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facile route for selective and fast oxidation 
or to be a sacrificial layer, enabling wafer 
splitting.

After Canham reported a strong vis-
ible photoluminescence at room tem-
perature in 1990,[7] the chemical stability 
of PSi started to raise some interests and 
concerns among PSi researchers for the 
first time. Quite quickly, after the initial 
articles on the photoluminescence of PSi, 
the lack of chemical stability of the as-
anodized PSi was recognized as a serious 
problem considering the applications of 
photoluminescence. This was seen as 
even more drastic issue for electrolumi-

nescence applications, also including electrical issues at PSi/
electrode interfaces.[8] This then led to numerous reports on 
different methods to stabilize PSi,[9] but none of them seemed 
to be fully applicable considering electrooptical applications. 
Despite intense research on the topic, the quantum efficiency 
of electroluminescence devices based on PSi remained low, and 
the interest in luminescence-related applications started to wane. 
Fortunately, after the initial spark of interest, new areas of appli-
cations began to rapidly emerge and PSi became an increasingly 
popular material to study, with over 1200 articles published still 
in 2016 alone. Also, new methods and approaches for producing 
novel PSi structures are published continuously.[10,11]

Figure 1 shows the results of a bibliographic survey of PSi and 
of how the various fields of PSi research have changed during 
the last decades. While some areas of research have decreasing 
numbers of publications, like luminescence, there are new 
emerging fields, such as drug delivery and battery technology 
which, together with steadily increasing optical and sensor appli-
cations, account for the annual increase in publications.

This interest is quite understandable as PSi is a very versatile 
material. A large surface area is common to mesoporous mate-
rials, such as silica and metal-organic framework, but an easily 
adjustable pore size, even during the etching, and many different 
routes for surface functionalization distinguish PSi from many 
other mesoporous materials. Other differentiating properties are 
good mechanical and reasonable hydrolytic stabilities. The pore 
structure does not collapse, even in the case of high porosity, 
during a solution phase drug loading and drying cycles. PSi may 
become oxidized, but the pore structure still remains intact.

Some of the properties can be seen as both drawbacks and 
advantages. One of the most commonly obtained pore structure 
is shown in Figure 2a. Instead of a smooth, regularly arranged 
pore structure, like in the bottom-up materials, the pores in PSi 
are usually branching (fir-tree type structure) and form a natu-
rally hierarchical porosity. The pore structure depends on the 
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Thermal Carbonization

1. Introduction

The formation of porous silicon (PSi) has already been known 
since 1956,[1] but the phenomenon remained a peculiarity of 
the electrochemical polishing of silicon wafers until the 1970s. 
The porous nature of the silicon structure was first suggested 
soon after the initial discovery by Turner,[2] but it was presum-
ably named as porous silicon for the first time in a paper by 
Watanabe and Sakai in 1971, although they used the phrase 
“anode film” in the title of the paper.[3]

Despite intense studies on the electrochemistry of silicon in 
the 1960s, PSi did not receive much more than cursory atten-
tion until 1973 when Watanabe et al. introduced a process to 
selectively etch and then convert the formed PSi into electri-
cally isolating SiO2.[4] This approach eventually matured into 
an industrial silicon-on-insulator wafer fabrication technique[5] 
called the epitaxial layer transfer process.[6] With the applica-
tions focusing on electronic insulation, the chemical stability of 
PSi was not an acute concern, as its role was either to provide a 

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which 
permits use and distribution in any medium, provided the original work 
is properly cited, the use is non-commercial and no modifications or 
adaptations are made.

Adv. Mater. 2018, 1703819



www.advmat.dewww.advancedsciencenews.com

1703819  (2 of 19) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

fabrication parameters and properties of the initial Si, and can 
be varied from moderately smooth and columnar pores to a 
sponge-like, almost randomly orientated interconnecting pore 
network.[12] In addition, a top-down approach enables many 
other interesting possibilities, such as porosification of already 
fabricated nanoscale structures like nanoneedles is shown in 
Figure 2b.

An adjustable pore morphology together with a surface 
chemistry that can be easily modified offer an excellent plat-
form for many different applications including different 
kinds of sensing applications.[14,15] For instance, the refractive 
index of PSi is strictly dependent on the porosity and can be 
controlled by the current density of electrochemical etching. 
This enables the simple, yet precise control of the refrac-
tive index, allowing the fabrication of highly complex optical 
structures for many interesting applications.[15,16]

Nevertheless, one of the most fascinating properties of PSi 
is its variable biocompatibility already discovered in 1995.[17] 
This is also a quite unique property compared to many other 
mesoporous materials. Depending on its porosity, PSi can 
be bioinert (low porosity), bioactive (medium), or bioresorb-
able (medium to high).[18–20] This enables interesting bioac-
tive, but also bioresorbable biomaterial applications, in which, 
for instance, the PSi skeleton slowly dissolves while promoting 
the formation of hydroxyapatite on it.[20] The variable biocom-
patibility also enables the controlled dissolution of PSi in bio-
logical environments. The dissolution rate of PSi in biologically 
relevant media can be tuned from mere hours to months by 
simply changing the morphology of the porosity or by changing 
the surface chemistry.[21] In addition, the dissolution product 
of PSi in a biological medium, orthosilicic acid, is essentially 
a dietary form of silicon for higher animals and important, 
e.g., for normal bone growth.[22]

All of these new applications need some sort of additional  
stability. For example, even though in certain drug delivery appli-
cation stability of a few hours would be enough, the carrier mate-
rial should not react or cause any degradation to the drug payload 
loaded in the pores. In the sustained drug release applications, 
extended stability was desired. Example applications, where the 
outermost stability is needed, are different kinds of sensor appli-
cations, where a stability expanding over several years is needed. 
It is also worth noting that the majority of these new applications 
do not rely on the luminescencing properties of PSi.

Besides the different oxidation methods for stabilizing PSi, 
which were the first to be used, it took almost a decade before 
methods, which would not drastically change the chemical 
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Figure 1.  Bibliographic survey of PSi research in 1987–2016. The survey 
was conduct using Web of Science and certain keyword combinations 
with PSi (presented in the Figure). a) shows the total number of papers 
published annually related PSi and b) a survey of publications under the 
additional keywords (PSi + keyword). “Luminescence” includes results 
of “electroluminescence” and “optical” may also contain some lumines-
cence related articles.
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composition of PSi, were reported.[23] Most of these methods 
were related to the creation of SiC bonds on the surface of 
PSi.[24] These bonds are much more stable against chemical 
degradation than oxides or other surface chemistries proposed 
so far.[25]

One of the most convenient methods for creating SiC bonds 
is hydrosilylation using liquid aliphatic organic compounds.[25] 
In hydrosilylation, unsaturated bonds of alkenes or alkynes 
react with hydrides on the as-anodized PSi surface leading to 
the formation of covalent SiC bonds. The reaction can be 
conducted catalytically, but there are also other ways to ini-
tiate the reactions, such as light,[26] heat,[27] electrografting,[28] 
etc.[29] In Figure 3 some examples of surface functionalizations 

produced by thermal hydrosilylation are shown. At the end of 
the 1990s, a number of different approaches for hydrosilylation 
were published and significant improvements were achieved 
in the stability of PSi.[18,30] Most importantly, the electrical, 
optical, and even luminescencing properties remained almost 
intact when compared to the as-anodized PSi. However, the sta-
bility achieved with liquid alkenes or alkynes was not enough  
for certain applications. With long hydrocarbon chains, 
the  extent of the hydrosilylation reaction is, however, limited. 
On flat Si(111), the maximum obtained surface coverage reaches 
50–70% and is limited by steric hindrance of the adjacent 
chains.[31] With PSi, the lack of well-defined surfaces, and the 
presence of morphological features that prevent the entry of 
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Figure 2.  a) Semi-cross-sectional SEM image of PSi with clearly branching, fir-tree type structures and b) postfabrication porosified mesoporous silicon 
nanoneedles (scale bars = 2 µm). a) Reproduced with permission.[13] Copyright 2014, American Chemical Society. b) Reproduced with permission.[11] 
Copyright 2015, Nature Publishing Group.

Figure 3.  Examples of surface functionalizations produced by thermal hydrosilylation. Redrawn with permission.[25] Copyright 2002, American  
Chemical Society.
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long molecules, the highest obtainable coverages are by neces-
sity smaller than under ideal circumstances.[32] Utilization of 
mixed layers of two types of guest molecules has, however, 
been shown to enable greater coverage with hydrosilylated 
PSi. Lees et al.[33] demonstrated that methyl endcapping with 
iodomethane enhanced the stability of PSi against oxidation 
and hydrolysis as the small molecule was able to reach much 
of the remaining hydrides on the surface of the PSi. While 
hydrosilylated PSi is partially prone to hydrolysis, the achieved 
stability is often more than enough for various applications. For 
this reason, hydrosilylation is one of the most common stabili-
zation methods applied on PSi.

At the same time with hydrosilylation studies, the first 
reports on the thermal carbonization of PSi were pub-
lished.[34,35] At the beginning they did not gain much atten-
tion in the PSi community. This was most probably because 
these treatments required far higher treatment temperatures 
combined with gaseous carbon source, such as acetylene or 
ethylene. Nevertheless, using a small gaseous molecule as the 
carbon source for the treatment overcame the problems of 
using liquid hydrocarbons as the source. Fast diffusion even in 
the smallest pores and negligible steric hindrance solved most 
of the problems related to the hydrosilylation of liquid organic 
compounds. With this approach, a superb stability compared 
to other treatments was achieved and, as will be explained later 
in the paper, this approach also still allowed further chemical 
modifications of the surface making the surface not only stable, 
but also functionalizable, which is a very desired property 
considering, e.g.,  sophisticated applications for targeted drug 
delivery.

Even though it is not always simple to assert the difference 
between thermal hydrosilylation and thermal carbonization, 
here we have chosen one clear criterium to separate these two 
treatments from each other. The criterion is the treatment  
temperature. In thermal hydrosilylation, treatment tempe
ratures over 200 °C are rarely needed, while in thermal carboni-
zation over 400 °C is almost obligatory. An additional criterion 
could be the physical state of the carbon source while the 
carbonization takes place. In thermal carbonization the physical 
state is almost always gaseous, but this is not an exclusive crite-
rion. Also, we do not set any rules for chemical bonding, e.g., 
the obligatory formation of SiC bonds. But, even with these 
loose criteria, it is not easy to distinguish between thermal 
hydrosilylation and thermal carbonization explicitly, which just 
goes to show how versatile and adaptable these two methods are.

This progress report is divided into several different sections, 
which cover different aspects of thermal carbonization and the 
properties of thermally carbonized PSi. Some of the sections 
are more detailed than others, but we hope that due to this divi-
sion into sections, the reader can easily navigate the different 
topics related to the thermal carbonization of PSi.

2. History of Thermal Carbonization

The adsorption of acetylene and ethylene on different surfaces 
has been studied already for decades. Acetylene and ethylene 
are the two simplest hydrocarbon molecules with unsatu-
rated bonds. This makes it easy to understand their role in 

fundamental research of adsorption processes. Both were also 
discovered a long time ago, ethylene in 1669[36] and acetylene 
in 1836,[37] and they are produced industrially in vast quantities 
enabling cheap and easy experimental setups.

In the 1960s and 1970s, most of the adsorption studies of 
acetylene and ethylene were related to surfaces of platinum, 
silver oxide, tungsten, molybdenum, rhenium, etc. Semi-
conductor surfaces were mentioned in only a few papers. 
This  changed in the late 1980s when papers on acetylene 
adsorption and thermal decomposition on different Si surfaces 
were published. The high reactivity of decomposed acetylene 
and ethylene with Si (100) and (111) surfaces raised hopes to 
find an inexpensive method to form an epitaxial silicon carbide 
(SiC) layer on the Si wafer. SiC has many advantageous prop-
erties compared with Si, but the price of SiC wafers has been 
a limiting factor for its wider use in microelectronics. Under-
standably, this kind of a potential method for overcoming the 
price issue of SiC gained interest in the research community. 
Since the pioneering works of Yoshinobu et al.[38] there has 
been a continuous interest to study the thermal carbonization 
of Si with acetelyne and ethylene.

Despite the challenges in producing an epitaxial SiC layer on 
cheaper Si substrates in a scale needed for the microelectronics 
industry, thermal diffusion of carbon in the Si crystal structure 
enabled at least the formation of a nonstoichiometric SiC layer 
on Si. Although nonstoichiometric SiC has different electrical  
and optical properties compared with stoichiometric SiC, it  is 
still chemically and thermally a very resistant material.[39] 
It  also provides a protective layer to Si against different kinds 
of oxidations.[40]

Adapted to PSi, the pioneering studies investigated how 
thermal carbonization of PSi could be used to stabilize the 
photoluminescence in PSi.[34] These results did not lead to 
further studies on the topic. A few years later, the first paper 
was published, in which thermal carbonization was used as 
an attempt to improve the chemical stability of PSi.[41] In the  
paper, thermally carbonized PSi (TCPSi) was found to be 
much  more stable chemically and thermally than the initial 
as-anodized PSi. The following studies further explored the 
thermal carbonization process and led to a number of different 
applications for TCPSi in several very different fields from 
electrical and optical applications to gas sensors and drug 
delivery. These are discussed in detail later.

3. Thermal Carbonization Processes

There are three different routes to achieving sufficient thermal 
carbonization depending on the physical state of the carbon 
source. Usually, a gas phase carbon source is used,[42] where 
small, rapidly diffusing and strongly physisorbing unsaturated 
hydrocarbon molecules, like acetylene, are preferred due to 
their strong physisorption strength on the Si surface.[43]

A liquid carbon source can also be used.[44] The liquid needs 
to be infiltrated into the pores prior to the thermal treatment 
and, in some cases, polymerized before using it as a carbon 
source.[45] While using liquid carbon sources, the source should 
be selected carefully to obtain thorough infiltration and ensure 
sufficient surface coverage of the treatment.

Adv. Mater. 2018, 1703819
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The last possible route to introduce a carbon source in the 
pores is the use of solid source. Wang et al. used this method 
indirectly in their paper, in which polystyrene was first dis-
solved in toluene before it was infiltrated into the pores.[46] 
Afterward, toluene was evaporated from the pores before the 
carbonization process. During the heat treatment the ther-
molysis of polystyrene creates radical fragments, which sub-
sequently undergo hydrosilylation-type chemisorption with 
the pore walls. All the experimental results including Fourier 
transform infrared (FTIR) spectra, hydrophobicity, and good 
chemical stability in alkaline solutions indicated a successful 
thermolytic grafting of polystyrene to PSi.

Despite the physical state of the carbon source used, there 
are some guidelines for obtaining a good surface coverage with 
thermal carbonization. First, if an optimal SiC bond formation 
during thermal carbonization is desired, a hydrogen-terminated 
PSi surface is an essential requirement. Even a thin oxide layer 
on the PSi surface may hinder the diffusion of carbon atoms into 
the Si skeleton leading to lower surface coverage of the treatment 
or to pyrolytic carbon formation. Nevertheless, in certain appli-
cations this carbon coating is more preferred and SiC bond 
formation is not needed for the performance of the carbonized 
system.[47] For the same reasons, an oxygen-free, inert atmos-
phere is usually required, although some additional reactive 
gases, like H2, may be beneficial for the treatment and have been 
used, e.g., to grow graphene layers on the PSi surface.[48]

A low treatment temperature and/or slow heating rate, espe-
cially without a continuous carbon source, leads to annealing of 
the PSi, i.e., pore coarsening through surface reconstruction of 
the pore walls. This lowers the treatment efficiency drastically. 
Also, the use of carbon sources that have low physisorption 
strengths or high decomposition temperatures leads to similar 
outcomes. The annealing effects,[49] such as the aforementioned 
pore restructuring (coarsening)[50] and surface reconstruction[51] 
during the heat treatment, however, are one of the most impor-
tant factors ensuring that thick silicon carbide layers can be 
obtained on the pore walls of PSi.

Because the structure and properties of carbonized PSi are 
strongly dependent on the treatment temperature, we need to 
divide the carbonization treatments into two different subcat-
egories: thermally carbonized and thermally hydrocarbonized 
PSi (THCPSi). At treatment temperatures below 650 °C, not all 
of the hydrogen from the surface PSi or from carbon source 
molecules will desorb. This leads to the formation of a hydro-
carbon-terminated surface (THCPSi). At higher temperatures, 
usually above 750 °C, all of the hydrogen atoms are desorbing 
and the surface forms a nonstoichiometric SiC layer (TCPSi), 
which upon exposure to ambient conditions becomes covered 
by a thin oxide layer.[52]

While the latter obviously leads to a hydrophilic surface, 
the former retains the hydrophobic nature of the original 
hydride-terminated PSi due to the presence of nondissociated 
hydrocarbon groups (Figure 4). However, the clear categori-
zation of these two outcomes is not as straightforward as the 
outcome is also dependent on the gas atmosphere of the treat-
ment, e.g., whether additional H2 is used,[47] or on the timing 
of the applied carbon source.[53] For example, the presence or 
the absence of a continuous acetylene flush during a treat-
ment at 600–650 °C has a significant effect on the contact angle 

(hygroscopicity) of the treated surface.[54] There are also some 
other effects on the properties of TCPSi and THCPSi, and these 
are discussed later in the section related to properties.

4. Characterization of Thermally Carbonized 
Porous Silicon

Even though the large surface area of PSi enhances the usability 
of certain characterization methods, like FTIR spectroscopy, the 
intrinsic similarity of the SiC bond to the SiSi and CC 
bonds makes the results of some characterization methods 
ambiguous and subject to interpretation.

Despite the limitations of FTIR, such as the weak IR activity 
of SiC bonds and strong dependence of the absorbance band 
positions on the chemical neighborhood of the carbon atom,[55] 
it is a good and convenient method to quickly assess the quality 
of your sample.[56]

In well-ordered SiC, the characteristic Si–C peak disappears 
completely and usually a broad Reststrahlen band dominates over 
the spectral range from 750 to 1000 cm−1.[57] Unfortunately, almost 
all peaks related to different oxides are broad and very IR active. 
Those peaks overpower the spectral range of 1000−1200 cm−1 
masking several interesting peaks related to different SiC and 
SiOC structures. Still, FTIR spectra are very practical for 
characterizing thermally carbonized PSi when the spectrum is 
assessed carefully. The possible presence of CHx stretching 
vibrations in the wavenumber range of 2700−3100 cm−1 is usu-
ally a good indication of a successful thermal hydrocarboniza-
tion together with the attenuation or the absence of SiHx peaks 
above 2000 cm−1. The presence of a strong and broad Reststrahlen 
band in the spectral range of 750−1000 cm−1 together with the 
absence of CHx-related vibrations in the wavenumber range of 
2700−3100 cm−1 and all SiHx peaks above 2000 cm−1 together 
are good indications for a proper TCPSi outcome. In Figure 5, 
the differences in the FTIR spectra of as-anodized PSi, THCPSi 
and TCPSi treated at different temperatures are shown. For the 
evaluation of further functionalizations of the carbonized surface, 
FTIR can also provide valuable information. However, the limita-
tions of FTIR may become more prominent in these cases.

X-ray photoelectron spectroscopy (XPS) is another very good 
tool for surface characterization.[52] However, it also suffers 
from some deficiencies related to carbon and oxygen, similar 
to FTIR. For example, adventitious carbon, which is always 
found on any surfaces after air expose, may mask the C(1s) 
peak making the interpretation of the XPS spectra complicated. 
It also complicates the correction of the binding energy in the 
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Figure 4.  Water droplets on a hydrophobic THCPSi (left droplet) surface 
and on a hydrophilic TCPSi pad (right droplet).
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case of the sample charging effect if there are no other peaks 
suitable for the operation. It should be reminded here that 
cleaning the surface with sputtering does not solve this problem 
completely because new uncleaned surfaces of pore walls are 
exposed continuously during the sputtering process.

When analyzing the possible SiC bonds from the Si(2p) 
core level spectra, problems may arise from the existing SiOx.  
The SiO2 peak is located at 103.5 eV and it is only at a 4 eV higher 
energy than the peak of Si. Moreover, all of the suboxide structures 
(x = 0.5, 1, 1.5) of Si should appear in between these two peaks.[58] 
That is, within exactly the same energy range where the SiC 
(100.3 eV) and SiOC (101−103 eV) peaks should also reside.[59] 
However, despite the potential problems, it is possible to obtain 
clear evidence of the successful carbonization with XPS when 
good sample preparation is carefully considered[60] (Figure 6).

There are a number of other methods that can be used  
indirectly to study TCPSi and THCPSi. In the simplest 
approach, dissolution of a sample in alkaline solution can be 
tested. Oxidized or hydrogen-terminated PSi does not with-
stand an alkaline environment and dissolves usually in minutes. 
Another way to test the samples is related to the oxidation of  
TCPSi and THCPSi. Both can be thermally oxidized, but 
the  amount of oxides formed is much lower compared to  
as-anodized PSi and requires higher temperatures. For these 
reasons, thermoanalytical methods, such as differential scan-
ning calorimetry (DSC) or thermogravimetry (TG), can be used 
to assess the oxidation rate.[42] However, it should be noted that 
if the surface of PSi is already oxidized, these methods may give 
erroneous information when compared to carbonized PSi.

Also, Raman spectroscopy, CHNS elemental analysis (EA), 
and secondary ion mass spectroscopy (SIMS) can be used to 
map and study carbon content in a carbonized sample. Actually, 
Raman spectroscopy suffers slightly less from the limitations 
of FTIR, although both methods are based on the detection of 
a similar vibration mode.[61] SIMS and EA, on the other hand, 
provide very little information about the bonding at the surface, 
but could be valuable tools in the mapping or determination of 
the carbon content in a sample.[62,63]

Overall, the accurate characterization of THCPSi and TCPSi 
is challenging. Often results obtained only with a single 
method are vague and a combination of different direct and 
indirect methods (e.g., chemical stability in an alkaline solu-
tion, electrical conductivity, etc.) are needed for the assessment 
of a successful carbonization process. However, most of the 
studies so far have been conducted using conventional char-
acterization methods. Due to the fast development of surface 
characterization techniques and instrumentation, there are 
now a number of new ways to characterize carbonized mate-
rials. Especially, the use of a combination of characterization 
methods, e.g., scanning transmission electron microscopy with 
electron energy loss spectroscopy, could be beneficial for the 
characterization. In addition, there are a number of different 
characterization methods which are never or very rarely used 
for THCPSi or TCPSi.

5. Properties of Thermally Carbonized  
Porous Silicon

The thermal carbonization of PSi has rather moderate effects 
on pore morphology and porosity.[42] There are different 
plausible explanations for this. One is related to the lattice 
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Figure 5.  FTIR spectra of five at different temperatures carbonized PSi. 
At 400 °C treated sample peaks related to SiHx above 2000 cm−1 are still 
visible whereas at 520 °C sample they have already almost completely 
disappeared. Adapted with permission.[54] Copyright 2006, IEEE. 

Figure 6.  XPS core level spectra of a) Si(2p) and b) C(1s) regions of PSi 
two step thermally carbonized at 500 and 820 °C. Reproduced with permis-
sion.[52] Copyright 2015, American Chemical Society.
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expansion of carbonized Si, which is much lower than in oxi-
dized Si. While the formation of SiO2 leads to a volume expan-
sion of about 30%, it is usually much less in the case of SiC. 
This is mainly due to 44% higher density of SiC compared with 
SiO2, including, e.g., a higher surface state density compared 
with Si (Si: 6.8 × 1014; SiC: 10.5 × 1014).[64]

Another explanation is related to the annealing process in 
PSi at a higher temperature. After fabrication, PSi is hydrogen 
terminated, but the surface structure of the pore walls is not 
very stable and undergoes drastic changes during the annealing 
process. Partial annealing can also take place during the car-
bonization, which explains why the pore size remains almost 
the same or actually increases during the carbonization, not 
clearly decreasing as it is in the case of thermal oxidation. 
Nevertheless, this area of thermal carbonization needs more 
theoretical modeling and supporting experimental results.[65]

In addition to only minor changes in the pore size, only slight 
changes in pore volume are usually observed.[66,67] A clear dif-
ference in the properties of the initial starting PSi is a decrease 
in the surface area. However, most of the apparent reduction in 
surface area is actually due to the increase in weight, not a real 
loss in the surface area. The pore volume change is, however, a 
more complicated issue. If the weight increase due to the car-
bonization is taken into account,[42] the pore volume usually 
increases.[68] This could be another piece of indirect evidence 
for partial annealing.

Although the chemical stability, i.e., keeping the physical and 
chemical properties of PSi unchanged during a desired time 
period, is usually the main reason for the carbonization, it can 

bring some additional and beneficial improvements to the prop-
erties important in certain electrical and optical applications. One 
of these properties is the remarkably improved electrical conduc-
tivity of TCPSi compared to PSi treated with other methods.

The resistance of TCPSi can be 10−5 times lower than in the 
as-anodized sample of the same thickness.[47,69] When compared 
with oxidized PSi, the difference is even more drastic. The 
conductivity of TCPSi was also found to be well described by a 
thermistor equation and the temperature sensitivity was found 
to be very good (5% K−1 at 25 °C). This is a very beneficial 
property when accurate and easy electrical measurements are  
considered and has been exploited in several different sensor 
applications of TCPSi, including sub-ppm humidity detection[70] 
and amine detection.[70,71]

Although carbonization at higher temperatures (>700 °C) 
may have considerable impact on the optical properties of PSi, 
thermal hydrocarbonization at lower temperature has only 
small impacts on the optical properties of Psi as it has only mild 
effects on the refractive index and absorbance, and practically 
not much effect at all on, e.g., optical transmission.[72] These 
changes can be predicted which allow considerations of the 
optical multilayer structures already before fabrication, which 
minimizes the potential drawbacks arising from the change in 
optical properties. This has encouraged the use of THCPSi, and 
even TCPSi carbonized at moderate temperatures, in optical 
structures and also in gas sensing applications.[73–75]

Jalkanen et al. have shown visually how stable their TCPSi-
stratified rugate filters are in an alkaline solution (Figure 7). 
While thermally oxidized and undecylenic acid hydrosilylated 
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Figure 7.  Temporal evaluation of differently modified PSi reflectors immersed in 1 m NaOH solution. Reproduced with permission.[76] Copyright 2014, 
American Chemical Society.
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rugate structures were significantly dissolved and lost their 
characteristic reflectance spectra in minutes in a 1 m aqueous 
NaOH solution, thermally carbonized (and hydrocarbonized) 
structures stayed intact for hours, ≈78 times longer than other 
filter structures.[76] There are many publications related to the 
chemical stability of TCPSi and THCPSi, but most of them 
are application orientated (like the long-term stability of TCPSi 
humidity sensor[77]) or where the stability of carbonized sam-
ples has been compared to other stabilization treatments.[78]

Some of the least studied properties of PSi are its mechan-
ical properties.[79] These properties, such as hardness and stiff-
ness, may have remarkable effects in certain processes like 
milling[80] or applications such as toothpaste.[81] Still there 
are only a few experimental[82] or theoretical modeling[83] 
based papers published in this area of research, although 
these elastic properties should gain more attention due to the 
growing interests toward the use of PSi in lithium-ion battery 
applications.[84]

If the hardness and stiffness of bulk SiC are compared with 
the values of Si, it is clear that even a thin SiC layer on Si nano-
structures may have an observable effect on the mechanical 
properties of the material. The same applies to silicon oxide 
as well. In Table 1, the hardness and stiffness of bulk, crystal-
line Si, SiC, and SiO2 are presented. Even though the values are 
surely not even close to those of their nanoscale and amorphous 
counterparts, they can still be seen as indicative information.

Rauhala et al. have measured the hardness and stiffness of 
TCPSi and THCPSi,[85] and compared the results to as-anodized 
PSi (AAPSi) and to thermally oxidized PSi (TOPSi) using two 
different nanoindentation methods: a simple trapezoidal load 
function and a more complex load function introduced by Bellet 
et al. in 1996.[82] As can be expected, the lowest Young’s mod-
ulus (stiffness) and hardness of all the samples were observed 
in AAPSi. The obtained results of AAPSi are in good agreement 
with those reported previously (Table 1).[79]

In the case of TCPSi, the Young’s modulus and hardness 
with the trapezoid loading function were two times higher than 
in AAPSi and even higher than in the TOPSi sample oxidized at 
850 °C for 4 h. However, the hardness of TOPSi is clearly higher 
than in TCPSi. Unexpectedly, also THCPSi has a relatively high 
Young’s modulus and a hardness close to that of TCPSi, even 
though its surface chemistry is considerably different from 

TCPSi. Based on the obtained experimental results, it can be 
concluded that thermal carbonization increases the stiffness of 
PSi but does not affect the hardness of PSi as much as thermal 
oxidation does.

Even though the first thermal carbonizations were per-
formed in an attempt to stabilize the photoluminescence (PL) 
properties of PSi, an unfortunate disadvantage of thermal  
carbonization is the quenching of the intrinsic PL of PSi. This 
prevents all applications where photo- or electroluminescence 
could have been applicable. Fortunately, there are a number of 
other applications where these properties are not required.

Although there is a way to make TCPSi photoluminescensing 
again, this has not received much attention. This is most prob-
ably because the treatment compromises many important prop-
erties of PSi considering the most common applications. In 
order to obtain a highly intense PL, TCPSi needs to be wet oxi-
dized using water vapor and an inert carrier gas, such as argon 
or nitrogen.[86] This has a significant effect on the structure of 
TCPSi, which turns into a fully oxidized carbon containing SiO2 
matrix during the wet oxidation treatment.[87] The role of H2O 
appears to be critical to the luminescence as dry oxidation does 
not generate luminescensing material. But so far, it is unclear 
why the role of H2O is so critical for obtaining PL. Apparently, 
the presence of hydrogen in the process leads to a completely 
different outcome than dry oxidation.

Interestingly, the intensity[88] and the spectrum of PL[89] in 
wet oxidized TCPSi is dependent on the treatment temperature 
(Figure 8). This enables tuning of the spectrum from yellowish 
white to bluish white, which is very appealing considering 
light-emitting device applications.

Adv. Mater. 2018, 1703819

Table 1.  Measured Young’s moduli and hardness of different thermally 
treated PSi compared to literature values of bulk (*). Measured data 
were reported by Salonen et al.[72]

Material Young’s modulus E [GPa] Hardness [GPa]

TCPSi 44.2 2.3

THCPSi 34.9 2.0

TOPSi (300 °C)a) 29.6 1.6

TOPSi (850 °C)b) 39.3 3.3

As-anodized PSi 19.5 0.9

Silicon 44.2 11.7

SiO2* 66–75 4.5–9.5

SiC* 200–430 1–24.5

a)Oxidation at 300 °C for 2 h; b)Oxidation at 850 °C for 4 h.

Figure 8.  PL spectra of AAPSi (1), TCPSi wet oxidized at 650 °C (2) and 
at 800 °C (3). Reproduced with permission.[88] Copyright 2008, American 
Institute of Physics.
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6. Functionalization of Thermally Carbonized 
Porous Silicon

Even though TCPSi and THCPSi are chemically clearly more 
stable than as-anodized, hydrogen-terminated PSi, it is still 
possible to functionalize them further with different chemical 
routes. Some of these treatments are basically very similar to 
hydrosilylation chemistry, which have been presented for PSi 
during the past two decades.[25] Other approaches share simi-
larities with functionalization chemistries used for silica and 
SiC surfaces.

One chemical functionalization method for THCPSi was 
introduced in 2010 by Sciacca et al.[90] Adapting the hydrosilyl
ation-like process introduced by Linford and Chidsey,[91] they 
utilized radical coupling of a dicarboxylic acid to a THCPSi 
surface with a benzoyl peroxide initiator, which resulted in a 
partially carboxylic acid terminated surface. The method ena-
bled an easy route for further bioconjugation, which was dem-
onstrated by coupling propylamine to the surface COOH 
groups through the intermediacy of pentafluorophenol and 
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride 
(EDC). The chemical stability of the functionalized surface was 
tested in a phosphate buffered saline solution and was found to 
be superior to both thermally hydrosilylated (with undecylenic 
acid) and thermally oxidized porous Si surfaces.

Another possible route to functionalize the THCPSi sur-
face is based on a scheme similar to that used in the thermal 
hydrosilylation of PSi with undecylenic acid.[27] Although the 
reaction between the unsaturated carbons of the alkenoic acid 
and the hydrocarbon passivated surface is not clear and needs 
some additional studies, the thermal addition process leaves the 
distal carboxylic acid groups available for further functionaliza-
tion. This modification, introduced in 2012 and later referred to 
as UnTHCPSi, has successfully been applied in drug delivery[92] 
and also in optical applications.[93]

The thermal addition of hydrocarbon molecules on the 
THCPSi is not limited to undecylenic acid. Wang et al. have 
showed that the THCPSi surface can also be modified with an 
α,ω-diyne, resulting in the partial alkyne termination of the 

surface.[94] The successful covalent attachment of the diyne 
was verified from the FTIR spectrum, which showed the disap-
pearance of one of the alkyne groups and the appearance of an 
alkene bond (Figure 9). The alkyne modified surface provided 
an excellent template for further functionalization through 
copper-free azide-alkyne cycloaddition,[95] enabling effective 
attachment of both peptide-targeting cellular components 
and coating the PSi nanoparticles with a polymer. Because of 
its great stability, various alkene-functionalized THCPSi have 
been used in complex multistep surface chemistry modifi-
cations including radiolabeling and targeted drug delivery 
applications.[96,97]

One interesting difference between SiC and Si chemistry is 
related to the behavior of the silicon derivatives when they are 
immersed into an HF solution. HF removes all of the oxides 
of Si and leaves an almost perfectly hydrogen-terminated sur-
face. But in the case of SiC, HF does not remove all the oxides. 
Instead, it leaves a thin oxide layer on the surface and leads to 
a CSiOH surface termination.[60] The silanol groups on the 
surface enable the use of silane coupling chemistry that is very 
frequently used in the functionalization of silica or oxidized 
silicon surfaces.[98] Silanization requires available hydroxyl 
groups, which can hydrolyze the alkoxy groups of a silane, 
forming a covalent SiOSi bridge on the surface.

Unfortunately, SiOSi bonds are susceptible to hydrolysis 
and are not very stable in aqueous solutions, which limits the 
use of surfaces functionalized through this approach. How-
ever, silanization is a simple method and is commonly used 
to obtain an amine-terminated functionalization (e.g., using 
(3-aminopropyl)triethoxysilane) on the silica surface. When 
applied on the TCPSi surface, it can sustain the inevitable 
siloxane hydrolysis for slightly longer than silanized TOPSi.[63] 
Despite the inherent hydrolytic instability, which causes limi-
tations to the usability of the aminopropylsilane-modified 
TCPSi, it can be used as an effective drug carrier in, e.g., 
combination drug therapy, where the surface amine groups 
provide a linkage to the anticancer drug methotrexate and the 
remaining pore volume is loaded with the antiangiogenic drug 
sorafenib.[99]
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Figure 9.  a) FTIR spectra of plain, COOH-terminated and alkyne-terminated THCPSi showing the successful attachments of functional groups. For 
example, a carboxylic acid is clearly visible due to the presence of a CO stretching band at 1710 cm−1. The inclusion of a distal alkyne group is also 
verified due to the appearance of a CH stretch at 3300 cm−1 along with a CC stretch band at 1605 cm−1. b) Typical functionalization routes 
employed with THCPSi and TCPSi. Reproduced with permission.[72] Copyright 2015, The Electrochemical Society.
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7. Recent Progress in Applications of Thermally 
Carbonized Porous Silicon

7.1. Drug Delivery

Compared to any other applications of PSi, biomedical, espe-
cially drug delivery sets strict and somewhat contradictory 
requirements to the chemical stability of the drug carrier mate-
rial. The PSi may not react with the adsorbed drug payload 
or cause any degradation of it under any circumstances. On 
the other hand, the carrier material needs to be bioresorbable 
within a specified period of time, which depends on the appli-
cation, and its dissolution products should be nontoxic and 
easily excreted from the body.

When considering the properties of an inorganic material, 
these requirements are quite contradictory and excluding. Most 
of the inorganic materials proposed for biomedical applications 
do not fulfill these requirements, but, fortunately, PSi does it in 
certain applications. However, the balance between the chemical 
stability considering the carrier–drug interactions and the in 
vivo dissolution rate of the carrier in the potential target tissue 
always requires reasonable and justifiable compromises.

The first paper, where TCPSi microparticles were used 
in drug delivery, was published in 2005. In the paper, we 
used TCPSi and TOPSi in the loading of five different model 
drugs: antipyrine, ibuprofen, ranitidine, griseofulvin, and furo-
semide.[66] In this paper the importance of surface stabilization 
was already evident, when a strong reaction between antipyrine 
and AAPSi was observed. The authors also observed that the 
surface chemistry affected the drug loading through the com-
plex interactions taking place during the adsorption between 
the carrier, drug, and the used solvent.[100]

Different kinds of effects, depending on the type of the 
drug loaded to the pores of PSi, were observed. With quickly 
dissolving drugs, the effects were minimal or some sustained 
release behavior was observed (antipyrine, ibuprofen, and ran-
itidine), while in the case of a drug suffering from poor aqueous 
solubility, namely griseofulvin, the effect of PSi was significant. 
The dissolution rate of the drug improved at every studied 
pH value (5.5., 6.8, and 7.4). With furosemide, which suffers 
from significant pH-dependent solubility, the pH-dependent 
behavior was almost completely diminished. Later, when TCPSi 
loaded furosemide was studied further, it was found that the 
loading not only improved the solubility properties of furo-
semide, but it also improved permeation across Caco-2 mono
layers, which are commonly used to mimic the condition of 
the small intestine.[101] In the same year, 2007, Limnell et al. 
published a study on how surface chemistry affects the loading 
and release of ibuprofen.[67] After these first studies, TCPSi and 
THCPSi microparticles have been used in several drug delivery 
studies.[102] During the first years, the main focus of the studies 
was to improve the dissolution rate of poorly soluble drugs for 
oral administration. PSi is an excellent candidate for this pur-
pose because the small size of its pores can confine the loaded 
drug usually in its amorphous form[13] and hence may signifi-
cantly increase the dissolution rate of the drug.[103]

The possible toxicity of TCPSi and THCPSi has been studied 
for almost as long as that of drug delivery. However, cytotoxi
city studies of nanostructured materials are not always so 

straightforward as those of conventional drug molecules. In 
2007, Laaksonen et al. reported that the most commonly used 
cytotoxicity assay, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide (MTT), failed dramatically when applied to PSi 
microparticles.[104]

Viability values of 200% and even 300% were obtained for 
TCPSi and TOPSi with Caco-2 cells. The failure of MTT was 
discredited when the microparticles were studied alone without 
any cells. An MTT assay gave viabilities of up to 200% even in 
this case. In the paper, the authors also tested a fluorogenic, 
cell-permeant peptide substrate (CellTiter-Fluor) assay, which is 
a fluorescent assay where a single reagent is added, and found 
it to give more realistic cytotoxicity values.

This observation was among those bringing forth the now 
well-known challenge in nanomedicine research, especially 
when nanostructured inorganic materials are involved. Nothing 
can guarantee that the conventional pharmaceutical methods 
are applicable with the new nanotechnology. This needs to be 
considered with extra caution when novel drug delivery systems 
are assessed.[105]

Later, TCPSi and THCPSi micro- and nanoparticles have 
been studied with many different cytotoxicity assays and 
with various cultivated cell lines, such as RAW264.7, HT-29, 
HepG2,[106] EA.hy926,[107] monocyte derived DC,[108] MCF-7,[109] 
MDA-MB-231,[110] U87 MG,[111] PC3MM2,[112] BDCM, KG1,[113] 
etc. Most of the results have given indications of negligible 
or minor toxicity of carriers, but some exceptions have been 
reported. In 2010, Santos et al. found that the smallest micro-
particles of TCPSi and THCPSi (1–25 µm) were toxic compared 
to TOPSi at high concentrations (>2 mg mL−1) and strongly 
size dependent.[114] They measured the metabolic activity of the 
viable cells by means of their ATP production using a lumines-
cence-based assay. When they used flow cytometry, the differ-
ence between TCPSi and THCPSi compared to TOPSi was no 
longer that strong. But it can be concluded that high concentra-
tions of microparticles may induce toxic effects. Another inter-
esting observation was that even though TCPSi is chemically 
more stable than THCPSi, it may have some negative effects 
considering toxicity, like the generation of intracellular ROS.

The first in vivo studies of THCPSi microparticles were 
published in 2009.[115] In the study, d-lys-GHRP6, a ghrelin 
antagonist, was used as a model peptide and the effects of 
peptide-loaded THCPSi microparticles on food intake and 
blood pressure were examined in mice and rats, respectively, 
after a single subcutaneous injection. In addition, the effects 
of THCPSi microparticles on cytokine secretion in mice after 
a single injection were examined by determining the concen-
tration of several plasma cytokines. The peptide-loaded micro-
particles showed a prolonged effect on cytokine secretion 
compared with the peptide solution. These results suggest 
that the peptide was released from the particles in a controlled 
manner. In addition, a single injection of the THCPSi micro-
particles did not acutely change plasma cytokine concentra-
tions with one exception: IL-1α at 6 h after administration was 
increased in the plasma. Otherwise, the results suggested the 
THCPSi could represent a suitable material for drug delivery.

After the paper, differently functionalized PSi surfaces have 
been studied for the delivery of multiple kinds of peptides, such 
as melanotan II,[116] peptide YY,[92] glucagon-like peptide 1,[117] 
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and insulin[118] using micro and nanoparticles, in several 
papers.[119] Some of the results are very encouraging, such as 
those presented in Figure 10. Although some recent in vivo 
studies suggest that the intravenous administration of nanopar-
ticles, even in the absence of any drug, may induce cardiovas-
cular effects and interfere or prevent the action of the drug,[120] 
the advantageous properties related to PSi, such as the very 
mild loading process needed for the drug adsorption and high 
loading efficacy,[119,121] make PSi a very interesting carrier mate-
rial especially for fragile components like peptides.[122]

Novel, targeted cancer therapies have always been the primary 
interest when attempts have been made to apply nanotechnology 
for drug delivery purposes, although this task has not been as 
easy as was expected in the early days, due to the sophisticated 
human immune system including the mononuclear phago-
cytic system[123] and several different biological barriers.[124] The 
same applies to PSi too. For example, THCPSi nanoparticles, 
with[125] or without[126] additional surface functionalization, are 
usually rapidly captured by the mononuclear phagocyte system 
and removed from the circulation mainly to the spleen and liver. 
Despite the problems, this field has been most active in studying 
PSi as a carrier material.[127]

Due to the appropriate stability and possibility for further 
functionalization, TCPSi and THCPSi have been used in sev-
eral studies aiming at novel chemotherapeutic applications 
including the delivery of sorafenib,[128] methotrexate,[111,129] 
paclitaxel,[130] doxorubicin,[131] erlotinib, and afatinib.[132] Several 
different approaches have been used to improve the homing 
efficiency of the delivery system and to improve the pre-
cisely controlled delivery or to avoid rapid clearance from the 
circulation.[94,130,133]

Even though some promising results have been obtained in 
targeted cancer therapy, more in vivo results and systematic 
information about the biofate of the nanoparticles are needed 
before any clinical tests can be considered.[134]

There are several other interesting drug delivery areas where 
TCPSi and THCPSi may be a potentially good carrier material. 

Intraocular delivery is one of these areas. There is some addi-
tional functionality which PSi-based delivery systems may 
offer like a self-reporting delivering system,[135] and PSi[136] and 
TCPSi[137] could serve as safe carriers for delivering therapeutic 
compounds into the eye.

The use of PSi in wound healing applications has also gained 
interest lately. This is also one of the applications where addi-
tional functionality,[138] such as the possibility for glucose[139] or 
pH sensing, would be beneficial.[140] However, so far, the main 
focus of the studies has been delivering essential components for 
wound healing to the site, such as antibacterial nitric oxide,[141] 
Flightless I siRNA,[142] vancomycin, resveratrol,[143] or using 
plain platelet lysate-modified particles to deliver growth factors 
into the wound.[144] Also, heart homing particles have been used 
recently, and interesting in vitro[145] and in vivo[146] results have 
been published.

7.2. Sensor Applications

Both TCPSi and THCPSi have been used for different gas[71] 
and humidity sensing[53,54,70] applications for years. The 
improved chemical stability and electrical properties are neces-
sary for obtaining stable gas sensing systems that are calibrated 
infrequently.[77] Despite good results obtained with resistive and 
capacitive humidity and gas sensors, the biggest advantage lies 
in the possibility to tune the optical properties of PSi during 
the electrochemical etching over a wide range. This enables 
a simple production of very complicated, but stable optical 
multilayer structures, such as Bragg[147,148] or rugate filters.[149] 
Since optical PSi structures are sensitive to changes in ambient 
gas content, these structures are very interesting for remote 
gas sensing applications.[148,149] Even though the selectivity or 
even sensitivity is not yet as good as in electrical sensors,[74,150] 
the completely passive sensing element, without any need for 
external power (i.e., wiring), is a very tempting alternative to 
certain, demanding sensing applications. It is also possible 
to combine electrical and optical sensing to improve the selec-
tivity of the sensing system.[151]

For example, Ruminski et al. used a THCPSi rugate filter 
attached to a glass fiber with epoxy to study the sensing of 
volatile organic compounds such as isopropyl alcohol and hep-
tane in the air.[75] This approach enabled a simple setup for an 
efficient probe-type gas sensing instrument (Figure 11). The 
two different surface chemistries showed divergent responses 
to the different analytes, isopropanol and heptane. The TOPSi 
surface showed a greater response to isopropanol than to 
heptane vapors, while the THCPSi surface responded more 
strongly to heptane than to isopropanol vapors. The results 
suggest that these surface chemistries can be used to classify 
selectively different analytes and can be used in a microsensor 
system.

As already mentioned above, the functionalized THCPSi is 
very stable even in alkaline aqueous solutions. Therefore, it is 
also an ideal material to be used in severe liquid sensing appli-
cations. Practically, all saline solutions with a neutral or an alka-
line pH are severe for AAPSi and TOPSi. Thus, an enhanced 
chemical stability is crucial for proper biosensing in a liquid, 
e.g., for the optical detection of biomolecules.[152] Figure 12  
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Figure 10.  In vivo plasma concentration of peptide YY release from 
subcutaneously administrated PSi nanoparticles in mice.[119] UnTH-
CPSi denotes THCPSi in which undecylenic acid is thermally attached 
covalently. Reproduced with permission.[119] Copyright 2013, American 
Chemical Society.
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shows the experimental result where the EDC/NHS-activated 
UnTHCPSi microcavity was subjected for 10 min to an aqueous 
solution of urea at a concentration of 210 mg L−1. The succin-
imide group is replaced by the smaller urea molecule, which 
is seen as a blueshift in the reflectance spectrum. The ATR-
FTIR spectra before and after the sensing experiment show the 
appearance of two N–H stretching bands around 3300 cm−1, 
confirming the formation of a carboxamide structure.

Another very demanding approach regarding the surface 
chemistry is the use of electricity during sensing. PSi is very 
vulnerable to all kinds of electrochemical reactions and is oxi-
dized easily even in a simple aqueous electrolyte.[153] Chen 
et al. used the improved conductivity of TCPSi in their appli-
cation, in which electric-field-assisted protein transportation 
and capture were used to improve the selectivity of inter-
ferometric sensing of proteins.[154] They showed that the bias 
dependence of the voltage-induced transport in mesoporous, 
conductive optical films can be used to identify molecules 

based on their size, charge, and diffusional characteristics. A 
bulk lysozyme solution at a concentration of 25 µg mL−1 was 
not detectable without an applied bias, but with an appropriate 
bias of ΔV = −2.75 V, a significant accumulation of protein was 
detected. The optical data indicated that lysozyme accumulated 
in the PSi film with a concentration factor of 9600 by electric-
field-assisted transportation.

In 2016, Tong et al. proceeded even further in their sensing 
approach and used THCPSi in vivo.[155] They used a THCPSi 
rugate filter as a subcutaneously implanted biosensor. The 
results demonstrated that THCPSi is a potential material to 
be used in in vivo biosensing applications. The reflectance 
band of a preincubated THCPSi rugate filter remained clearly 
detectable in the far-red range (Figure 13) and subcutaneous 
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Figure 12.  The EDC/NHS activated UnTHCPSi microcavity was used for 
detecting urea from water. The sensor was soaked for 10 min in water 
with a 210 mg L−1 urea concentration. A blueshift in the order of 3.3 nm 
was observed in the reflectance spectrum. The shift is attributed to 
replacement of the larger succinimidyl ester moieties by the smaller urea 
molecules. The observation is further supported by the ATR-FTIR spectra, 
which is shown in the inset. Reproduced with permission.[152] Copyright 
2013, The Electrochemical Society.

Figure 13.  Reflectance of green and far-red preincubated THCPSi rugate 
filters being read through the skin along with the reflectance of these 
filters immersed in water and a blank skin section.[155] Reproduced with 
permission.[155] Copyright 2016, Elsevier.

Figure 11.  a) Image of an optical fiber capped with a PSi rugate filter. 
b) Schematic depicting the optical configuration used for remote gas 
sensing. Reproduced with permission.[75] Copyright 2010, Wiley-VCH.
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tissues in close proximity to the implanted sensor indicated 
normal healing processes in immunohistochemical and 
microtome studies.

Although this section has focused mostly on optical sensing 
applications, two particular demonstrations are worth men-
tioning because the extreme chemical stability of TCPSi is essen-
tial to them. In the first approach, an active TCPSi sensing layer 
is electrically isolated from the Si wafer by an additional oxide 
layer between them.[156] The electrically isolated sensing layer was 
obtained by the electrochemical etching of a new layer beneath 
the TCPSi layer. Subsequently, the new layer was oxidized either 
by electrochemical, chemical (pyridine-assisted), or thermal oxi-
dation. The first method was found to be the best in this applica-
tion because it turned the layer into an electrically isolating oxide 
and almost completely closed the pores. Figure 14 shows how 
the different oxidations affect AAPSi and TCPSi. While the pore 
size and volume of AAPSi decrease drastically during oxidation, 
hardly any changes can be seen in TCPSi.

In the second application, PSi nanoparticles have been 
utilized for the potential cheap mass production of sensor  
systems. Jalkanen et al. produced undecylenic acid treated 
THCPSi micro- and nanoparticle ink, which was used to drop 
cast fully functional humidity sensors on a glass substrate on 
the top of inkjet-printed silver electrodes.[157] Interestingly, a 
narrow distribution of nanoparticles was found to provide the 
best adhesion between the particles. However, the affinity of 
the drop-casted particle layers to the glass substrate was insuf-
ficient, and the layer exfoliated from the substrate surface. 
In  contrast, a broader size distribution containing both nano- 
and microparticles provided much better adhesion between the 
particles and to the glass substrate. The sensors provide fast 
and reproducible results with very low hysteresis, which serves 
as a proof of concept that stabilized PSi particles are well suited 
for the production of printed sensors. Later, the same group 
applied a roll-to-roll compatible fabrication processes to produce 
real-time humidity sensing elements on a flexible paper sub-
strate using spray-coating of TCPSi particles on flexographically 
printed interdigitated silver electrodes (Figure 15).[158]

7.3. Battery and Supercapacitor Applications

Due to the recent interest in the potential use of Si in the 
electrodes of lithium-ion batteries and in supercapacitors,[159] 
PSi has also gained some attention related to these applica-
tion.[84,160] One interesting applications is to use TCPSi in 
electrochemical supercapacitors.[48] In a recent paper, Oakes 
et al. demonstrated that thermal carbonization in a hydrogen-
containing atmosphere is a universal route for transforming PSi  
into stable electrodes for electrochemical devices through the 
growth of an ultrathin, conformal graphene coating on the sur-
face. This graphene coating simultaneously passivates surface 
charge traps and provides an ideal electrode–electrolyte electro-
chemical interface. This leads up to a 40-fold improvement in 
energy density, and a two-time wider electrochemical window 
compared to an identically structured unpassivated PSi. 
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Figure 14.  a) Incremental volume versus pore width of AAPSi (a), after 
electrochemical oxidation (b), and after pyridine-assisted liquid oxidation
of AAPSi (c). b) Incremental volume versus pore width of TCPSi (a), after 
vapor (b), and after pyridine-assisted liquid oxidation (c). Reproduced 
with permission.[156] Copyright 2008, Elsevier.

Figure 15.  Flexible humidity sensing element on paper utilizing a spray-
coated PSi layer on flexographically printed silver electrodes. Reproduced 
under the terms of the CC BY 3.0 licence.[158] Copyright 2015, The Authors, 
published by Hindawi.
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The authors also stated that TCPSi with a graphene coating is 
a promising new platform for grid scale and integrated electro-
chemical energy storage with excellent electrochemical and cor-
rosion stability.[47] This is an ideal example for combining two 
intensively studied electrode materials, Si and graphene,[161] 
into the same application.

Gardner et al. have also studied an electrochemical superca-
pacitor based on TCPSi, considering integrated on-chip energy 
storage applications, and found that the TCPSi provided a stable 
capacitance over 1000 cycles. On the other hand, Westover et al. 
demonstrated the operation of a graphene-passivated on-chip 
PSi material as a high-rate lithium battery anode with over a 
50× power density, and 100× energy density improvement 
compared to identically prepared on-chip supercapacitors.[162] 
In  addition, the graphene-passivated PSi showed a cycling  
performance of over 10  000 cycles with a capacity above 
0.1 mA h cm−2 without any notable fade in capacity.

The same group has also demonstrated many interesting 
applications of the graphene-coated PSi, such as an all-silicon 
electrode photocapacitor for integrated energy storage and con-
version (Figure 16),[163] and a load-bearing solid-state superca-
pacitor application.[164] Other related innovations include the 
use of PSi as a sacrificial material for producing a new class 
of functional mesoporous carbons optimized for the dual 
chemical and physical confinement of soluble polysulfides in 
lithium–sulfur battery cathodes[165] and the use PSi as a catalyst 
for graphene growth.[166]

7.4. Other Applications

One of the simplest exploitations of TCPSi was introduced in 
2010 by Fang et al.[167] They used rapid thermal carbonization to 
precisely tune the pore size of ultrathin porous nanocrystalline 
silicon. Hydraulic permeability studies showed that carbon-
ized membranes follow theoretical predictions for water trans-
port and retain the nanoparticle separation capabilities of the 
untreated ultrathin membrane. They also showed that TCPSi 
membranes have the potential to be used in protein sieving and 
molecular separation applications.

Recently, Pavlikov et al. observed that SiC nanowire struc-
tures of 40–50 nm in diameter were produced by the high-
temperature carbonization of macroporous silicon and Si 
nanowires using hydrogen as a carrier gas (Figure 17).[168] The 
X-ray structural and Raman data suggest that the cubic 3C-SiC 
polytype is dominant in the nanowires. They also observed 
a broad Reststrahlen band in the region of 800–900  cm−1 in 
an infrared reflectance spectrum, which is indicative for the 
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Figure 16.  Schematic of an all silicon electrode photocapacitor for integrated energy storage and conversion. Reproduced with permission.[163] 
Copyright 2015, American Chemical Society.

Figure 17.  a,b) SEM images of the surfaces of macroporous silicon 
before (a) and after (b) high-temperature carbonization. Reproduced with 
permission.[168] Copyright 2017, Springer.
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formation of SiC structures. This simple and straightforward 
method to produce 3C-SiC-type nanowires may be very inter-
esting for different kinds of microelectronic, photonic, and gas 
sensing applications, especially considering very low turn-on 
and threshold fields for electron emission, which have been 
observed in SiC nanowires.[169]

Stable PSi may have also some applications in the field of 
bioreactors,[170] or for increasing biological metabolization 
processes and producing new, more active metabolites.[171] 
Another potential field of applications is radioimaging,[172] dual 
imaging,[173] or a sophisticated pretargeting approach in which 
bioorthogonal chemical reactions take place in a living biolog-
ical system without interfering with or being interfered by any 
of the system’s native biochemical processes.[96]

8. Conclusions and Future Aspects

The thermal carbonization of PSi has slowly gained atten-
tion in different fields of PSi research. Superb chemical sta-
bility, significantly enhanced electrical conductivity, and minor 
effects on the optical properties of the initial PSi are beneficial 
improvements for many applications. Even though most of 
the recent publications have involved applications, there have 
been some improvements in the initial thermal carbonization 
process too.

Due to their advantages, TCPSi and THCPSi have been 
increasingly used in many new emerging areas such as in drug 
delivery and energy storage applications. Unfortunately, the ter-
minology related to thermal carbonization varies a lot depending 
on the research group, so any kind of literature survey on the 
topic would lead to a limited result on the subject. Nevertheless, 
as illustrated in Figure 1 b, it can be seen that new areas, where 
chemical stability is needed, are emerging in PSi research. Thus, 
it is easy to predict that the thermal carbonization of PSi will 
be used increasingly in the future. However, it is almost impos-
sible to predict what would be the new emerging field in PSi 
research. But, if any kind of stability is desired in those fields, 
thermal carbonization will surely be one of the best candidates 
to obtain suitable and appropriate material for them.

Nevertheless, there are still challenges concerning TCPSi, 
e.g., the carbonization process and even the stability itself has to 
be improved. Also, the precise characterization of THCPSi and 
TCPSi, and their functionalization chemistries, is challenging 
and some novel characterization tools should be tested in order 
to find fast and accurate ways for providing unambiguous iden-
tification. For example, the precise chemistry of the thermal 
addition of alkenes on THCPSi is still unclear, although it has 
been used in dozens of articles already.

The thermal carbonization of nanoparticles is also rather 
problematic. The need for a relatively fast gas flow during the 
process in itself is challenging, but another problem is sintering 
of the nanoparticles. These problems may be solved by using 
a fluidized bed-reactor-type system. Even then, there would be 
some technical problems to solve, e.g., how to heat the reactor 
fast enough and how to achieve a uniform temperature profile 
throughout the process.

Finally, we can still improve the properties or stability of 
THCPSi and TCPSi somehow. The most obvious way to do 

that is to deposit something stable on the surface, but again, 
the pore structure will be the critical issue. The atomic layer 
deposition (ALD) technique has improved considerably in 
recent years and it has been used previously to deposit different 
materials into PSi. However, PSi has only a limited aspect ratio, 
which restricts the depth of the effective thickness of deposition 
that can be obtained. Still, ALD could the best method for intro-
ducing further improvements in TCPSi.
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