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The formation conditions of gold nanofilms on silicon (Si) substrate by galvanic replacement in a dimethyl 
sulfoxide (DMSO) solvent and their subsequent use for the fabrication of Si nanostructures by metal-assisted 
chemical etching (MACE) method were under study. It was found that the average size and number of Au 
nanoparticles increase with an increase in the reducible metal ion concentration from 2 to 8 mM HAuCl4 in 
DMSO, whereas the distribution of Au nanoparticles in height remains low for all concentrations of the reducible 
metal. In the temperature range 40 - 70°C, a different morphology of the deposited Au nanofilms observed. In 
particular, at 40 °C, the film is porous mainly homogeneous, whereas at a temperature of 50°C the film is 
rougher. The subsequent rise in temperature from 60°C to 70°C results in the formation of Au nanofilm with a 
discontinuous morphology. It was established that regardless of the morphology of deposited Au nanofilms, the 
Si nanostructures maintain a vertical orientation to the plane of the Si substrate during MACE-etching. The 
produced Si nanostructures were 1.5 - 2.5 μm in height and their average diameter ranged from 100 to 300 nm. 

Key words: galvanic replacement, nanoparticles, gold film, silicon nanostructures, metal-assisted chemical 
etching. 

Стаття поступила до редакції 15.07.2019; прийнята до друку 15.09.2019. 

Introduction 

Nanoparticles of gold (AuNPs) are known to be a 
promising material in terms of their application in 
biomedicine as biosensors [1-3], biomarkers [4, 5], and 
for bioimaging [6, 7], drug delivery [8, 9] etc. 
Additionally, AuNPs deposited onto Si substrate exhibit 
surface plasmon resonance [10] which might help to 
improve overall catalytic property of Si-based materials 
and thereby enhance performances of devices based on 
such materials, e.g. solar cells [11]. On the other hand, 
Au nanofilms are used in a wide range of applications, 
e.g. micro- and nanoelectronics, as well as for the 
formation of silicon nanostructures of different 
morphologies (nanopores, nanowires, nanopillars etc.) 
[12-14]. The deposition method and the control of 
morphology of deposited gold nanoparticles and 
nanofilms are known to be urgent tasks [15]. Thus, 
widely studied physico-chemical methods of deposition 
are carried out mainly in aqueous solutions, in which 
besides the main process of metal reduction, there are 
side processes, in particular the release of hydrogen in 
the cathode regions and the decomposition of the 
substrate on which the particles or films are deposited. 
This issue complicates controlled formation of metal 
nanoparticles, which is a necessary condition for surface 
modification. In contrast, utilizing the galvanic 
repalcement in the medium of organic aprotic solvents, 

e.g. DMSO can prevent the occurrence of these 
disadvantages, as it was shown in [15, 16].  

In our previous work we demonstrated that an 
increase in temperature of solution containing [AuCl4]- 
ions and its concentration causes the size enlargement of 
AuNPs [17]. However, the effect of the morphology of 
Au sediment deposited onto Si substrate in a DMSO 
solvent by galvanic replacement method on the formation 
of Si nanostructures by means of MACE method was not 
considered. Therefore, the aim of this work is to study 
the formation conditions of gold nanofilms by galvanic 
replacement method in a DMSO solvent, and their 
subsequent use for the fabrication of silicon 
nanostructures by MACE method. 

I. Materials and Methods 

In our experiments the p-type (100) oriented Si 
substrates with resistivity 12 Ω×cm were used. Substrate 
was cut into equal samples with about 1×1 cm2 square in 
dimension. Samples were preliminary degreased in 
acetone, washed in ultrasonic bath containing ethanol for 
280 s and etched in 5 % aquous solution of hydrofluoric 
acid (HF) in order to remove a native oxide layer. 
Deposition of gold onto the Si samples surface was 
conducted by galvanic replacement method using 
НAuCl4 (НAuCl4·3H2O, 99.99 %, Аlfa Аesar) solution 
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with molar concentration of 0.002 - 0.008 М mixed with 
HF (1 % mass) and DMSO (99 %, Аlfa Аesar). Clean Si 
samples were immersed in a metal salt solution at 
temperature 40 - 70 °С for 1 min. Afterwards, Si samples 
covered with Au nanoparticles were consequently 
washed in ethanol, acetone and then dried in a heat 
chamber at temperature 60 °С. Si nanostructures were 
produced by MACE method. For this, Si samples with 
pre-deposited Au nanoparticles dipped into the etching 
solution of HF(40 %)/H2O2(35 %)/H2O (4/1/4). The 
etching process was carried out at room temperature for 
15 min. Finally, all the samples were rinsed with 
deionized water and dried in a heat chamber at 
temperature 80 °С. 

The surface morphology of Si samples was studied 
with using the scanning electron microscopes (SEM) 
ZEISS EVO 40XVP, SELMI REM-106I, and the atomic 
force microscope (AFM) Solver P47-PRO. Typically the 
accelerating voltage of the SEM was about 20 keV.  

II. Results and Discussion 

According to the results of AFM studies, 
nanoparticles of gold in the height of 5 to 50 nm were 
found on the surface of Si samples (Fig. 1). As can be 
seen, the average size and number of Au nanoparticles 
increase with an increase in the reducible metal ion 
concentration from 2 to 8 mM HAuCl4 in DMSO. At the 

same time, the distribution of Au nanoparticles in height 
remains low for all concentrations of the reducible metal. 
The process of galvanic replacement of gold can be 
described by the following redox reactions [17]: 
 nSi + 4Men+ → nSi4+ + 4Me, (1) 

where at the anode a reaction (2) is taking place: 

 Si + 6 F- → SiF62- + 4 e,        E0 = -1.20 V (2) 
and consequently at the cathode (3): 

 [AuCl4]- + 3 e → Au + 4 Cl-,  E0 = 1.42 V (3) 

A high value of the potential difference between the 
reducible metal and silicon causes high values of the 
cathode current density and etching rate of the total 
reaction (1) as well. Therefore, considering that the 
electromotive force of the process is ΔE0 = 2.62 V, the 
reduction rate of Au on the silicon surface will be higher 
than in case of using metals with low values of the 
standard electrode potential such as Ag, Pd, Ru, Cu, Ni 
etc. 

Another important factor influencing the 
morphology of Si surface covered with Au nanoparticles 
which have been deposited by galvanic replacement 
method is the temperature. The results of studies have 
shown that in the temperature range from 40 to 70 °C, a 
different morphology of Au nanofilms can be observed 
(Fig. 2). In particular, at 40 °C the film is porous mainly 
homogeneous (Fig. 2, a), whereas at a temperature of 
50 °C the film is rougher (Fig. 2, b). With the subsequent 

      
 

(a)                                                                                    (b) 

 
(c) 

Fig. 1. AFM images of the Au nanoparticles deposited on the Si substrate from a solution, which contained 2 mM 
(а), 4 mM (b) and 8 mM (c) of HAuCl4 in DMSO at temperature 50 °С for 1 min. 
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rise in temperature from 60 °C (Fig. 2, c) to 70 °C  
(Fig. 2, d), the adsorption of DMSO molecules with gold 
nanoparticles is reduced. In other words, the deterrent 
effect of surface complexes on the size growth of Au 
nanoparticles decreases [16], which results in an increase 
in their size and therefore the growth of Au nanofilm the 
morphology of which becomes discontinuous. Thus, the 
size dependence of deposited nanoparticles on 
temperature is linear in the range 50 - 70 °C (Fig. 2). 

The results of studies on the effect of temperature on 
the Au nanoparticle height obtained are similar to those 
concerning the change in the reducible metal ion 
concentration. In particular, the results of the AFM 
studies showed that with a rise in temperature from 40 to 
70 °C an increase in the average size of gold 
nanoparticles, their height and the surface filling density 
is observed (Fig. 3). Consequently, the main factors 
influencing the filling of the Si substrate surface with 
gold nanoparticles are the changes in the reducible metal 
ion concentration and temperature of the galvanic 
replacement process. 

The next stage of this study was to determine the 
effect of the change in the morphology of gold nanofilm 
deposited by galvanic replacement, on the formation 

process of Si nanostructures during MACE-etching. Such 
a process takes place under the electrochemical 
mechanism, where the surface of the Au particle 
contacting with an etchant, acts as a cathode, and 
consequently, the interface of Au particle/Si surface is an 
anode. Between the anode and the cathode there is a 
potential difference which makes electrons to flow. Thus, 
there is a local flow of current in the direction from the 
cathode to the anode.  

As it is known [13], gold nanofilms provoke 
anisotropic etching of a Si substrate mainly along the 
(100) direction. In addition, due to the high stability of 
Au in the etching solution, the Si nanostructures with a 
high aspect ratio can be produced [12, 13, 18]. Indeed, as 
it can be seen in Fig. 4, regardless of the morphology of 
deposited gold nanofilms, the Si nanostructures maintain 
a vertical orientation to the plane of the Si substrate 
during MACE-etching, and their height ranges from 
1.5 to 2.5 μm. The lateral dimension of Si nanostructures 
can be estimated from Fig. 4, a. Thus, the average 
diameter of the produced Si nanostructures ranges from 
100 to 300 nm. It is hard to define however the average 
lateral size of nanostructures presented in Fig. 4, b as 
they are irregular and densely packed to each other. 

   
(a)                                                                                        (b) 

          
(c)                                                                                          (d) 

 
Fig. 2. Dependence of the average size of Au nanoparticles on the temperature of the galvanic replacement process:    

40 °С (а), 50 °С (b), 60 °С (с), 70 °С (d). 
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Conclusions 

The experimental results shows that the main factors 
influencing the geometry of gold nanoparticles, which 
determine the morphology of the resulting film, are the 
composition of a solution, the reducing metal ion 
concentration, and temperature. It was found that the 
average size and number of Au nanoparticles increase 
with an increase in the reducible metal ion concentration 
from 2 to 8 mM HAuCl4 in DMSO solvent. At the same 
time, the distribution of Au nanoparticles in height 
remains low for all concentrations of the reducible metal. 

The temperature influences the morphology of the 
deposited Au nanofilms. At temperature 40 °C, the film 
is porous mainly homogeneous and at a higher 
temperature of 50 °C the film becomes rougher. The 
subsequent rise in temperature from 60 to 70 °C results 
in the formation of Au nanofilm with a discontinuous 
morphology. The size dependence of the deposited Au 
nanoparticles on temperature is found to be linear. There 
was no significant effect of the morphology of Au 
nanofilms on the orientation of Si nanostructures 
produced by MACE method. It was found that these Si 
nanostructures which were 1.5 - 2.5 μm in height and 
100 - 300 nm in diameter, maintained perpendicular to 
the plane of the Si substrate after the MACE-etching. 

 
 

Fig. 3. AFM images of gold nanoparticles deposited on the Si substrate from a solution, which contained 4 mM 
of HAuCl4 in DMSO for 1 min at temperature: 40 °С (а), 50 °С (b), 60 °С (с), 70 °С (d). 

 

   
 

(a)                                                                                  (b) 
 

Fig. 4. SEM images of Si nanostructures formed after the 15 min HF-H2O2-H2O etching of p-Si(100) substrate 
coated with Au nanofilms deposited from a solution of 4 mM H[AuCl4] at 50 °C (a) and 70 °С (b). 
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С.І. Нічкало, М.В. Шепіда, М.В. Чекайло 

Оптимальні умови осадження наноплівок золота на кремній 
методом гальванічного заміщення 

Національний університет “Львівська політехніка”, 79013, Львів, Україна, maryana_shepida@ukr.net  

Досліджено умови формування наноплівок золота на кремнієвій (Si) підкладці методом 
гальванічного заміщення в диметилсульфоксиді (ДМСО) та їх подальше використання для створення 
наноструктур Si методом метал-каталітичного хімічного травлення (MACE). Встановлено, що середній 
розмір і кількість наночастинок Au зростає зі збільшенням концентрації іонів відновлюваного металу від 
2 до 8 ммоль/л HAuCl4 в ДМСО, тоді як розподіл наночастинок Au за висотою залишається низьким для 
всіх концентрацій відновлюваного металу. Зміна температури процесу гальванічного осадження в межах 
від 40 до 70 °C приводить до зміни морфології нанесених наноплівок Au. Зокрема, за температури 40 °С 
плівка є пористою переважно гомогенною, тоді як за температури 50 °С – плівка шорсткіша. Подальше 
підвищення температури від 60 до 70 °C приводить до формування острівкової наноплівки Au. 
Встановлено, що незалежно від морфології нанесених наноплівок Au, наноструктури Si зберігають 
вертикальну орієнтацію відносно площини підкладки Si під час травлення методом MACE. Виявлено, що 
висота створених у такий спосіб наноструктур Si знаходиться в межах від 1,5 до 2,5 мкм, а середній 
діаметр – від 100 до 300 нм. 

Ключові слова: гальванічне заміщення, наночастинки, плівки золота, наноструктури кремнію, 
метал-каталітичне хімічне травлення. 
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