N

N
N

HAL

open science

SiGe derivatization by spontaneous reduction of aryl
diazonium salts

Aurélie Girard, Florence Geneste, Nathalie . Coulon, Christophe Cardinaud,
Tayeb Mohammed-Brahim

» To cite this version:

Aurélie Girard, Florence Geneste, Nathalie .
Brahim. SiGe derivatization by spontaneous reduction of aryl diazonium salts.

Coulon, Christophe Cardinaud, Tayeb Mohammed-
Applied Surface

Science, 2013, 282, pp.146-155. 10.1016/j.apsusc.2013.05.091 . hal-00860238

HAL Id: hal-00860238
https://univ-rennes.hal.science/hal-00860238
Submitted on 10 Sep 2013

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://univ-rennes.hal.science/hal-00860238
https://hal.archives-ouvertes.fr

SiGe derivatization by spontaneous reduction of aryl diazonium salts

A. Girard?, F. Geneste®, N. Coulon?, C. Cardinaud®, T. Mohammed-Brahim?

“UMR-CNRS 6164, IETR, Université de Rennes 1, Campus de Beaulieu, 35042 Rennes cedex, France
PUMR-CNRS 6226, Institut des Sciences Chimiques de Rennes, Equipe MaCSE, Université de Rennes 1, Campus de Beaulieu, 35042 Rennes
cedex, France
CUMR-CNRS 6502 Institut des matériaux Jean Rouxel Université de Nantes, 2 rue de la Houssiniére, BP32229, F-44322 Nantes cedex3, France

Abstract

Germanium semiconductors have interesting properties for FET-based biosensor applications since they possess high surface rough-
ness allowing the immobilization of a high amount of receptors on a small surface area. Since SiGe combined low cost of Si and
intrinsic properties of Ge with high mobility carriers, we focused the study on this particularly interesting material. The comparison
of the efficiency of a functionalization process involving the spontaneous reduction of diazonium salts is studied on Si(100), SiGe
and Ge semiconductors. XPS analysis of the functionalized surfaces reveals the presence of a covalent grafted layer on all the
substrates that was confirmed by AFM. Interestingly, the modified Ge derivatives have still higher surface roughness after deriva-
tization. To support the estimated thickness by XPS, a step measurement of the organic layers is done by AFM or by profilometer
technique after a O, plasma etching of the functionalized layer. This original method is well-adapted to measure the thickness
of thin organic films on rough substrates such as germanium. The analyses show a higher chemical grafting on SiGe substrates
compared with Si and Ge semiconductors.
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1. Introduction

Microelectronic devices like field effect transistors are of considerable interest for chemical and biological detec-
tion due to their miniaturization and low cost production [1, 2, 3, 4]. The selectivity of this type of sensor is directly
linked to the sensitive surface that interacts with the analyte or the biomolecular material. Indeed, the introduction of a
selective layer to semiconductor based transducers, which are able to evaluate the electrical changes induced by target
species binds to the immobilized recognition receptors, makes possible the electrical detection of species of interest.
Due to the importance of this sensitive layer, many efforts have been made to achieve stable and well-controlled func-
tionalization of semiconductors.

One of the most studied materials is silicon-composed surfaces. Indeed, they are used in many well-known micro-
fabrication methods and their deposition processes are well-controlled. Among all the procedures that have been
developed to functionalize silicon surfaces [5, 6, 7], electrografting of arenediazonium salts is a well-known method
to prepare phenyl layers on H-terminated planar Si surfaces [8, 9]. Advantageously, this efficient and fast grafting
process performed in reduction is compatible with easily oxidative substrates and leads to a strong covalent bond
between a wide range of functionalized molecules and surfaces. The reduction of diazonium salts can be performed
electrochemically, in the presence of exogenous reductant species [10, 11] or even spontaneously [12]. Monolayers
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or thin films are usually obtained in well-controlled conditions [13, 14, 15, 16, 17]. The aryl diazonium salts can be
prepared in situ from the aniline derivative during the grafting process, simplifying the synthesis of the starting mate-
rial. Thus, the immobilized aryl compound can serve as anchoring sites for molecules like biological species or may
be terminated with a variety of end groups that respond to different biological or chemical stimuli [18, 19, 20, 21].
Spontaneous grafting from aryl diazonium salts is highly advantageous, because it is easy to set up and the function-
alization occurs only on conducting area. Therefore, the species to detect are localized on the sensitive part of the
sensor, facilitating the processing for analysis with microelectronic devices [22].

Another important parameter in the field of sensing is the surface area of the sensitive layer; the higher sensitive

surface area we have, the higher density of binding sites we get. Since, the sensitive surface is limited by the sensor
design, a good way to improve the surface area would be to increase its roughness. An interesting semiconductor that
has not been fully exploited for sensor applications is germanium derivatives. Indeed, as silicon surfaces, it has a well-
controlled conductivity (doping process), the crystal growth technique is well-established and Ge-based materials are
compatible with Si technology. The absence of a stable germanium oxide, previously seen as a major drawback for
germanium device fabrication, can now be circumvented using new insulating materials such as high-k dielectrics
[23]. Thus, the very high lattice mobility of both electrons and holes in the germanium substrate, providing higher
drive current and smaller gate delay for transistor devices, in addition with a high roughness of its surface (fifty times
higher than those of silicon) made it a material of choice for sensing applications. Although many methods have
been used to functionalize Ge surfaces and especially nanowires [24, 25, 26], only a few and recent articles deal with
the reduction of diazonium salts [27, 28]. Spontaneous grafting has been reported for the first time on germanium
nanowires [27]. The reaction was reported to be slow at room temperature, but proceeded efficiently with moderate
heating. Bulk Ge surfaces have presented better reactivity, since surface modification occurred at room temperature
[28]. In these conditions, a mechanism has been proposed involving the spontaneous reduction of diazonium salts by
Ge, producing aryl radicals that graft on the surface.
SiGe was chosen in this work since it possesses the intrinsic properties of Ge (high surface roughness, high mobility of
both electrons and holes, high frequency performance and low band gap), it is composed of a thin Ge layer, reducing
the problems of cost and limited availability of Ge and its use in microelectronic process is even closer to that of
silicon than Ge. We report the derivatization of SiGe by spontaneous grafting of diazonium salts. A comparison of
the efficiency of the grafting process on Si(100), SiGe and Ge semiconductors was performed by using XPS and AFM
analyses. The efficiency of the grafting process depends on the nature of the semiconductor, as evidenced by film
thickness measurements. An answer to the difference of activity is proposed from this study. Another outcome of this
analysis is the possibility to measure the organic layer thickness on a wide range of materials with various surface
roughnesses.

2. Chemicals

2.1. Reagents

4-carboxymethyl-benzenediazonium salts were prepared according to literature and stored under argon in a freezer
[29]. All solvents were HPLC grade. Ultrapure water (18.2 Mw, Millipore Simplicity) was used for the grafting
procedure.

2.2. Preparation of the modified surfaces

All manipulations were carried out under argon on a Schlenk line with standard airless techniques. A 2% hy-
drofluoric acid solution was cannulated into a reactor cell containing the surfaces under argon to remove the native Ge
and Si oxide. After 2 min of immersion, the HF solution was eliminated and the surfaces were washed with ultrapure
and deoxygenated water. A solution containing 100 mg of 4-carboxymethyl-benzenediazonium salts in 50 mL of
anhydrous deoxygenated acetonitrile was cannulated into the reactor cell. After 1h, the surfaces were washed in six
successive baths of acetonitrile of 10 min each. It is worth noting that the grafted layer was still observed in XPS
when the samples were sonicated 3 times in acetonitrile for 5 min. Before analyses, the samples were stored under
argon in a fridge.



Layer types T°C SiH, GeH, B,H; Postbake T°C
(sccm) (sccm)  (sccm)

Heavily P-type polycrystalline SiGe 500 50 50 40 600

Heavily P-type polycrystalline Ge 500 - 50 40 600

Table 1. LPCVD parameters.

2.3. Substrates

In this work, two types of materials composed of germanium and silicon were studied. As a reference, we add
a silicon monocristal wafer, oriented 100, which is a microelectronic grade material (high purity) with well-known
properties. This phosphorous-doped (1-10 ohm/cm) n-type Si has a thickness of 280 um. It was purchased from B T
Electronics.

The materials composed with germanium are deposited in the IETR laboratory on glass substrates. First, on
this Corning Eagle glass substrates, a 250 nm buffer oxide layer was deposited by APCVD (Atmospheric Pressure
Chemical Vapor Deposition) technique at the temperature of 420°C with SiH,—N,—0O, gas mixture. This oxide layer
acts as a diffusion barrier in order to avoid the possible contamination of the layers by impurities in the substrate.

Before Ge or SiGe deposition (400 nm), we made a thin layer of Si (10 nm) which is necessary for adhesion.
Then, the films composed with germanium were amorphously deposited at 500°C with a total deposition pressure of
90 Pa using a hot wall LPCVD (Low Pressure Chemical Vapor Deposition) reactor. Boron (1000 ppm B,H, diluted
in hydrogen) in situ doped germanium and polysilicon-germanium films are deposited with the same conditions using
a mixture of silane and germane diluted in hydrogen (20% GeH,,H,) as precursor gas and diborane as a doping gas.
A 50 sccm flow rate of pure silane, SiH,, is injected in the front of the reactor with a 50 sccm flow rate of the mixture
of 20% of germane.

Doping concentration measured by secondary mass spectroscopy (SIMS) is 5.10'° atom/cm?. After depositing
each layer, a solid phase crystallization (SPC) process for 12h at 600°C under vacuum was carried out. All the
conditions are summarized in Table 1.

The functionalized surfaces were analyzed using Atomic Force Microscopy (AFM), Scanning Electron Microscopy
(SEM), profilometry and X-Ray Photoelectron Spectroscopy (XPS). The average film thicknesses obtained from AFM
profiling and profilometer scans were calculated from ten line measurements.

2.4. Instrumentation

24.1. AFM

The Atomic Force Microscopy (AFM) images were obtained in air, operating in tapping mode, using a Veeco AFM
diCaliber High Value Scanning Probe Microscope with a standard antimony doped silicon tip which is a cantilever
with a resonant frequency of 300 kHz. All the images were recorded with a 512 points per line resolution at a scan rate
of 1Hz. Tapping mode was used to determine all the changes at the surface of our substrates caused by the grafting
modification.

2.5. SEM

The SEM micrographs were obtained with a Jeol 6301F (9 kV) microscope. A scanning electron microscopy may
be used not only to observe a surface image but also to provide a fine electron beam for charging an isolator surface
simultaneously [30, 31].

2.5.1. Contact profilometry
The film thickness was measured by means of a stylus profilometer (KLLA Tencor P6 Profiler), equipped with a
diamond stylus (radius 2 um), by applying a force of 2 mg.
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Figure 1. Derivatization of microconductors surfaces by spontaneous reduction of diazonium salts.

2.5.2. XPS

X-Ray photoelectron spectroscopy (XPS) has been carried out with a Kratos Axis Ultra HSA spectrometer using
a monochromatic Al Ka excitation (1486.6 eV), with magnetic confinement charge neutralization, which is very
effective in minimizing both uniform charging and differential charging on this large-band-gap semiconductor. The
hybrid lens magnification mode was used with the slot aperture resulting in an analyzed area of 700 per 300 um?.
Charge stabilization was achieved by using the Kratos Axis device. The pass energy was set at 20 eV for the detailed
scans. In these conditions, the energy resolution gives a full width at half maximum (FWHM) of the Ag 3d5/2 peak of
about 0.55 eV. Wide scans were recorded with a step size of 0.5 eV and a pass energy of 80 eV, for narrow scans the
corresponding parameters were 0.1 and 20 eV, respectively. The photoelectron take-off angle was 90° with respect to
the sample plane, which provides an integrated sampling depth of approximately 15 nm for XPS.

Normal XPS analysis provides information on the nature of the chemical bonds of samples through the determi-
nation of core-level binding energies. The data were collected at room temperature, and the operating pressure in the
analysis chamber was always below 10~ Torr. Peak positions were referenced to aliphatic carbon (C—C/C—H 1s peak)
at 285.0 eV [8, 32, 33]. Data treatment and peak fitting procedures were performed using Casa XPS software (version
2.3.16) and Kratos data base of relative sensitivity factors. Deconvolution of spectra into Gaussian-Lorentzian peaks
(G/L=30), was also done using Casa XPS software, with peak area and width as free fitting parameters. A Shirley
function was used to model the background. Peak assignments were made based on comparing the binding energies
with reports in the literature for similar molecular species.

3. Results

3.1. Grafting from diazonium salt solution

A pretreatment of Si and Ge surfaces in 2% HF was first necessary to achieve hydride termination. After washing,
the surfaces were immersed into a solution of 4-carboxymethyl-benzenediazonium salts in acetonitrile for 1h, leading
to spontaneous grafting of the aryl species to silicon and germanium surfaces (Figure 1) [34].

4-carboxymethyl-benzenediazonium salts were chosen since their carboxylic acid function can serve as an anchor-
ing point for other compounds. A preliminary study on silicon surfaces with AFM analyses and SEM images led us
to consider 1h of immersion for the grafting process as the best conditions to obtain a uniform film. Indeed, beyond
2h, clusters appear on the surfaces and indicate a non-uniformity of the grafted film.

3.2. Roughness study

Surface roughness is a current factor to check the presence of a molecular layer on the surface. Indeed, the organic
film growth can modify the substrate roughness. The RMS roughness of unmodified and modified silicon, silicon-
germanium and germanium surfaces was obtained from a measurement on 50 by 50 um images, in tapping mode
AFM (Table 2).

The increase of the roughness was observed on all the substrates, showing the effectiveness of the grafting process.
Further characterizations were then performed by XPS, AFM and SEM.
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Substrates Roughness before  Roughness after
Silicon (100) 0.3 nm 1.1 nm

Heavily P-type polycrystalline SiGe 15.0 nm 17.6 nm
Heavily P-type polycrystalline Ge 14.6 nm 24.1 nm

Table 2. RMS roughness of samples before and after grafting.

Substrates Thickness of grafted diazonium layer
Silicon (100) 2.6 nm
Heavily P-type polycrystalline SiGe 4.2 nm
Heavily P-type polycrystalline Ge 3.2 nm

Table 3. Thickness of the grafted layer deduced from the attenuation of the signal.

3.3. XPS characterization

XPS measurements performed on the materials after immersion in the diazonium salt solutions reveal clearly that
grafting occurs: all the spectra show photoelectron peaks characteristic of the diazonium salt used. Figure 2 shows an
example of wide-scan XPS for the unmodified and modified surface.

A Cls peak was observed in the spectra of Si, SiGe and Ge surfaces. This may be due to pollution by oil vapor
pumping LPCVD system or atmospheric contamination. The presence of oxygen was also observed, probably due to
the reoxidation of the substrate before XPS analysis.

The presence of grafted aryl species was evidenced with XPS by analyzing C1s, Si2p and Ge3d core level. Figure
3 shows the XPS spectra of Cls (Figure 3a), Si2p (Figure 3b) and Ge3d (Figure 3c) core levels for SiGe samples with
and without functionalization.

Grafting clearly leads to an increase of the Cls and Ols peaks centered at 285.0 and 532.4 eV respectively. We
notice that photoelectron peaks characteristic of the substrates (Si2p, Ge3d) are attenuated but still visible after the
organic layer has been grafted. This result indicates either the formation of a organic layer onto the substrate with a
thickness thinner than the depth analyzed by the XPS technique. This is consistent with the calculation of the grafted
layer thickness (Table 3) which is less than the depth of analysis. In the case of a polycrystalline silicon-germanium
and germanium layer, the thickness of the grafted layer is about 4.2 nm and 3.2 nm, respectively, against 2.6 nm for
monocrystalline silicon (100) (Table 3).

The decrease of Ge3d peak indicates that Ge is depleted near at the surface and a Si-rich layer is generated. The
depletion of Ge near the surface layer is caused by surface Ge dissolving into the HF-acid solutions. The phenomenon
of dissolution of Ge atoms during the HF acid treatment and the depletion of Ge layers on the surface has already
been demonstrated [27, 39].

The high resolution Cls spectra of the polycrystalline silicon-germanium and the modified sample are shown in
Figure 4. Deconvolution of spectra and peak assignments are made taking into account the data of literature for similar
molecular species (Table 4). C1s spectra of the polycrystalline silicon-germanium (Figure 4a) can be decomposed into
three features: one located at 284.8 eV assigned to C—C bonds, one at 286.7 eV assigned to C—O bonds and the last at
288.7 eV assigned to C=0 bonds. With respect to the functionalized surface, the C peak at 284.8 eV characterized by
C—C bonds increases significantly as a phenyl layer was grafted on the surface (Figure 4b). The intensity of the peak
at 286.7 eV which is obviously attributed to the C—O bonds increased after grafting. Besides, we observe the increase
of the peak located at 289.0 eV. This can be attributed to the functional group COOH [40, 41]. Interestingly, a new
carbon peak appears at 283.1 eV in the spectrum of the modified sample which corresponds to a carbide link [42].
This small Cls signal is, however, really important as it was interpreted for many times in the literature as an evidence
of the covalent metal-carbon bond between the metal surface and phenyl group grafted through the diazonium route
[8, 43]. The peak found at around 283 eV was reported for the first time to be a direct proof for the existence of a
covalent bond between an aryl group and the iron substrate [44].

The presence of carbide covalent bonds is also highlighted on the Si2p spectra with a component at 100.6 eV [51]
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Element Assignment Binding Energy  References
(Photo electron core level) (eV)
Ge (Ge 3d) Ge-Ge 30.0
Ge-C 35.6
Ge-H-C 36.4 [27, 39, 42, 45, 46, 47, 48]
GeO,C, 32.1
Ge-O(Ge* ") Shift of 0.85 eV
C (Cls) C-Si 283.4 - 284.6
C-C/ C—H aromatic 284.5
C—-C / C—H aliphatic 284.8 - 285.1 [12,27,42, 44, 49]
CH,-COOH(B-COOH) 285.1 - 285.6 [8, 40, 50, 51]
C-0 286 - 286.8 [37,52]
0=C-0 287.0 - 288.0
—-COOH 289.0 - 290.5
Si (Si2p) Si—Si 99 -99.6
Si-C 100.5 - 101
SiOCy 101.3-102.4 [35, 39, 46]
SiO, 102.7
Sio, 103.5 - 103.7
O (Ols) C=0 531.0-532.2
Si—O-Si 531.4-531.7
O-H 530.8 - 532.0 [42, 44, 46, 52, 53]
GeO, 531.6
Sio, 532.3
C-0-C 532.3

Table 4. Summarizes the different binding energies and chemical bond assignments used in the decomposition spectra.
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Figure 4. Deconvolution of Cls core level spectra obtained with AlKa excitation. (a) Cls spectra of the polycrystalline SiGe surface and (b) Cls
spectra of the surface with an aryl diazonium salts-modified layer. A fit deconvolution into four different carbon binding states is shown.

in the deconvolution (Figure 5a). No carbide type bonds Ge-C is observed in the deconvolution of the Ge3d spectrum.
However, a new peak is highlighted at 32.2 ¢V which can be attributed to GeO,C, (Figure 5b).

It seems that the surface roughness favors grafting. Diazonium salts seem to be grafted more easily on polySi than
Ge substrate. A similar study is made of polycrystalline Ge. The peak Ge can be decomposed into three features:
the Ge 3d doublet located at 29.4 and 29.9 eV assigned to Ge—Ge bonds, one at 31.7 eV assigned to Ge—H or GeO,
bonds and the last at 33.2 eV assigned to Ge—O bonds. After grafting, a new component appears at 32.2 eV which
can be attributed to the GeO,C, bonds. The observed oxygen peak can be attributed to a partial deoxidation by HF
solution or to a reoxidation of the part of the substrate which have not reacted with the aryl diazonium salts [28, 47].

In addition to identifying elements present, XPS allows one to perform quantitative analysis. The surface compo-
sition was determined using the manufacturer’s sensitivity factors. The fractional concentration of a particular element
A (% A) was computed using:

1
%A = (IA/SA) * 100% (1)
n

where In and Sn are the integrated peak areas and the sensitivity factors, respectively. The formula is correct
for homogeneous samples only and was used for rapid comparison of different samples. Information on elemental
composition of the samples are summarized in Table 5. The presence of Si signal on Ge surfaces could be due to the

thin Si adhesion layer and to the afterglow of the deposition reactor.
Considering that a homogeneous layer is formed, the attenuation of the Si2p photoelectron signal through the top
layer yields insights into the molecular films thickness (z). This thickness (nm) could be estimated by the standard

overlayer model [35].

I, = [T exp(—z/As.cosa) = I exp(—z/ As.sinb) )

Where Is is the intensity of the attenuated Si2p signal, I{° is the Si2p signal coming from the Si sample without
any overlayer, A; (nm) is the photoelectron mean free path of the substrate-specific photoelectrons in the analyzed
material, a is the photoelectron emission angle with respect to the detector axis and 6 is the analysis takeoff angle

relative to the surface.
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Substrates C (at%) Si(at%) Ge (at%)
Silicon (100) substrate 42.8 35.1
modified surface  44.8 29.0
Heavily P-type polycrystalline SiGe  substrate 34.5 18.7 17.8
modified surface 50.9 19.8 5.6
Heavily P-type polycrystalline Ge substrate 34.0 3.1 33.9
modified surface 42.7 16.0 13.7

Table 5. Results of XPS elemental analysis in at%.
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Figure 6. SEM image of different etching conditions on SiGe grafted surface and conditions for plasma O, on SiGe grafted surface by zone.

The electron attenuation length for Si was obtained from Henry de Villeneuve et al. [36], where the A, value was
equal to 4 + 0.5 nm [37, 38]. The thickness of the grafted layer was calculated for the different substrates (Table 3).

For each type of sample, we used the attenuation of the substrate signal to estimate the grafted layer thickness.
This means that for different samples (Si, SiGe and Ge), we analyzed the response of the unmodified substrate and
of the substrate with grafted layer. So, we used the attenuation of Si2p (in Si-Si component at 99.6 eV) and Ge3d
photoelectron signal.

3.4. Thickness Study

3.4.1. Remove of the organic layer by plasma

To confirm the thickness estimations by XPS, the grafted surfaces were post-exposed to an oxygen plasma to
etch the organic layer added by the grafting protocol and to measure its thickness by AFM. This etching technique
is well-known in microelectronics to remove organic layers without damaging the substrate [54, 55, 56, 57]. Before
measurements, SEM images were realized on functionalized SiGe surfaces (Figure 6) to find the best conditions to
remove all the organic layer. Indeed, SEM image contrast differs according to the thickness of the organic layer on
the silicon semiconductor.

At the scale of SEM, the grafted layer appears homogenous and uniform on all the SiGe surface. After the first
100W plasma (zone 3), the surface appearance of the zones 3, 4 and 5 seems to be similar. Thus, an increase in
plasma etching time does not significantly modify the surfaces. This indicates that the organic layer is totally etched
after 10 min of 100W plasma treatment. After a 30W plasma during 10 + 10 min (zone 6), the grafted layer is still
visible. SEM images acquired at 50000x magnification show that the space between grains boundaries increases
corresponding to a drop of the covering, but not as zone 3 (Figure 7).
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Figure 7. SEM images of SiGe grafted surface: (a) before etching in zone 2, (b) after 10+10 min 30W O, plasma etching in zone 6 and (c) after 10
min 100W O, plasma etching in zone 3.

Substrates Step measurement”
Silicon (100) 1.9nm? +0.2
Heavily P-type polycrystalline SiGe 3.5nm‘ + 0.4
Heavily P-type polycrystalline Ge 2.8 nm° + 0.3

4 uncertainties are based on 10 reproducibility measurements, » AFM and © profilometer

Table 6. Thickness of the grafted layer deduced from the step measurement obtained by plasma etching.

Non-grafted surfaces of Si and SiGe were exposed to an oxygen plasma (20sccm, 100W during 10 min). The O,
plasma treatment did not etch the substrate surface. Indeed, the Si2p doublet decomposition results, by XPS, show no
broadening of FWHM Si2p3/2.

Thus a 100W plasma treatment was used in the following experiments to remove the organic layers.

3.4.2. Thickness measurements

Imaging tools like AFM and profilometer can be used to produce high-resolution topographic images. In order to
measure the thickness of the functionalization layer, the film is totally etched by a 100W oxygen plasma. A part of
the sample was mechanically masked with a cleaved silicon wafer. In AFM, we clearly observed a step corresponding
to the transition between the grafting layer and the cleaned substrate (Figure 8) .

The thickness measurement of the step on the SiGe and Ge is difficult to realize by AFM due to the roughness of
the surface. However, it can be easily estimated on the Si substrate as observed in Figure 9. As the roughness is to
high to allow the determination of the thickness by AFM, for Ge-composed surfaces we tried to do the measurement
with a profilometer. This technique can be used here because the etching was performed on a large surface area. As
observed in Figure 10, the step was well defined and easily measured.

All the thicknesses measured by AFM or profilometer are given in Table 6. They represent an average on ten line
measurements. The long step allows to multiply the number of measurements if it is necessary.

3.4.3. Discussion

The effectiveness of the spontaneous grafting of diazonium salts on surfaces composed with germanium was
clearly evidenced by XPS analyses with an increase of the Cls and Ols components and an attenuation of the peaks
characteristic of the substrate. Since the organic layer can withstand sonication in acetonitrile and C-Si and C-Ge
bonds have been clearly highlighted by XPS after grafting, covalent immobilization of the aryl compound is obvious.
AFM and SEM images show the presence of homogenous layers on the surface. Thus, spontaneous grafting with
diazonium salts can be achieved on SiGe and Ge surfaces. Thickness measurements indicate that the grafting process
is even more efficient on Ge derivatives than on Si(100) surfaces. This behavior is in accordance with literature
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Figure 10. SiGe step measurement by profilometer.

[28] since a maximum of derivatization has been observed for only 15 min of reaction at room temperature on Ge.
However, it is different than Ge nanowires that require increased temperature to be modified [27]. It is worth noting
that for SiGe and Ge, XPS analyses reveal the decrease of the Ge signal after HF treatment and the presence of Si—C
and Ge—C bonds on modified surfaces. Thus, the attachment of aryl compounds not only takes place on Ge but also
on the polySi surface. Since this type of semiconductor is known to be highly reactive towards spontaneous reduction
of diazonium salts [58], it can help the reaction to occur and increase the reactivity of the surface. Despite the decrease
of Ge, the roughness was maintained after derivatization. It is an advantage since it should increase the amount of
grafting binding sites and so amplify the electrical signal of sensors. Although this study only deals with spontaneous
grafting process, it is interesting to note that all the substrates are doped and can also be used as electrodes, making
possible an electrochemical grafting by cathodic reduction of diazonium salts. This would be specially interesting for
applications requiring electrically addressable functionalization of surfaces [59].

An original method combining an O, plasma etching with AFM/profilometer step measurements was used here to
estimate the thickness of the organic layer. A correlation with XPS analyses was performed to check the validity of
the method. The values for all the substrates were 10-30 % lower than those estimated by XPS (Table 3). However,
the proportions between the thicknesses of the three different substrates were relatively well maintained. A such
difference is not surprising; indeed XPS gives a mean of the thickness on all the surface area analysis, whereas the
combination of plasma and AFM/profilometer is a punctual measurement. Moreover, the values are not so far away
from those of XPS, since the error was estimated to be 0.5 nm.

AFM topography imaging is usually used to measure the step edges of organic layer, by manually scratching or
by scratching the functionalized surface with the AFM tip in contact mode by applying force [60, 15]. Thus, the
AFM scratching describes intentional damage to an additional layer on a substrate. If the applied force is sufficient to
remove the entire organic layer but without damaging substrate, it is possible to carve a square trench in the organic
layer.

The challenge is to scratch away the functionalization, without adding the high topography features at the edge
of the scratch, which are debris that has built up during the scratch and which would produce an overestimate of the
thickness [14]. Interestingly, a well-controlled oxygen plasma etching does not damage semiconductors substrates, as
demonstrated here by XPS: the Si2p doublet decomposition results show no broadening of FWHM Si2p3/2. Moreover,
by this way, the obtained step can be as long as the studied sample, allowing an easy control of the homogeneity of
the organic film by AFM or SEM imaging. Step height measurements can also be easily averaged on a large surface
area of the sample. Contrary to the scratching technique, the analyze is done on a long step (more than on a 2x2 um
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micrography).

For the thickness measurement approach described here, both AFM and profilometer are complementary. AFM is
used to examine the surfaces with surface roughness lower than 10 nm, whereas profilometer is more adapted to less
smooth samples.

4. Conclusion

This report demonstrates by XPS and AFM the feasibility of a simple approach to functionalize silicon-germanium
surfaces. First with XPS, the presence of covalently grafted aryl species was evidenced by analyzing Carbon, Silicon
and Germanium core level. Then with AFM, the grafting was highlighted by an increase of the RMS roughness of all
the functionalized substrates. Moreover, the grafted thicknesses was measured by an original technique composed of
an O, plasma etching and a step measurement by AFM or profilometer, depending on the roughness of the substrate.
The etched layers can be appreciated also by SEM imaging. All the obtained results gave the same tendencies by XPS
and by step measurement: the layer grafted on SiGe is thicker than on Ge, which is also thicker than on Si.

The depletion of the Ge thin layers during HF treatment, leading to covalent grafting on both Ge and polySi can
explain the high reactivity of SiGe surfaces towards diazonium salts. Stable organic layers, allowing the addition of
different functional groups required for the immobilization of chemical or biological species was thus readily achieved
on SiGe. Since germanium can find applications in many areas such as fiber optics, infrared devices, polymerization
catalysts, electronics and solar electric applications, such an easy and fast grafting procedure would readily find new
applications. At the moment, we are currently studied the transfer of this functionalization technique on an electronic
sensor composed of semiconductors.

The O, plasma etching technique can provide rapid, nondestructive thickness measurements, by AFM and pro-
filometer, for a wide range of semiconductors substrates. This combination of methods is expected to be particularly
useful for thickness measurements of thin organic films, which cannot be evaluated readily by more traditional meth-
ods. Since the etching procedure leads to a step that can be as long as the sample, the homogeneity of the grafting
process can also be easily controlled by this technique.
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