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The Ag nanoparticles with different morphology are directly prepared on Si surface by a facile silver mirror re-
action without capping agents and shape-controlling seeds. Ag nanoplates and Ag polyhedrons are produced on
the Si surface by controlling the reaction temperature. Ag nanoplates are easily obtained at the low temperature,
which are the products controlled by kinetics pathway. Ag polyhedrons are produced at the high temperature
under the combined action of the surface energy and strain energy. Through the catalysis of Ag nanoplates and
Ag polyhedrons, different nanoporous structures on the Si surface are obtained using the same etching process,
which are useful for the antireflection layers in solar-cell devices.
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1. Introduction

In silicon solar-cell applications, nanostructures can enhance the antireflection of Si surface so as to improve
the efficiency of solar-cell devices. Recently, a metal-assisted chemical etching technique (MacEtch) has been
used to prepare nanostructures on the Si surface [1-11]. In the MacEtch process, the final etching nanostructures
are related to the morphology of catalytic metal particles on the Si surface [4,5,10]. Therefore, it is possible
to adjust the nanostructures on the Si surface by varying the morphology of the metal particles. Silver is one
of the most popular catalysts for the MacEtch process because of its good catalytic properties and low cost.
In previous studies, Ag nanoparticles (Ag-NPs) in a variety of shapes were synthesized successfully and their
nucleation and evolution mechanisms were proposed [12-21]. However, in most synthetic processes, silver ions
are reduced into Ag-NPs with many shapes through introduction of stabilizing agents or shape-selected seeds.
When being used in MacFErch, these Ag-NPs act as catalysts and they must be centrifuged, redispersed and
recoated on the Si substrate. The processes seem complex and do not constitute a one-step deposition on the
substrate. Additionally, stabilizing agents might deactivate catalytic sites. Therefore, in this paper we propose a
simple, direct and reproducible synthetic method to control the morphology of Ag-NPs on the Si substrate for
etching nanostructures.

Recently, the silver mirror reaction has caught the attention of researchers and was used to produce Ag-NPs,
silver surfaces and core—shell structures on substrates for extensive applications [22-27]. The reaction is an
“old” chemical route, which was used to quickly generate reflective mirrors on solid surfaces in the past [28]. In
this work, Ag-NPs were prepared on a Si surface in a single synthetic step by a silver mirror reaction without
any stabilizing agents and shape-controlling seeds. The morphology of Ag-NPs was controlled by varying the
reaction temperature.
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2. Experimental procedure

p-Si (100) single crystal wafers with resistivities of p~7-13 € ¢cm were purchased from Emei Semiconductor
Factory, China. Single-polished wafers were cut into 1.0x 1.0 cm? pieces and used for the experiments. Silver
nitrate (AgNO3), glucose (CH,OH(CHOH)4CHO), aqueous ammonia (NH3-H,O, 28-30%NHj3), hydrofluoric
acid (HF, 40%) and hydrogen peroxide (H,O3, 30%) were purchased from Sinopharm Chemical Reagent Beijing
Company. All these chemicals were reagent grade and deionized water was used to prepare all the aqueous
solutions.

Solid state AgNO; powders were dissolved in water and ethanol to form AgNOj3 solutions. The [Ag(NH;3 ), JOH
solutions were prepared by continuously dripping aqueous ammonia into the AgNOj3 solution while stirring until
the mixtures became colorless. The reaction between AgNOs solution and aqueous ammonia is as follow:

2AgNO;+6NH;-H2O = 2[Ag(NH;),]OH 4 2NH,NO;+3H,0 (D

The concentrations of [Ag(NH3),]JOH aqueous solutions were controlled at 0.02 M. As is well known, the
silver mirror reaction actually is a redox reaction, in which the oxidizing [Ag(NH;3),]" are reduced to Ag-Nps
by glucose with -CHO aldehyde groups, as shown in Equation (2).

2[Ag(NH;),]OH + CH,OH(CHOH)4CHO

= CH,OH(CHOH)4COONH4+2Ag¢ | +3NH3+H,O @
Square polished p-type Si (100) samples of 10x 10x0.5 mm® were cleaned by dipping in CP-4A solutions
(the volume ratio of HF, HNO3;, CH3;COOH and H,O is 3:5:3:22.) and sonicating in deionized water. There are
many residual defects on Si substrate after cleaning process, which make the Ag-Nps preferentially nucleate on Si
substrate. After that, the clean dry Si sample was put into the [Ag(NH3),]JOH aqueous solution. Then the glucose
(0.01 M) was added into the [Ag(NH3),]JOH aqueous solution while carefully stirring to ensure complete mixing.
The reactions were kept at the temperature of 4 °C and 60 °C temperature by a water-bath. Thereafter, the Si
samples were taken out and washed with deionized water. The morphologies of Ag-NPs on the Si surface were
characterized by scanning electron microscope (SEM, FEI Quanta 200F). After characterization, the Si samples
with Ag-NPs were immersed into a mixing solution composed of HF, H,O, and H,O (1:5:2, volume ratio) for 5
minutes at ambient temperature. After the etching process, the Si samples were rinsed with deionized water and
then immersed into concentrated HNOj3 for 10minutes to remove residual silver. After MacE(ch process, the Si
nanostructures were obtained and then observed by SEM.

3. Results and discussion

The morphology of the Ag-NPs on the Si surface deposited at different temperature were observed by SEM.
Figure 1 shows the SEM images of Ag-Nps on the Si surface obtained at 4 °C.Through EDS (Energy Dispersive
Spectroscopy) analysis, the bright particles and dark areas in Figure 1 were defined as Ag particles and Si
substrate, respectively. When the reaction time was 5 min, most the products were dominated by some small Ag
nanoplates, as shown in Figure 1(a). Though the size of Ag nanoplates was not uniform which was ranged between
50-150 nm, the obvious hexagonal and triangular shape can be distinguished from Figure 1(c), (d) and (e). With
increase of reaction time, the nanoplates became larger and thicker, as shown in Figure 1(b). In past research,
the five-fold twinned rods were prepared on Si surface by the silver mirror reaction at ambient temperature [29].
In the present work, the reaction was controlled at a lower temperature of 4 °C. It is considered that the driving
force of different shaped Ag-Nps is growth rate of different crystal facet controlled by different temperature.
Obviously, the reaction rate at the low temperature is lower compared with that at ambient temperature. When
the reduction is considerably slow, the atoms tend to form nuclei and seeds through random hexagonal close
packing (rhep), together with the inclusion of stacking faults [30]. Inclusion of stacking faults and/or twin planes
can lead to the formation of a plate-like seed, which is covered by {111}facets at the top and bottom surfaces.
Figure 1(f), (g) and (h) show that the typical Ag hexagonal plates with a single twin plane. The reaction pathways
of hexagonal and triangular plates are schematically depicted in Figure 3(a). The total free energy of a plate-like
seed is intensely high because of the lattice strain energy caused by defects [20]. Therefore, to obtain plate-lil

seeds, both nucleation and growth must divert from a thermodynamically controlled to kinetically controllk
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Fig.1 The morphology of Agnanoplates on Si surface synthesized at the lower temperature (4 °C). (a) reaction
time is 5 minutes; (b) reaction time is 15 minutes; (c)(d)(e) hexagonal and triangular shaped Ag nanoplates;
(f)(g)(h) larger and thicker hexagonal Ag nanoplates.

Fig. 2 The morphology of Ag polyhedrons and Ag film on Si surface synthesized at the higher temperature
(60 °C). (a) reaction time is 1 minutes; (b) and (c¢) magnified image of flocculent Ag polyhedrons; (d) reaction
time is 5 minutes; (¢) magnified image of bottom of Ag film.

pathway. In this paper, as an important factor of kinetics, the decrease of the reaction rate at the low temperature
is the reason of plate-like Ag-Nps.

Figure 2 shows the morphology of Ag-Nps on Si surface synthesized at 60 °C using silver mirror reaction. The
reaction rate is very high at the high temperature. When the reaction time was one minute, many Ag polyhedrons
were obtained quickly, as shown in Figure 2 (a). From magnified images, it was found that the particles were fi
fold twinned rods (see Figure 2(b)) and five-fold twinned decahedrons (see Figure 2(c)). Through the analysit
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Fig. 3 'The schematic image of reaction pathways of Ag nanoplates and Ag polyhedrons. (a) triangular plate
and hexagonal plate formed from plate-like seed; (b) five-fold twinned decahedron and five-fold twinned rod
formed from multiply twinned seed.

reaction pathways and SEM observation, it is considered that the Ag five-fold twinned rods and five-fold twinned
decahedrons are derived from multiply twinned seeds. The schematic images of reaction pathways of five-fold
twinned rods and decahedrons are shown in Figure 3(b).

Different from the plate-like seeds, multiply twinned seeds are favored by thermodynamics because they have
more {111}planes with the lower surface energy [20]. At the higher temperature the seeds can grow rapidly in
size. On one hand, during rapid growth, the multiply twinned seeds prefer to grow along {100}to become rod
shape, which can relax the strain energy induced by lateral growth. Therefore, the five-fold twinned rods were
observed at the high temperature, as show in Figure 2(b). On the other hand, the stain energy during lateral
growth can be decreased by the higher temperature, resulting in the particles can grow laterally continuously to
become five-fold twinned decahedrons. Hence, the shape of Ag-Nps is determined by increase and relaxation
of the stain energy induced by lateral growth at the high temperature, which result in the formation of mixture
of five-fold twinned rods and five-fold twinned decahedrons, as depicted in Figure 2(c). When the reaction time
was increased to 5 minutes, the flocculent Ag film with a slight thickness was observed, as shown in Figure 2 (d).
Through the observation of the bottom of Ag film, we found that the film was the product of agglomeration of
many Ag polyhedrons, as presented in Figure 2(e).

Nanoporous and nanowires on Si surface are as the antireflection layer of solar-cell devices, which can be
obtained by Ag-NPs assisted etching. In etching procedure, the nanostructure can be controlled by varying
the morphology of catalytic Ag-Nps on substrate [4,5]. In this work, the effect of morphology of Ag on
etching structures on Si surface was also investigated. The nanoporous structures etched by Ag nanoplates and
Ag polyhedrons were shown in Figure 4. The results show that round porous structures were obtained by etching
Ag nanoplates and some transverse grooves were also observed at the surface of round porous structures, as shown
in Figure 4(a). From cross-section observation, the most nanoporous were helical along the longitudinal etching
direction, as shown in Figure 4(b). Figure 4(c) shows that the quasi-square porous structures were obtained by
etching Ag polyhedrons. At the same time, the cross-section shape of quasi-square porous was cone. From above
observation, it is found that the morphology of Ag-Nps make a difference to form unique different Si nanostructure
when the etching process is the same. The phenomenon is reproducible in our many experiments. The catalytic
mechanism of different nanostructures etched by Ag-Nps with different morphology will be intensively studied
in the future.

4. Summary

In summary, Ag nanoplates and Ag polyhedrons can be directly deposited on a Si surface by a simple silv
mirror reaction at different temperatures without any stabilizing agents or shape-selected seeds. The results shc
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B |

Fig. 4 The SEM images of the nanostructures etched by different Ag NPs. (a) round nanoporous etched by
Ag nanoplates; (b) the cross-section of round nanoporous; (c) quasi-square porous etched by Ag polyhedrons;
(d) the cross-section of quasi-square porous.

that the morphology of Ag-NPs could be controlled by varying the reaction temperature. Ag nanoplates were
easily obtained at 4 °C, while multiply twinned seeds grew to five-fold twinned rods and five-fold twinned
decahedrons at the high temperature of 60 °C. The formation of Ag nanoplates was ascribed to the kinetically
controlled pathway due to the slow growth at the low temperature. At the high temperature, the surface-energy
minimization and strain relaxation of twinned planes led to the formation of five-fold twinned rods and five-fold
twinned decahedrons. This paper has provided a simple synthetic process of Ag-NPs with different morphology,
which has many advantages, including the one-step chemical procedure, without stabilizing agents or shape-
selected seeds, and direct quick deposition on the Si surface. Moreover, the experimental results show that the
morphology of the Ag-Nps affected the etching nanostructures on the Si surface. The round helical porous and
cone quasi-square porous structures were obtained by etching different Ag-Nps. Different nanostructures can be
used to adjust the antireflection properties of the Si surface in solar-cell devices.
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