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The mass transfer in metal-assisted chemical etching between the interfaces has been revealed directly by
an epoxy protection method. The results show that the dissolution of Si occurs in the Au film surface instead
of the Au-Si interface. A mass transfer path inside the Au film is proposed, in which the Si atoms dissolve in

. the Au film, and then diffuse across the Au lattice, and are oxidized and etched away at the Au film/solution
iizzgﬁ% ggigg?ﬁ;g;gg interface. This model is proved by the oxidation products of Si atoms (SiO» and SiFg27) on the surface of the
Au thin film. In addition, the abnormal emission of H, at the Au-Si interface indicates the probability of the

DOI-10.1039/c7ra00933) diffusion of H atoms inside the Au film during the etching. This work provides a further insight into the
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1. Introduction

Nanostructures of silicon (Si) are the most important materials
for the current functional devices, such as nanoelectronics,*
opto-electronics,” energy conversion®” and storage devices,® as
well as bio- and chemical sensors.®** Controllable fabrication of
Si nanostructures is a prerequisite for their device applications.
In recent years, metal-assisted chemical etching (MacEtch),
which is a facile and cost-effective method for fabricating Si
nanostructures with size features and controlled orientation,
has attracted considerable attention.

A lot of Si nanostructures have been prepared by MacEtch,
such as Si nanowires, porous Si structures, and combined
structures with Si micropillars and nanowires." " Despite the
overall etching process in which the effect of noble metal on the
anode and cathode reaction are explained, the complex or even
conflicted phenomena in etching process still exist. For
understanding complex etching phenomena, two main mass
transfer models during etching process were proposed.*® The
assumptions in the models describe the different evolution of
oxidization and dissolution of Si atom in etching process. In
Model I, it has been speculated that Si atoms are oxidized and
dissolved at the interface between the noble metal and the Si
substrate and that the reagent and byproduct diffuses along this
interface. However, even though difficulties in observing in situ
etching process, there are experiment results support this

“State Key Laboratory of Alternate Electrical Power System with Renewable Energy
Sources, North China Electric Power University, Beijing 102206, China. E-mail:
mcli@ncepu.edu.cn; Fax: +86-10-61772951

*Suzhou Institute, North China Electric Power University, Suzhou 215123, China

T These authors contributed equally to this work.

11522 | RSC Adv., 2017, 7, 11522-11527

mechanism of metal-assisted chemical etching.

assumption.”” Model II is another possibility concerning mass
transfer, in which the Si atoms that contacting with a noble
metal are dissolved in the noble metal and then diffuse through
the noble metal to the solution where the silicon atoms are
oxidized and etched away at the noble metal/solution interface.
As yet, there is no direct evidence in the literature proving
unambiguously which of the two diffusion processes dominates
the metal-assisted chemical etching. In this paper, a series of
experiments are designed to reveal the process of mass transfer
during the metal-assisted chemical etching, which can be used
to understanding the etching process.

2. Experimental details

The p-Si (100) single crystal wafers with resistivity of p ~ 7-13
Q cm were purchased from Emei Semiconductor Factory,
China. Single-polished wafers were cut into 3.0 cm X 1.0 cm
pieces and used for the experiments. Using the Al foil template,
the Au films with 0.5 cm x 0.5 cm areas and 100 nm thickness
were deposited on the Si substrate by the physical vapor depo-
sition. Then, the specimens were annealed at 110 °C for 1 hour.
After that, the epoxy drops were dropped on the surface of Au
thin film as the barrier layers, as shown in Fig. 1a and b. Fig. 1c
shows an epoxy drop on the Au film surface observed by optical
microscope. Finally, the Au film was used as the catalyst to etch
Si nanostructures by two different etching processes. One is that
putting the whole specimen into the etchant solution consisted
of HF, H,0, and H,O for 30 s. Fig. 1d shows the picture of
specimen after etching in the solution. The other one is that
directly dropping one or two dips of etchant solution on the Au
surface for 30 s. After etching, the Au film in the specimen was
cleaned by high concentration acid solution and the epoxy was

This journal is © The Royal Society of Chemistry 2017
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Fig.1 The schematic image and the pictures of the epoxy drops on the specimen. (a) Schematic image of specimen (b) the photo of the epoxy
drops on the square Au films; (c) the micrograph of an epoxy drop on the Au film observed by optical microscope (d) the photo of the specimen

after etching in the etchant solution.

removed by acetone. The morphology of the Si nanostructures
after etching was characterized by optical microscope (OM,
Yongxiang corp., Model 10XB-PC), scanning electron micro-
scope (SEM, FEI Quanta 200F) and atomic force microscope
(AFM, Agilent 5500). The components of byproducts after
etching reaction were characterized by X-ray photoelectron
spectroscopy (XPS, VG Scientific Ltd. Model ESCALAB MK II).

3. Results and discussion

Obviously, the main discrepancy between Model I and Model II
is the different diffusion path of Si in etching process. There-
fore, the methods of hindering the diffusion path of Si can be
used to reveal the mass transfer mechanism in MacEtch
process. In this work, the epoxy drops were used as the barriers
to explore the diffusion path of Si during the etching process.
In the first etching process, the specimen was directly put
into the solution. After etching inside the solution, there are two
different etching areas under Au film with and without epoxy, as
shown in Fig. 1d. Fig. 2a and b show the morphology of the
epoxy drop on the Au film and the Si surface after etching in the

same position, which is observed by optical microscope. In
Fig. 2b, the dark areas are the Si substrates have been etched,
demonstrated by the anti-reflectance property of porous Si.
Apparently, the bright area that has similar shape with the
epoxy drop has been less affected by the etching solution.
Through the SEM observation, Si substrate with the epoxy
protection still contains the similar morphology to the original
Si surface, as shown in Fig. 3b and c. However, the typical
porous Si is observed on the surface under Au film without
epoxy, as shown in Fig. 3b and d. The results show that Au film
acts as a catalyst to induce the etching of Si substrate. If Model I
works, Si could dissolve at the Au/Si interface due to the diffu-
sion of reagent and byproduct, even though the epoxy covers the
Au film.*® In this assumption, the Si substrate under Au film
catalyst should be also etched, even though the epoxy covers the
Au film. However, the results show that the epoxy drops on the
Au film actually block the etching process, so that the corre-
sponding areas on Si substrate won't be etched, even though the
Si substrate contacts directly to Au film. The results give a proof
of Model II for mass transfer, in which the back bonds of the Si
atoms at the Au/Si interface and Au are broken; the free Si atoms

Fig. 2 The morphology of the Au film surface and Si surface before and after etching. (a) Optical microscopy image of epoxy drop on Au film

before etching; (b) Si substrate after etching.
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Fig.3 Morphology on different areas with and without epoxy of the Si substrate after etching. (a) The specimen after etching; (b) the etching area
on the edge of epoxy; (c) Si substrate under the Au film with epoxy; (d) Si structures under the Au film without epoxy.

are dissolved into the noble metal, diffuse through Au film, and
are thermally oxidized and etched away at the Au film/solution
interface. In this experiment, the epoxy drops on the Au film are
as the barriers for diffusion and dissolution of Si atoms,
resulting in Si substrate of this area cannot be etched.

In previous studies, Si substrates always are immerged into
the etchant solution during most of the etching reactions."®>° In
the solution, the etchant could flow to the Au/Si interface from
the out edge of Au film. In order to avoid the flowing of etchant
solution, we use another special etching process, in which one
or two dips of etchant solution were directly dropped on the top
of Au film and no flowing to the edge of Au film. After etching
about 30 s, the following process is similar to the specimen
etched inside solution. Compared with the reaction inside the
solution, the similar results are achieved by etchant dropping,
in which the Si substrate with the epoxy protection is not
etched. The surface roughness of Si substrate before and after
etching is characterized by atomic force microscope (AFM), as
shown in Fig. 4. The AFM analysis shows that the roughness of
Si nanostructures without epoxy is about 14.8 nm after etching,
which is larger than that of original Si and the Si substrate with
epoxy protection (roughness is about 1 nm). Obviously, the
epoxy covers efficiently hinder the etching reaction of Si
substrate underneath it. This result shows that the Si atoms
cannot directly transfer into the solution due to the Au barrier
between the solution and Si substrate, which excludes the mass
transfer path of Model 1.

The direct contact between Au and Si leads to form Au-Si
bonds which could weaken the Si-Si bonds. In fact, the direct
penetration of Si atoms through Au thin films has been reported

11524 | RSC Adv., 2017, 7, 11522-11527

previously.** Thus, it is possible for Si atoms to diffuse through
the Au film, then are oxidized to SiO, and reacted with HF to
produce H,SiFs on the surface of Au film. To prove the
assumption of Model II, the byproducts on the surface of Au
film before and after etching are investigated through the XPS
analysis. The Au film surface after etching was treated by KOH
solution before XPS test, because the main product of H,SiF is
a volatile chemical, which is hard to characterize after etching.
The results show that there is no information of other elements
besides Au before etching. While after etching, the SiFs>~ and
SiO, have been investigated on the top of Au thin film, as shown
in Fig. 5a, b, d and e. Therefore, in our experiments Si atoms
actually diffuse through the Au film and produce to H,SiFs on
the surface of Au film instead of the Au/Si interface. Moreover,
the peak shift of Au 4f has been also found and the reason will
be discussed below.

During the etching process, it was found that some gases
assemble on the Si substrate under the Au film and then release
and damage the Au film during the etching, as shown in Fig. 6.
The large holes on Au film in the Fig. 6a may be caused by the
releasing of the gases during the etching. In the edge of the
holes, there are some bulges on Au film, which are caused by the
gas which not yet released from the Au/Si interface, as shown in
Fig. 6b. This result may be related to the reaction product of H,,
which is from the H' in general cathode reaction proposed in
literature.?>* However, the transfer path of H' is not yet clear,
because during the etching process in solution, the etchant may
diffuse from the out edge of Au film to the Au-Si interface.
Therefore, the surface cracks on Au thin film are investigated by
SEM, AFM and XPS respectively. The results show that there is

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 AFM image of (a) original Si substrate; (b) the Si surface under the epoxy protection after etching; (c) the Si surface without the epoxy

protection after etching.
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Fig.5 XPS result on the Au film surface (a—c) before etching and (d—f) after etching. (a), (b), (d) and (e) show the change of SiFg2~ and SiO,; (c) and

(f) show the shift of the peak of Au 4f.

no obvious crack on Au thin film and roughness of Au thin films
is about 1 nm by AFM. In order to avoid missing observation of
the molecular scale cracks in a larger range (about mm?), XPS
analysis is also used to test the surface of the Au thin film. In the
Fig. 5¢, the only signal of Au on the surface before etching shows
that the Au film has a good molecular scale density. Moreover,
the shift of the peak of Au 4f in Fig. 5f attributes to the forma-
tion of the Au compound. Therefore, the intensely etching
reaction observed in our experiments cannot be supported by
the infiltration of HF through the Au thin film. Actually, the H"
in some way diffuses through the Au film and produces the H>
at the Au/Si interface. Similar to the electrochemical penetra-
tion of H atoms in Al foil, the penetration of H atoms on the Au
film in the acidic solution can be expressed below:**

This journal is © The Royal Society of Chemistry 2017

Au+H"+e =AuH (1)
AuH + H, A“; //‘\‘ (H,)AuH @)

Moreover, the dynamic of the release of H, in the interface of
Si/Au is complex, which is related to both the vacant left after Si
atoms diffusion and surface barrier of reaction products SiO,
on Au surface.

Based on above results, it is found that the mass transfer in
metal assisted Si etching process is mainly vertical to the
surface in the initial period, which is similar to Model II. Fig. 7
shows the schematic diagram of the mass transfer model. The
significant difference from the Model I is the transfer and

RSC Adv., 2017, 7, 11522-11527 | 11525
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Fig. 6 Optical image of the assemble of H, under the Au film and the damage of the Au film caused by the release of H; (a) optical image in the

center area of the H, bubble; (b) optical image in marginal area.
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Fig. 7 Schematic image of mass transfer during the initial etching
process. The reaction occurs at the interface of Au film and solution: Si
atoms diffuse through the Au film and produce to H,SiFg on the
surface of Au film; H* in some way diffuses through the Au film and
produces the H? at the Au/Si interface.

diffusion of Si and H atoms inside the Au film. It is worth to
note that this vertical mass transfer model in only effective in
the initial period of the etching process. With increase of the
etching time, the morphology of Au thin film is broken by H,
product, which leads to the transverse transfer of the etchant
solution between Au/Si interfaces. At the moment, the vertical
transfer of Si atoms and the transverse transfer of the etchant
solution between Au/Si interfaces occur simultaneously. The
massive etchant solution can diffuse into the Au/Si interfaces,
which leads to the bad contact of Au-Si. During this etching
period, the typical electrochemical reaction indicates that the
transverse transfer of the etchant solution between Au/Si
interfaces could dominate the etching process.

4. Conclusion

In summary, a series of experiment are designed to investigate
the mass transfer and etching mechanism during metal-
assisted etching process. For the etching process with Au film
as the catalyst, the surface protect layer can hinder the diffusion
path of Si atoms, which reveals the mass transfer model in
MacEtch process. The results show that the intense etching
reactions occur in the interface between the Au film and Si
surface, which do not contact directly with the etchant solution.
That is, the dominate reaction dynamics of Si etching is the

11526 | RSC Adv., 2017, 7, 11522-11527

diffusion of Si atoms through Au film, which is consistent with
the Model II of mass transfer in literature. Meanwhile, we found
that H ions transfer and diffuse in the interface between Si/Au
and produce H,, which leads to the damage of Au film. The
results give the better understanding for mass transfer during
the initial etching process. Looking forward, the epoxy protec-
tion on catalyst could be used to the more accurate morphology-
controlled fabrication of Si nanostructures.
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