear fit by the software.

The simulated electric field distribution is shown in Fig. 4.10. Compared to highly-doped Si with
a small space charge region (SCR) width (W ~ 9-16 nm), moderately-doped Si with a SCR width
W > 200 nm shows more twisted electrical field lines at the NP-Si interfacial boundary. The
strength of the electric field at the boundary is enhanced and its direction turns back to the
solution side. The holes would not only flow into the vertical direction, but also into the side
direction, causing extra Si dissolution (see in Fig. 4.10(d)). In this model, the doping level of the
substrate also influence the hole transport over the Schottky barrier of Pt/silicon interface. For
moderately-doped p™-type Si, the transport will be dominated by thermionic emission whereas for
heavily doped p*-Si, the transport will be dominated by tunneling [29]. It is expected that
tunneling leads to higher local currents and therefore higher dissolutions rates than thermionic
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emission (the measured values are shown in Fig. 4.12), thus explaining the different porosities

and etching rates.
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Figure 4.10 (a-b) Simulation of the electrical field distribution of a NP (radius R=50 nm)
decorated Si substrate with different SCR width: (a) 12 nm, and (b) 200nm. Schematic of the
etching process: (c) Meso-PSi formation in highly doped p*-type silicon. The purple arrows point
to the flow direction of holes, (c) Micro-PSi formation in moderately doped p™-type silicon. The

yellow circles are PtNPs. The red circles represent holes (Color version is available online).
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This model can also explain why in the case of meso-PSi the pore walls are passivated. For
highly-doped Si, holes easily tunnel through the SCR, and then move to the adjacent backside
area as sketched in Fig. 4.10(c). This is very similar to electrochemical etching (ECE) with
applied bias for supplying holes from the backside. Here, the numerous NP-Si cells act as
microscopic electrodes providing an almost uniform anodic bias. According to the well-known
ECE theory, dw is usually constrained to the SCR width due to hole depletion [82,87], or smaller
than 5 nm due to quantum size effects [29,88]. Here, the formed meso-PSi are first passivated by
the SCR effect (dw~W see Fig. 4.10(d)), and afterwards, the pore walls are laterally etched until

the quantum size effect constrains etching due to the redeposited Pt nuclei at the sidewalls.

4.2.2 Understanding the origin of the mobility of PtNPs

It is worth noting that in Fig. 4.2 and 4.3, the etching paths of PtNPs show a strong dependence
on the doping level. With the decrease of p-type doping and increase of n-type doping, the
etching paths become more curved. Previous literature also reported that if the metal
nanoparticles are not densely interconnected, the sparsely distributed metal nanoparticles
including Ag [56], Au [57], Pt [58], and Pd [59] sometimes travel in unexpected directions

through the silicon. Especially for Pt and Pd, the etching paths are very wavy.

Since the etching direction of metal NPs directly determine the obtained morphology of porous
Si, it is critical to understand why the metal NPs show the mobility during etching. Previously,
Peng et al. [64] proposed an electrokinetic model to explain the autonomous motion of AgNPs.

The electron flow through NPs is coupled with proton translocations in the fluid, which implies
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an electrical field capable of introducing electrokinetic effects. This model neglects the influence
of the Si-metal contact on charge transfer, and cannot fully explain the mobility of metal

catalysts.

Here, based on the developed etching model (in Section 4.2.1), we suggest that the mobility of
PtNPs was caused by the unbalance of cathodic (jc) and anodic currents (ja) in the microscopic
PtNP-Si electrochemical cell. The cathodic current equals the holes generated at the cathode; and
the anodic current equals the holes transported through the metal-Si Schottky barrier for silicon

dissolution. Since Pt can decompose H20. more effectively than Ag, jc is greatly enhanced [65].

We suggest that the anodic current ja plays a crucial role during the investigated etching process.
Contributions to ja consist normally of diffusion, thermionic emission (TE), or tunneling of holes
[9]. We estimate the contribution from the diffusion current to be insignificant due to the
blocking effect of the surface energy barrier. TE of holes from the metal over the barrier ®gm
into the silicon is known as a dominant process for p~ and n™-Si [29]. In the case of p*-type Si,
heavy doping shifts Er towards Evg, and reduces ®gwm further. Moreover, the SCR width is
squeezed and the electrical field is magnified in the SCR, allowing the holes to pass the SCR by
band-to-band tunneling [89]. It is expected that tunneling leads to higher local currents, and
therefore more Si dissolution than TE, thus explaining the PSi structures shown in Fig. 4.2(b)
and (c). In contrast, after the deposition of Pt onto n*-Si, ®gm becomes much higher than that of
n,, p- and p*, due to the large work function of Pt [90]. ja is significantly depressed, and no

highly porous structure is produced (see Fig. 4.2(c)).
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Figure 4.11 Time dependence of short circuit current during etching, p™-Si with Pt deposition

(black), p* with Pt deposition (red), and Ag deposition (blue).

In order to validate the hypothesis, OCP and short circuit current were measured (see Fig. 4.8
and Fig. 4.11) by a potentiostat using two Pt wires as the counter and the reference electrode.
The actual Schottky barrier difference ®sm - ®g° equals the OCP difference[85]: A =
OCPsifetchant — OCPsi/metal. As the value of A increases, the barrier height of ®gm decreases. With
the increase of PtNP deposition time, A also increases. After 3 min of Pt deposition, A is 0.22 V
for the highly-doped Si, which is larger than the 0.18 V for the highly-doped Si which was
almost completely covered with Ag, and the 0.19 V for moderately-doped Si. The short circuit
current for highly-doped Si loaded with PtNPs was 3 times higher than that for moderately-
doped Si at the starting point of etching, proving the higher tunneling current than that from TE.
The reduction of OCP and short circuit current was caused either by the degradation of metal-Si

contact [91].
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The mobility difference also rises due to the difference in ja. As previously stated, the high
catalytic activity of Pt over Ag generates high jc. In the case of low ®gm at p*-type Si, ja arising
from tunneling can effectively accept all holes for etching. However, decreasing the p-type
doping would increase ®gm, as ja from TE cannot digest the large amount of holes coming from
the cathode. The excessive number of holes which accumulate at the NP-Si interface are then
able to attack the Si non-(100) crystal planes with a higher density of silicon back bonds,
resulting in a non-<100> etching direction. In the extreme case of heavy n-type doping, the
surface barrier is high enough such that the vertical etching is greatly suppressed, and

accumulated holes tend to etch silicon in random horizontal directions.

4.2.3 Mechanism of porosity tuning

As previously stated in Section 4.2.1, the PaCE of p*-type Si has high similarities to ECE, thus
the porosity tuning by changing the HF concentration may be explained by the well-known ECE
theory. According to the ECE theory [29,92], there is a critical current density jes, which roughly
defines the transition point from the PSi region (anodic current ja< jes, charge-supply limited) to
electropolishing (ja> jrs, chemical-reaction limited). The porosity is proportional to the ja/jes. jps

can be calculated as [29]:

JIPS = [?(.'il'fgc_Ea_-"'H'B THF]
(e.q. 4.3)

where C is a constant value, Cnr is the HF concentration, Ea is the activation energy for the

reaction, kg is the Boltzmann constant, Twr is the absolute temperature.
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Since jesac Cur®’?, decreasing the HF concentration would increase the porosity while keeping ja
unchanged [29]. In other words, the Si dissolution shifts more to the tetravalent electropolishing
regime (see eg. 1.5) and the etching becomes more isotropic leading to higher porosity as shown
in Fig. 4.5(a). Meanwhile, the etching rate is lowered due to increased dissolution valence. The

etching enters the electropolishing region when the HF concentration is smaller than 3 M.

For MaCE of p-type silicon in a solution containing HF and H20-, the cathodic current density jc

can be described by the following equation [93]:

jC = _Zekcnscoxexp (_Ea/kBT) (e.q. 4.4)

where z is the number of electrons transferred during the reaction, e is the elementary charge, k¢
is the rate constant, ns is the electron density at the Si/HF/(oxidant agent) solution interface, Cox
is the concentration of oxidant (H202) at the interface, Ea is the activation energy for the

cathodic reaction, kg is the Boltzmann constant and T is the absolute temperature.

Thus, increasing the H202 concentration would enhance the value of jc, leading to an increased
amount of holes available for injecting into Si. As a result, ja is enhanced, and the porosity would

be increased.
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4.3 Summary

In this chapter, we show that MaCE has the strong capability of fabricating micro- and meso-PSi,
and the flexibility of controlling the porosity by changing the HF/H,O> concentration. By
systematically studying the etching of silicon substrates with different doping levels/types, the
charge transfer process between PtNP and Si was unveiled. The morphological difference of
porous Si strongly depends on the nano-Schottky barrier height, which was confirmed by the
electrostatic simulation. In addition, the interplay between the cathodic jc and the anodic ja
current in the microscopic electrochemical cell also perfectly explains the origin of the mobility
of PtNPs, which is different from previous understanding. Our work provides a facile and cost-
effective route to fabricate various PSi structures, which can be easily scaled to wafer size with
high etching uniformity. Since the etching area would be no longer constrained by
electrochemical cell size, this technique can be directly applied to layer transfer photovoltaics by

reducing process complexities and improving the yield.
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PEC STUDY OF SINW FOR WATER SPLITTING

Applying the fabricated SiNWs for photoelectrochemical (PEC) water splitting is the focus of
this chapter. As previously stated in the introduction Section 1.5, the nanowire architecture is
able to provide high optical absorption along its axial direction, while facilitating collection of
carriers radially over a distance sufficiently short to compensate for short minority carrier
collection lengths [94,95]. This key advantage solves the problem of utilizing an antireflective
layer (e.g. SiNx, ITO, ZnQO) for suppressing the optical reflectance, since these antireflective
layers would either inhibit the electron transfer or dissolve in the acidic electrolyte. Furthermore,
the reduced carrier collection length would improve the photocurrent and allow the use of low-

grade inexpensive metallurgical Si.

Until now, several publications have reported that nanostructured Si including nanoporous and
nanowired Si showed both enhanced photocurrent and more than 400 mV anodic on-set potential
(Vos) shift for the H2 evolution reaction (HER) in sulfuric acid electrolyte [96,97]. However, the
enhancement of photocurrent by Si nanostructures varied in a wide range. Oh et al. reported that
the saturated photocurrent (Jpn) of nanoporous Si (Au assisted etching) was ~1.2 times higher
than that of planar structures [94]. The ratio was ~1.58 for nanoporous Si (Ag assisted etching)
reported by U. Sim et al. [98], and 1.2 for nanowire (Ag assisted etching) reported by Huwang et
al. [96]. In addition, there has been controversy in the literatures regarding on the origin of the
anodic Vos shift. It was hard to conclude whether the Vos shift is due to the flat band potential
change [96], the surface area increase [97], or other possible factors. Furthermore, even with
some theoretical calculations [95], none of the reports have demonstrated how to design

nanostructured Si photoelectrodes specifically for the HER.
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Herein, we systematically study various factors including metal impurities, etching time and Ag
coverage on the PEC performance in Section 5.1.1. We design a simple process by applying a
post KOH etching process of SINWSs in Section 5.1.2. This strategy is able to reveal the HER
mechanism of nanostructured Si due to three major effects caused by KOH etching. Firstly, post
KOH etching removes the defects at SINW surfaces allowing us to investigate how the surface
defects which originate from fabrication process influence the PEC performance. Secondly,
through carefully tuning the KOH etching time, the surface roughness can be exactly controlled.
Thus, the effect of surface roughness on PEC performance can be easily revealed. Finally, post
KOH etching would shrink the SiINW size, and generate tapered SiNWSs, enabling us to study the
surface and shape effect on the HER. The detailed mechanism is discussed in Section 5.2.
Furthermore, in association with optical measurements and simulations, we find that tapered

SiNW is an optically and electrically perfect candidate for the HER.

5.1 PEC performance of SiNWs

5.1.1 Effect of NW construction and metal impurities

The optical properties of UMG-SINW and EG-SiNW were measured firstly. Since the UMG-
SiINWs are slanted in different angles due to various crystallographic orientations of UMG-SI,
the upper parts of slanting NWs reflect more incoming light than vertical EG-SiINWs (see
Section 3.1 and 3.2). From the total reflectance spectra (see Fig. 5.1), the reflectance of UMG-
SINW (MaCE 5 min) is ~5- 6% in the wavelength range from 300 to 1000 nm, which is roughly
2% higher than that of EG-SINW with the same etching time. Extending the MaCE time would

increase the NW length resulting in the increased optical paths. Therefore, UMG-SINW with 15
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min etching shows slightly lower reflectance. However, UMG-SINW with etching time more

than 30 min would increase the reflectance due to agglomeration of SINWs.
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Figure 5.1 Total reflectance spectra of UMG-SINW etched for 15 min on the non-polished as-
cut wafer (orange circle), UMG-SINW etched on the polished surface etched for 5 min (blue
diamond), 15 min (red up-triangular), 30 min (Cyan down-triangular), and EG-SiNW etched for

15 min (black square).

Fig. 5.2(a, b) shows the schematics of the SINW based PEC cell. As stated in the introduction
part Section 1.5, a space charge region (SCR) is built at the interface between Si and electrolyte.
The photocurrent generation is mainly due to the electric field within the SCR which can rapidly

separate photogenerated carriers.
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Fig. 5.2(c) compares the photocurrent density-potential (J-V) behavior of EG-SINW, UMG-
SiNW (etched for 5 min) and their planar counterparts. The Jpn of EG-SINW just shows slight
enhancement than that of the planar counterpart. In contrast, the photocurrent density of the
UMG-SiINWs shows a 35% increase in photocurrent in comparison to the UMG-Si wafer.
Interestingly, the onset potential Vs, shows an anodic shift of 200 mV in the UMG-SINWSs in
comparison to the polished UMG-Si wafer (Fig. 4(d)). For the EG-SiNWs, this shift is greater

than 400 mV.

With increasing etching time of the UMG-SI, the dark current is reduced linearly (see Fig.
5.2(c,d)). On the contrary, such a decrease in dark current was not observed for the EG-SiNWs.
By contaminating EG-Si with metal impurities such as Cu and Ag, a significant enhancement of
dark current is found as shown in Fig. 5.3. Therefore, we speculate that this phenomenon is due
to the successive removal of metal impurities in UMG-Si as described in Section 3.2, and that the

material quality is improved.
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Figure 5.2 (a) Schematic diagrams of a PEC cell using p-type UMG-SINW as a photocathode
for hydrogen evolution. (b) Band bending and space charge region (SCR) formation of UMG-
SINW after immersing into the electrolyte. (c) Photocurrent densities (J) versus potential (V)
curves under simulated solar illumination of EG-Si wafer (Cyan), EG-SINW (5 min etching)
(Blue), polished UMG-Si (Black), and UMG-SINW (5 min etching) (Red). (d) Dark current
density versus etching time curve of EG-SINW (enlarged plot from (c)). () Net Jpn versus the
etching time.
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However, despite the decease of dark current, the net Jon (which equals Jon minus dark current
density) of UMG-SINW meets a reduction with the increased length of nanowire by prolonging
the etching time. Such a decrease is also observed in EG-SiINW (see Fig. 5.2(d,e)). As described
before, increasing the NW length reduces the reflectance. Thus, we conclude that Jpn is not
closely related to the light absorption; instead, it is correlated to the increased surface area, which

will be discussed in Section 5.2.

Fig. 5.4 compares the stability of photocurrent during the cycling of MaCE purified UMG-
SiNWSs and planar UMG-Si. The UMG-SINWs exhibited a better stability than their mother
substrate (planar UMG-Si), which proves that during water splitting NW structures likely

tolerate oxidation more than the planar structure does.
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Figure 5.3 1-V characteristics of EG-Si contaminated with Cu and Ag. The contamination was

done by annealing 5 nm metal layers at high temperature in N2> atmosphere.
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Figure 5.4 (a) Photocurrent response of the UMG-Si (Black) and the UMG-SINW (Red) versus

ON-OFF cycles of illumination at a potential of -0.6V.

5.1.2 Effect of post-KOH etching

Fig. 5.5 shows the morphological changes of SINWs with the increase of post KOH etching time.
The original SiINWs were agglomerated together due to Van der Waal forces. From the tilted
SEM image in Fig. 5.5(a), some etching defects i.e. tiny pores can be observed. After KOH
etching (30 s), SINWs were sharpened, and well separated. Such tapering processes are mainly
due to the higher etching rate in the <110> direction over the <100> direction at the top of the
SiNWs [28]. SiNWs with small diameters (~50 nm) can be easily removed during this process.
Increasing the KOH etching time leads to a continuous dissolution of SINWs and a rapid
decrease of areal density of SINWSs. Tapered SiNWSs would disappear after 90 s etching, leaving
behind a rugged Si surface. Fig. 5.5(e) shows the anodic scanning current-voltage (J-V) curves of

Si samples. Because the anodic Si oxide formation at the SINW surfaces is a surface-limited
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process, the anodic charges passing through the NW surfaces during the anodic passivation are

proportional to the surface area [96]. A possible measure of the surface roughness vy is:

Y= AnNano/ Ao = CNano/Cplanar (eq 5.1)

where Anano IS the surface area of the SINW/electrolyte interface, Ao is the projected area defined
by sealing (y =1 for planar Si), Cnano and Crianar are the anodic charge passed through the SiINWs
and the planar Si respectively during anodic oxidation. The anodic charges can be calculated by
integrating the J-V curve. Fig. 5.6(c) shows the relationship between the obtained y value and the
post KOH etching time. y decreases linearly with the etching time from 13.6 (original SINW) to

4.1 (SINW with 90 s KOH etching).
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Figure 5.5 Tilted SEM views of SiNWs with different post KOH etching times (a) 0 s (b) 30 s (c)

60 s (d) 90 s. (e) Linear anodic scanning of Si samples in a H.SOj4 electrolyte.

The reflectance of SINWs demonstrates a strong dependence on the post KOH etching time.

Even with a significant decrease of density and surface area of the SINWs after the post KOH
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etching, the averaged light absorption loses only 1.6% for 20 s etching, and 7.1% for 30s etching.
In the near UV region (300-450 nm), tapered SiNWs (10-20 s etching) exhibits a lower
reflectance than a not etched one. The main reason is that the sharpening process of SINWs leads
to a gradual volume fraction increase towards the root of SINWSs, inducing the graded refractive
index effect. The refractive index mismatch was lowered to a minimum at the interface between
the tapered SINW layer and the substrate. We also simulated SiNWSs and tapered ones with the
same height and density (see simulation details) using the commercial software COMSOL
Multiphysics. In the simulations, the two kinds of nanostructures are approximated as periodic Si
nanorods (SiNRs) and nanocones (SiNCs) respectively. The intermediate state between SINWs
and SiNCs is the Si nanofrustrum (SiNF). According to the reflectance curves seen in Fig. 5.6(d),
SiNCs show much lower reflectance than SiNWs and SiNFs in a range of 300-1100 nm. The
reflectance spectrum of SiNCs becomes smoother compared to the case of SINWs due to a better

refractive index matching between air and Si substrate.

The reflectance of SINWSs in the near infrared (NIR) range (1200-2200 nm) was also measured
experimentally as shown in Fig. 5.6(b). Interestingly, there is a gradual increase of NIR light
reflectance with the post KOH etching time. Since the sub-bandgap light absorption is mainly
due to the high density of surface defect states [99], the NIR light reflectance increase points to

the removal process of surface defects by KOH etching.
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Figure 5.6 Total reflectance spectra of SINWs with different post KOH etching time in the
wavelength range of (a) 300-1100 nm, (b) 1200-2200 nm. (c) Dependence of surface roughness
and light absorption on the post KOH etching time. (d) Simulated reflectance spectra of silicon
nanowires, nanofrustums and nanocones. The detailed geometric parameters are given in the end

of the chapter.
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5.2 Discussion of results

5.2.1 Effects of light absorption and surface defects on the Jpn

Fig. 5.7(a) shows the PEC performance of planar Si and SiNWs after different KOH etching
times. The original SINWs (MaCE for 5 min) shows a ~15% increase in Jpn compared to its
planar counterpart in addition with a 400 mV anodic shift of VVos, agreeing with previous reports.
Interestingly, after post KOH etching for 10 s, the Jpn increases more than 23% than that of
planar Si, and the Vos shows a 500 mV anodic shift. The J-V curve is shifted more positively by
prolonging KOH etching to 30 s without changing the Jon value. Further increasing the KOH

etching time degrades the PEC performance.
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Figure 5.7 Photoelectrochemical (PEC) J-V curves of planar Si and SiNW after different post
KOH etching times measured under 1 sun illumination. (b) Saturated photocurrent value versus
MaCE etching time of SINW. The red star represents the saturated photocurrent value of SINW
after 30 s KOH etching (39.0 mA/cm?). The dashed dark red line represents the theoretical
maximum of photocurrent (43.6 mA/cm?). The dashed green line represents the saturated
photocurrent value of planar Si. (c) PEC J-V curves of SINWSs after 30 s KOH etching measured
with different surfactants: CTAC (red) and SLS (blue). (d) Mott-Schottky plot of SINWSs after
different post KOH etching times (measured at 1000 Hz): original SINWs (black square), KOH

30 s (red circle), and KOH 90 s (blue triangular).
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Previous understandings on photocurrent enhancement are mainly ascribed to the strong light
absorption [96,97]. However, after 60 s post KOH etching, the tapered SiINW sample lost ~20%
light absorption, but the Jpn remained the same as that of the original SINWSs. This phenomenon
reveals that most of the photon generated electrons and holes in SiINWs are not effective
participating in HER, instead, they quickly recombine at the interface of the electrolyte and the
SINW due to a high surface recombination velocity S. The value S is related to the

photogenerated minority carrier lifetime t [100,101]:

=1+ 22 5.2
T TBulk 2d ~ 2d (e.q.5.2)

where tg,k IS the bulk lifetime of photogenerated minority carriers, which can be assumed to be

infinite for high quality Si material; d is the sample thickness.

Assuming Shockley-Read-Hall recombination processes, S is related to the density of surface

defect states [100]:

S = v{6NgY(e.q.5.3)

where vt is the carrier thermal velocity, o is the trap cross section, Nss is the microscopic density

of surface defects per unit surface area.

Through eqg. (2) and (3), we derived the ratio of surface defect density between SINWS (Nssnano)

and p|anar S| (NssPIanar):

NssNano _ SNano __ TPlanar (e.q. 5.4)
Nssplanar YSPlanar YINano
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Fig. 5.8 shows the measured carrier lifetime of planar Si (~222.4 ps) and SiNWs (~12.0 pus)
chemically passivated with hydrogen by an HF dip. The surface defect density per unit surface
area of the SINW sample is calculated to be ~1.36 times higher than that of the planar Si
according to eq. 5.4. The formation of these defects during MaCE is possibly due to the
dissolution of Ag catalysts and the subsequent renucleation of tiny Ag particles at the SINW
sidewalls during MaCE. Thus, extending the etching time significantly degrades the photocurrent
due to the increased surface defect density. In addition, since the SINW top is exposed to the
etchant for the longest time compared to other parts of the SINWSs, the areal density of surface
defects (i.e. tiny pores seen in Fig. 5.5(a)) at the top is the highest. By taking advantage of the
anisotropic properties of KOH etching, these defects can be effectively removed, which is

confirmed by the NIR light reflectance change. As a result, the photocurrent is improved.

) . —=EG-Si
12 o EG-SiNW etch 5min

0 20 40 60 80 100 120
Exposing in the air (min)

Figure 5.8 Lifetime versus exposing time in air after HF dipping. Planar EG-Si(100) wafer

(Black square), EG-SINW etched for 5 min (Red circle).
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5.2.2 The origin of the Vos anodic shift

The most interesting finding in this chapter is that even though the surface area is reduced,
tapered SiINWSs show a larger shift of the Vos (see Fig. 5.7(a)). This finding solves the key
controversy on the origin of the Vos shift: Through providing additional sites for the HER,
nanostructured Si with high surface areas can lower the required overpotential. Here, we propose

that the Vos shift can be ascribed to the increased surface effect.

The key advantage of NW based PEC is the conformal radial charge-separation at the interface
of the NWs and the electrolyte. Thus, the perquisite is that SINWs with diameters of tens of
nanometers should be larger than twice the width of the space charge region (Wscr). Therefore
SiNWs can support an internal electric field caused by band bending. Otherwise, full depletion of
NWs would deteriorate the PEC performance both in photocurrent and photovoltage. Wscr

depends on the potential drop in SCR (Vscr) and the doping level of the Si substrates [102],

Wgep = |[————— (e.q. 5.5)

where &, IS the permittivity of vacuum, ¢ is the dielectric constant of Si, e is the elementary
charge, and Na is the doping concentration. The value of Vs, can be extracted from the Mott-
Schottky plot shown in Fig. 3(d). Thus, the value of Vscr is obtained as Vscr = Vapp— V. Vapp IS

the applied potential.
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Based on the equation 5.5, the Wscr is estimated to be 220 nm for the original SINWs, and 310
nm for SINWs after 30s KOH etching time at a small applied potential Vapp = -0.3 V. Herein, the
much improved PEC performance by nanostructuring proves that these SINWSs should not be full
depleted. Thus, we speculate that the surface effect in SINWs plays a critical role in increasing
the p-type doping inside SINWs. Such an increase would consequently reduce the SCR width,

and modulate the internal band bending in the SINWs.

It has been reported previously that due to ‘clectron pulling’ by the terminating hydrogen,
electrons transfer from the Si core to the surface and change the band bending at the surface
[103]. This charge transfer is negligible for bulk silicon but is significant for surface-dominated
SiNWSs with carrier concentrations that are considerably higher. SINWs with surface passivant
hydrogen atoms would exhibit an increased hole concentration. This phenomenon is indeed
observed in our experiments. Through post KOH etching, the obtained tapered SiNWs have
higher surface-to-volume ratios than the original SINW. The hole concentration of tapered
SiNWs would be more enhanced than before. As illustrated in Fig. 5.9(a), the surface band
bending would be stronger, producing a high photovoltage. This explains the anodic shift of Vos
and Vs, that was observed in Fig. 3(a) and (c). If the post KOH etching exceeds more than 60 s,

the surface-to-volume ratio of SINWSs decreases, and the Vos and Vi, shifts cathodically.

For the further verification of our concept, two kinds of surfactants including anionic surfactant

sodium dodecyl sulfate (SDS) and cationic surfactant cetyl trimethyl ammonium chloride

(CTAC) were added to the electrolyte. Fig. 5.7(c) shows their influence on the PEC performance.
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SDS shifts the J-V curve even more anodically, and CTAC shifts in the opposite cathodic
direction. Fig. 5.9(c, d) shows the band bending change induced by surfactants. For SDS, its
alkyl tail would adsorb at the NW surface, and the negative charged head group would point to
the solution side. According to a previous report [104], positive surface dipoles form at the Si
surface under such circumstances. These positive dipoles attract electrons to the SINW surface
causing enhanced downward band bending. In contrast, for CTAC, surface band bending in
SiINWs is weakened due to the formation of negative surface diploes. The addition of surfactants
also influences Jon, CTAC improves the photocurrent to ~42.5 mA/cm?, approaching the
theoretical limit. On the contrary, SDS reduces the photocurrent to ~32.5 mA/cm? This
phenomenon suggests that the surfactants not only own the ability to change the band bending,
but also have the possibility to reduce or increase the surface recombination. The detailed study

of the passivation mechanisms by surfactants is currently ongoing.
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Figure 5.9 (a) Schematic diagram of the SINWSs tapering process by post KOH etching. H
represents the hydrogen termination. Ec, ErF and Ev are the conduction band, Fermi level and
valence band of Si, which are marked as yellow line. (b) Calculated electron generation rates for
straight SINWSs and tapered SiNWSs under one AM 1.5 solar irradiation. Schematic diagrams of
(c) anionic and (d) cationic surfactants on the band bending in SINWSs. Purple and red circles

represent negative and positive charges, respectively.
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5.2.3 Design considerations for solar water splitting applications

To understand the superior performance of tapered SINWSs, we simulated the electron generation
rates (EGR) throughout the structure and demonstrated their distribution in the cross-section
through the center of SINWs and tapered ones (see in simulation details at the end of this
chapter). As shown in Fig. 5.9(b), the electron generation rate (EGR) in tapered SiNWs (in
simulation approximated as SiNCs) is on average ~40% higher than that in original SINWs.
More interestingly, we find that the strongest EGR region (~8x10?* electrons per cm?®) is located
at the top of SiNWSs, where many etching defects existed and acted as recombination centers. In
contrast, the strongest EGR region for tapered ones is located at the upper middle region
(~1x10? electrons per cm?), well matching the strong band bending shown in Fig. 5.9(a). As a
result, the photocurrent of tapered SiNWSs is much higher than that of SiNWSs, which is in
accordance with our experimental data. Once the surface is properly passivated, the photocurrent
can easily almost achieve close to the theoretical limit ~43.6 mA/cm?. In the case of designing
highly efficient nanostructured Si based water splitting devices, the high EGR region should
couple with the enhanced band bending while avoiding the defect region in nanostructures. For
commonly used Si nanostructures by MaCE or RIE, we strongly suggested removing the top part

of nanostructures where there are lots of surface damages and etching defects.

5.3 Summary
In this chapter, we investigate the PEC water splitting properties of SINWSs as photocathode.
Compared with planar Si, SINW structures show an enhanced photocurrent (~15% increase) and

an anodic shift of Vos. For UMG-SI, after the construction of SiNWSs, the photocurrent increases
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more than 35% due to an additional successive metal impurity removal. In order to further
improve the photocurrent and understand the mechanism of PEC performance enhancement, we
employ a simple approach to tune the surface area and shape of SINWSs by applying post KOH
etching. We find that controlling the surface defect density is critically important for achieving a
high photocurrent instead of pursing excellent light absorption in nanostructured Si. Post KOH
etching can effectively remove the defects without sacrificing much light absorption. The tapered
SiNWs with shrunk sizes after KOH etching also provide direct evidence that the anodic shift of
Vos is due to the surface effect. Changing the passivants or adsorbates (i.e. anionic and cationic
surfactants) at the NW surface can modulate the surface band bending of SINWs. Combining
theoretical simulations and the experimental approach, we prove that tapered SiINW is an
excellent candidate for photoelectrochemical HER. With careful surface passivation, the

efficiency of tapered SiNWSs can achieve the theoretical limit.

Simulation details:

A three dimensional finite element method (FEM) simulation is performed using a commercially
available FEM package (COMSOL Multiphysics 4.2a). Truncated cones are periodically
distributed in a square lattice manner. The period, bottom diameter and height of the truncated
cones are fixed to be p=200 nm, d=150 nm and h =600 nm, which are chosen to be similar to our
experimental data. In our modeling, the top diameter (t) is varied to form different geometries.
When t approaches 0, we have an explicit nanocone array; when t equals to d = 150 nm, we have

a Si nanowire array; when 0<t<d, it is a nanofrustum array. The schematics are shown in Fig. S3.
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t=0 nm

Figure 5.10 Schematic representing Si nanowire, nanofrustrum and nanocone.

In the simulations, only one unit cell is considered in which only one nanocone is included. The
incident light is set to be x-polarized propagating along the —z axis. Boundary conditions of
perfect magnetic conductors (PMCs) were used for y=-p/2 and y=p/2 planes, and perfect electric
conductors (PECs) conditions were used for the other two planes, x=-p/2 and x=p/2. Perfect
matched layers (PMLs) were used at the top and bottom of the unit cell and ended with the
scattering boundaries. The reflectance is determined by:

H P, dxdy

R=1-2 " ~
E.

n
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in which Pz is the is the averaged power flow in a probe plane in front of the cell and Ein is the
total energy of the incident light in each cell. The electron generated rate is calculated using the

following spectral weighted integration

<9"|E|2
EGR = | — ot (2)dA

in which ¢" is the imaginary part of permittivity, E is the calculated electric field, and 'y, (/1)

is the AML.5 solar irradiance spectrum. The EGR reveals the number of electrons that are

generated in a specific position per second.

116



CONCLUSION REMARKS AND OUTLOOK

6.1 Concluding remarks
In this thesis, we achieve three major approaches in nanofabrication by MaCE and application of
Si nanostructures for PEC water splitting. Fig. 6.1 shows the final overview of the obtained

results:

(1) Large areas of SINWs were fabricated from UMG-Si and MG-Si. Compared with EG-SINW
or SG-SiNW, some UMG-SINWSs showed local line etching defects. For MG-Si with much
higher metal impurity concentration, MG-SiNWs was not solid; instead they demonstrated
uniform porosity inside SiNWSs. During the fabrication of UMG-SINWs and MG-SiNWs, the
metal impurities inside ‘dirty’ Si can be effectively removed. The purification is superior over
traditional acid leaching methods: from 99.74 to 99.9884% for the MG-Si powder, and from
99.999772 to 99.999899% for the UMG-Si wafer. This approach opens a new way for upgrading
UMG-Si and MG-Si to solar grade Si. This room temperature etching technique also can be
easily scaled up for mass production. We believe MaCE would possibly emerge as a new cost-
effective route to upgrade MG-Si to solar grade while skipping the ‘Siemens process’ in the near

future.

(2) Through PtNP assisted chemical etching (PaCE), we have successfully fabricated meso-PSi
with high uniformity. Etching rates exceeding 1.7 pm/min have been obtained under optimized
conditions. Since PaCE can be easily scaled to wafer size, and the etching area is no longer
constrained by electrochemical cell size, this technique can be directly applied to layer transfer
technologies in photovoltaics or surface micromachining in microsystem technologies reducing
process complexities and improving the yield. The Pt can be recycled after the process and in

principle be reused.
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(3) We applied the obtained SINWSs to PEC water splitting. SINWSs show a superior performance
over planar Si in both enhanced photocurrent and anodic shift of onset potential (\Vos). The
purification effect in UMG-Si also improves the photocurrent by more than ~35%. Through post
KOH etching of Si nanowires (SiINWSs), we obtained tapered SiNWSs with a surface area and
shape that is gradually tuned. This simple approach enables us to study the effects of
nanostructured Si on the HER by excluding several interference factors, such as surface area,
light absorption and surface defect density. We find that instead of pursing excellent light
absorption in nanostructured Si, controlling the surface defect density is of critically importance
for achieving high photocurrents. The tapered SINW with shrunk sizes after KOH etching also
provides direct evidence that the anodic shift of Vos is due to the surface effect. Thus, Si
nanostructures should be small enough to induce strong band bending inside the SiNWs.
Combining theoretical simulations and the experimental approach, we prove that tapered SINW
is an excellent candidate for the photoelectrochemical HER. With careful surface passivation, the

efficiency of tapered SINWSs can achieve the theoretical limit.
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Figure 6.1 Final overview of the results (the text in red square represents our approaches).



6.2 Outlook of nanostructured Si based solar energy conversion device

Nanostructured Si provides a unique platform to design a new generation Si solar energy
conversion devices, which is optically thick and electrically thin. Based on our understandings
and the results presented in this thesis, we offer some suggestions for further boosting the cell

efficiency:

(1) For minimization of surface recombination, Si nanostructures should have the surface area as

small as possible while keeping perfect light absorption.

(2) Strong band bending in Si nanostructures is favorable for creating a large photovoltage or
reducing the onset potential for water splitting. Through careful surface engineering (e.g. surface
functionalization, changing absorbates), the band bending can be modulated. Doping at the
nanoscale is always challenging, surface engineering may offer a new way to carefully control
the electron or hole concentration inside Si nanostructures. Thus, real nanoscale radial p-n

junction solar cells (<100 nm) seem possible.

(3) For a significant reduction of the surface recombination velocity, passivation layers deposited
at the surface of nanostructured Si (e.g. Al.Os, TiO») are required. AlOsz would be adequate for
solid state solar cells. For PEC cells, n-type TiO2 would be an ideal layer not only for passivation,

but also for improving the photovoltage and stability.
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