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The spectroscopy of carbon is very important in surface analysis of solids, because its content indicates the grade 
of surface contamination. Adventitious carbon from air ambient is practically present on any solid material and 
the C 1s photoelectron spectrum is often used as a reference for the scale calibration of binding energy. Moreover, 
during the last two decades, new 2D carbon materials have been developed and intensively investigated: graphene, 
fullerenes, nanotubes and nanowalls, quantum dots, etc. Also, the growing applications of amorphous carbon (a-C), 
e.g. diamond-like carbon (DLC), carbon quantum dots (CQDs), etc., require the characterization of these materials.
This short overview is dedicated to the  analysis of new carbon-based materials by widely used surface-sensitive 
techniques: X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES). The combination of 
XPS and AES techniques permits one to investigate the electron hybridization in carbon materials, i.e. to determine 
the ratio of sp2/sp3 configurations, which defines their main mechanical, electrical and optical properties. In addition, 
it was demonstrated that the same experimental approach could be successfully used for the investigation of bulk 
composite materials containing 2D carbon, e.g. graphene or nanotubes.
Keywords: carbon electron hybridization, 2D carbon, XPS, AES

1. Introduction

Carbon is a  chemical element with a  low atomic 
number of 6 and the electron configuration for 
a neutral carbon atom is 1s22s22p2. Therefore, it has 
only six electrons: two in the first orbital 1s, two in 
the second orbital 2s and the last two in the 2p or-
bitals. For this reason, in surface analysis it is pos-
sible to excite only two detectable signals: the pho-
toemission line of C 1s and the Auger line C KLL, 
which is really a convolution of C KVV transitions. 
Due to the surface contamination, both spectra of 
C 1s and C KVV are observed almost on any sample 
investigated by X-ray photoelectron spectroscopy 
(XPS) or Auger electron spectroscopy (AES). Very 
often, the position of C 1s peak is used for the cali-
bration of binding energy (BE) scale in XPS, where-
as from the shape of C KVV spectra it is possible to 
extract the information on the electron hybridiza-
tion states of carbon, because it contains the con-
volution of 1s-2pp-2pp and 1s-2ps-2pp transitions. 
Carbon electrons can be hybridized in fourfold sp3 
(diamond), threefold sp2 (graphite) and even in 
linear sp1 symmetries  [1, 2]. This information is 

very important for still increasing research dedi-
cated to the  investigation and application of new 
2D carbon materials, such as graphene, fullerenes, 
nanotubes and nanowalls, quantum dots, etc. Even 
in amorphous carbon (a-C) and diamond-like car-
bon (DLC), where both types of sp2 and sp3 carbon 
bonds are present: it is their ratio that determines 
the mechanical, electrical and optical properties of 
these materials.

Numerous experimental techniques can be 
used for the  determination of sp2 and sp3 bonds 
in carbon materials: neutron diffraction, nuclear 
magnetic resonance, electron energy loss spectros-
copy (EELS), Raman spectroscopy, transmission 
electron microscopy (TEM), Fourier transform 
infrared spectroscopy, etc. Nevertheless, most of 
them are not surface-sensitive and can modify 
the sample structure, others (e.g. surface-enhanced 
Raman) can yield only indirect information on 
the sp2/sp3 ratio. Therefore, the most suitable tech-
niques for this purpose are the  surface-sensitive 
and non-destructive electron spectroscopies: X-ray 
photoelectron spectroscopy (XPS), Auger electron 
spectroscopy (AES) and EELS.
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XPS is a widely accepted surface analysis tech-
nique [3, 4] for the investigation of carbon spectra 
C 1s and C KVV. In the case of C KVV spectra, it 
is more correct to describe it as XAES (X-ray in-
duced AES). However, when only photoemission 
spectra C 1s are analysed, the final results are based 
on the peak fitting, which strongly depends on its 
parameters: peak values in binding energy (BE), 
shape and full width at half-maximum (FWHM). 
These parameters depend on initial assumptions, 
which can easily lead to ambiguous conclusions 
on carbon allotropes. The most important assump-
tions are the  positions of synthetic peaks of dia-
mond and graphite, i.e. two pure cases of carbon 
sp3 and sp2 hybridization. 

In the  literature, the  experimental BE val-
ue of graphite is more accurate, moving only in 
a range of 284.3–284.7 eV [4–10], and that is eas-
ily explained by the absence of sample charging in 
the semimetal and correct calibration of BE scale 
by using the Fermi edge at BE = 0 eV. Of course, 
for the correct C 1s peak fitting, it is necessary to 
use an asymmetric Doniach–Šunjic function  [9, 
11] characteristic of metals and semimetals. In 
contrast to graphite, a very large uncertainty ex-
ists for diamond: its BE values are scattered be-
tween about 284 eV [12–15] to about 286 eV [13, 
16, 17]. This uncertainty of the  peak position is 
due to the sample charging caused by electrical in-
sulation of diamond, especially if it is an undoped 
one. Anyway, the most important for the correct 
peak fitting are not the  absolute BE values, but 
the  chemical shift between synthetic C  1s peaks 
of graphite and diamond. The  experimental re-
sults and theoretical calculations of this shift are 
changing from negligible values of –0.2  eV  [12, 
18, 5, 7, 15, 19, 20] to relatively high ones, between 
0.7–1.5 eV [16, 21, 22, 6, 17, 23–26]. This scatter-
ing can be explained by the sample charging or by 
the shift between BE values for the diamond sur-
face and bulk [5]. In the majority of experimental 
XPS studies of DLC films, the shift values between 
sp2 and sp3 states are at about 0.5–1 eV [ 4, 6, 11,  
16, 17, 26–41], whereas in some articles, this shift 
is considered to be very small and the separation 
of both peaks is not used at all  [18, 20, 42, 43]. 
Moreover, for any BE values in C 1s peak fitting, 
it is necessary to remember that on the surface of 
a-C or DLC films an aliphatic carbon is always 
present, characterized by BE  =  285.0  eV  [4, 13, 

44]. In conclusion, the calculation of sp2/sp3 ratio, 
based only on C 1s peak fitting, is not a reliable pro-
cedure without any supporting data of other mea-
surements.

Also, the direct photoemission investigation of 
convolved 2ps and 2pp states in the carbon valence 
band (VB) can be implemented by means of XPS 
or ultraviolet photoelectron spectroscopy (UPS) [7, 
11, 12, 15, 18, 20, 29, 33, 45–47]. Anyway, it is quite 
difficult to quantify the sp2 and sp3 configurations 
only from the broad features in VB spectra. In ad-
dition, the photoemission signals in these spectra 
are low in comparison with core level photoemis-
sion and AES.

In AES and XAES techniques, the  C  KVV 
spectrum, composed of 1s-2pp-2pp and 1s-2ps-
2pp transitions, is acquired and analysed. This 
convolution results in a wide signal with a com-
plex structure, which also contains the  informa-
tion about the electronic structure of the carbon 
valence band (2s and 2p orbitals), i.e. the hybridi-
zation of carbon electrons [6, 19, 20, 45, 48–50]. 
It is known that the  detailed analysis of C  KVV 
spectra is easier in the first derivative form, which 
is better representing a fingerprint of carbon elec-
tronic hybridization states  [ 6, 49]. A  simplified 
method of this analysis is based on the measure-
ment of peak-to-peak width (D parameter) and 
applying its linear calibration for the  whole hy-
bridization range from diamond to graphite  [33, 
42]. This approach has been successfully used in 
numerous studies of sp2/sp3 ratio in a-C and DLC 
films [26–28, 40, 41, 43, 51], multiwall carbon na-
notubes  [25, 32, 52] and nanodiamonds  [24, 25, 
48, 53]. Later, the  method of principal compo-
nent analysis has been developed, which enables 
the numerical identification of C 1s, C KVV and 
energy loss signals and the accurate determination 
of sp2/sp3 ratio [ 25, 54, 55]. However, it is based 
on the experimental statistics of voluminous spec-
troscopic data, therefore, not suitable for the rapid 
characterization of carbon materials. 

EELS is one more spectroscopic technique, 
which can be used for the investigation of carbon 
materials. There are two characteristic features of 
carbon electronic configuration in EELS spectra: 
the  π-related peak at the  loss energy of 5–6  eV 
and the  σ+π plasmon at about 23–30  eV  [21]. 
This experimental method is reliable for pure al-
lotropes (diamond or graphite) and amorphous 
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carbon  [12, 18, 56–58], but its sensitivity becomes 
too low in the case of low ratios of sp2/sp3 [11, 21, 22].

In this paper, we present a brief overview of re-
cent experimental studies on carbon materials car-
ried out in our laboratory at ISMN-CNR by using 
combined XPS and AES techniques. Many differ-
ent materials, starting from the reference samples 
(diamond, graphite and graphene) and continuing 
with a-C, DLC and 2D carbon (graphene and its 
oxide, fullerenes, nanotubes and nanowalls, quan-
tum dots), have been investigated for the identifi-
cation of surface chemical composition, including 
carbon allotropes.

2. Experimental techniques

XPS and AES measurements have been carried 
out by using two electron spectrometers: an Es-
calab MkII (VG Scientific Ltd., UK) and an Es-
calab 250 Xi (Thermo Fisher Scientific Ltd., UK). 
The  first one was equipped with a  non-mono-
chromatic Al Kα X-ray source (hυ = 1486.6 eV), 
a LEG200 electron gun and a five-channeltron de-
tection system. The second one was equipped with 
a  monochromatic Al Kα X-ray source, an EX06 
Ar+ ion gun for surface cleaning, a combined sys-
tem of electrostatic/electromagnetic input lens 
and a six-channeltron detector. In both spectrom-
eters, the analysed sample area was about 1 mm 
in diameter and the  photoelectron spectra were 
collected at constant pass energy of 20 or 40 eV, 
whereas Auger spectra excited by X-ray photons 
of electron beam were acquired at 100 eV pass en-
ergy in order to increase the  signal-to-noise ra-
tio. During the measurements, the base pressure 
in the  analysis chamber was about 1  ×  10–8  Pa. 
The  binding energy (BE) scale was calibrated by 
positioning the  reference peak of Au 4f7/2 from 
the sample mask to BE = 84.0 eV. The accuracy of 
the measured BE was ±0.1 eV.

All spectroscopic data were collected and pro-
cessed by the Avantage v.5.9 software (Thermo Fisher 
Scientific Ltd., UK), using a peak-fitting routine with 
the Shirley background and symmetrical Gaussian–
Lorentzian mixture of 70 and 30%, respectively. Ex-
perimental C KVV spectra were smoothed at least 
for 11 times by the moving  average routine with 
a  width of 1.2  eV. Afterwards, those spectra were 
differentiated by using a width of 7 data points for 
the determination of D parameter [60].

Some selected samples have been investigated 
by high-resolution XPS and XAES measurements 
performed at the  ESCA microscopy beamline of 
Elettra synchrotron in Trieste, Italy. All the  spec-
tra of C 1s and C KVV regions were acquired with 
0.2 eV resolution in energy by using a 700 eV pho-
ton beam. The energy scale was calibrated by using 
the  Fermi edge of the  VB spectra. More experi-
mental details on this beamline have been reported 
elsewhere [61].

3. Results and discussion

In the detailed XPS study of numerous reference 
samples of elemental carbon [60, 62], conducted 
without any BE scale correction for sample charg-
ing, it was concluded that the  chemical shift of 
C  1s peak between sp2 and sp3 hybridization 
(graphite and diamond) is negligible (see Fig. 1) 
and the peak fitting procedure can be ambiguous, 
i.e. it depends on the  initial positions of sp2 and 
sp3 components, especially in the  case of a-C or 
DLC samples with an unknown composition and 
some contribution of aliphatic carbon  [4, 62]. 
Therefore, the  previous suppositions  [5, 7, 12, 
15, 18–20] of impossibility to identify the carbon 

Fig. 1. Comparison of C 1s spectra of different carbon 
samples [62].
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hybridization only from the C 1s peak fitting were 
fully confirmed. 

In the  same study, also the  energy losses of 
C  1s photoelectrons were carefully analysed. 
Characteristic losses in the  freshly cleaved sam-
ple of highly oriented pyrolytic graphite (HOPG) 
were identified as π – π* excitation at 6.0 eV and 
the plasmons of s + p valence electrons at 26.1 and 
34.9  eV. In the  monocrystalline diamond, three 
typical losses at 15.8, 24.2 and 34.4  eV were ob-
served, as in Ref. [63]. Of course, these losses en-
able one to identify pure diamond and graphite, 
but their overlapping hinders the  determination 
of sp2/sp3 ratio in other carbon materials.

The correct assessment of sp2/sp3 ratio in other 
carbon materials (a-C, a-C:H, DLC, etc.) is the ac-
quisition of C  KVV spectra (by using XAES or 
AES) and the  determination of their width, i.e. 
the D parameter, which is illustrated in Fig. 2 [60]. 
As it is linearly proportional to the  sp2/sp3 ratio, 
the  determination of carbon hybridization be-
comes quite simple and accurate. The results ob-
tained for a series of various carbon allotropes are 
displayed in Fig. 3 [62]. The plot linearity between 
the samples of pure diamond and graphite is con-
firmed by the experimental point #6 (sp2 = 68%) 
obtained for a  certified sample of a-C with 
sp2  =  66%. When the  same method was applied 
for a series of DLC films, produced by plasma en-
hanced chemical vapour deposition (PECVD), it 
revealed the  influence of deposition parameters 
on the material composition [64].

Afterwards, a particular effect was observed in 
the C KVV spectra of 2D carbon materials. Starting 
with graphene, which is a relatively simple material, 
composed of a single layer of carbon in a hexagonal 
(i.e. graphitic) structure and has a  high electron 
mobility like semimetals or zero gap semicon-
ductors [65], and going on with other 2D carbons 
(nanotubes, quantum dots, etc.), we shall see that 
the same phenomenon is present in all these mate-
rials. Previously, numerous analytical methods have 
been applied for graphene characterization, includ-
ing Raman spectroscopy, atomic force microscopy 
(AFM), low energy electron diffraction (LEED), 
XPS and AES  [23, 66–77]. The usage of AES and 
Raman have been the most informative ones, be-
cause these techniques can identify the  graphene 
structure from characteristic signals  [66–70, 73–
75], determine the number of graphene layers [66, 
68, 70, 73, 74] and obtain the chemical maps of gra-
phene on conductive substrates [67, 73]. 

Our first study of graphene [78] was focused on 
the shape of the Auger C KVV signal and the re-
lated D parameter, beginning with experiments 
using the excitation by electron beam (AES) and X-
ray photons (XAES) for certified commercial sam-
ples, deposited by CVD on Cu and SiO2 substrates, 
and comparing them with the reference samples of 
HOPG and monocrystalline diamond. XPS C  1s 
spectra of both samples, besides the  main asym-
metric graphitic peak at BE = 284.6 eV, contained 
two peaks of low intensity: C–O bonds and surface 
defects at BE  =  286.0  eV and carboxylic O–C=O 

Fig. 2. Derivative of C KLL spectra for graphite (D1) 
and diamond (D2). Reprinted from Ref. [60].

Fig. 3. D parameter versus percentage of sp2 [62].
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bonds at BE ≈ 288 eV [70, 72, 78–80]. The peak ar-
eas of secondary peaks did not exceed 11 and 5%, 
respectively. From the area ratio of C 1s and sub-
strate peaks (Cu 2p or Si 2p), an average thickness 
of graphene films was calculated: about 0.6 and 
1 nm on Cu and Si, respectively. Obviously, those 
values were averaged over the area of XPS analysis 
(diameter ≈ 1 mm) and can be overestimated due 
to the  influence of surface contaminants and gra-
phene ripples.

A big surprise was the  C  KVV spectra of gra-
phene (see Fig. 4), acquired by using XAES. Those 
spectra were very similar to the C KVV spectrum 
of pure diamond [60, 62], especially if we calculate 
the  values of D parameter. In contrast, the  AES 
spectra of graphene were identical to the  ones of 
graphite (HOPG sample), as it was reported in the 
literature [66, 73, 74]. As it was expected, the D val-
ues for graphite (D  =  21.2 and 21.0  eV) and dia-
mond (13.7 and 14.2 eV) were almost independent 
of the excitation source, whereas for graphene, they 
were diamond-like in XAES (D = 14–15 eV) and 
graphitic in AES (D  =  20.4  eV). When the  sam-
ple of graphene on Cu was heated to 400°C, the D 
parameter in XAES was slightly increased to 
D = 15.2 eV and decreased to the value of pure dia-
mond (D = 13.5 eV) when the sample was cooled 
by liquid nitrogen.

As the  ideal graphene has pure sp2 carbon hy-
bridization, it seems logical to expect its C  KVV 
spectrum to be identical to that of graphite. How-
ever, this spectrum is arising from the  convo-

lution of π and π-σ holes in VB, thus in 2D car-
bon, it can be influenced by the  strong screening 
near to the Fermi level [81, 82]. Due to this effect, 
the C KVV spectra of 2D carbon can be different 
from graphite, as it was indicated by theoretical 
calculations [83]. In addition, the similar changes 
have been noticed previously [83, 84] in the experi-
mental C KVV spectra of single wall carbon nano-
tubes (SWCNTs), which are the wrapped sheets of 
graphene. The diamond-like value of D parameter 
in XAES can be very useful for the  experimental 
identification of graphene, and later this method 
has been also used for investigations of graphene 
quantum dots (GQDs) and graphene oxide (GO) 
reduction.

A different shape of the  AES spectra and gra-
phitic values of the  D parameter observed for 
graphene can be explained by a  high intensity of 
the electron beam, which creates a high density of 
scattered electrons on the  sample surface. A  high 
density of free electrons can cancel the 2D effect in 
the proximity of the Fermi level of graphene and re-
sult in the graphitic C KVV spectrum. This suppo-
sition has been confirmed by the XAES spectra of 
graphene irradiated with low energy electrons (50–
120 eV) from the flood gun [78]. Under the flux of 
electrons, the  width of the  C  KVV spectrum was 
increasing together with electron energy and the D 
parameter went up to 15.5 eV, i.e. it was shifted to-
wards the graphitic value. 

Obviously, it is possible to expect some influ-
ence of the  screening near to the  Fermi level to 
the  shape of graphene VB spectra. The  compari-
son of the VB spectra, acquired for graphene and 
graphite (HOPG) by UPS using the  He II source 
of 40.8 eV [78], confirmed the absence of occupied 
states in graphene near to the  Fermi edge (up to 
about BE = 4 eV), whereas in graphite, those states 
were present already at BE = 0 eV (see Fig. 5). This 
difference between the  VB structure of graphite 
and 2D carbon was indicated also in other stud-
ies  [83, 84]. It should be noted that very similar 
effects were also observed in the  spectroscopic 
comparison of monocrystalline and hydrogenated 
diamond samples [78]. While the signal in the VB 
spectrum of pure diamond started only from about 
BE  =  2  eV, in hydrogenated ones, it was increas-
ing already from the Fermi level. The same effect 
of occupied states near the  Fermi edge was also 
observed in the  C  KVV spectra of hydrogenated 

Fig. 4. First derivative of the C KVV spectra of gra-
phene and graphite [78].
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diamonds, where the  D parameter was increased 
up to 20.2 eV, i.e. almost to the graphitic value. 

The experimental method of D parameter (com-
parison of its values in XAES and AES spectra) was 
successfully used for graphene identification in 
the samples grown by CVD on polycrystalline Cu, 
Ni and NiCu substrates [85, 86]. The same technique 
was used also for the  study of thermal GO reduc-
tion [87], where by the combined analysis of D pa-
rameter and C 1s spectra, the successful reduction 
to graphene was demonstrated after annealing in 
the ultrahigh vacuum (UHV) at 600°C, which is il-
lustrated in Fig.  6. The  oxidation of pure graphite 

powder and the  results of the  thermal and hydro-
thermal reduction of produced GO films were later 
studied by XPS and AES in Ref. [89]. The obtained 
results demonstrated that the reduction occurred on 
both the edges and the basal plane of each particle 
when the oxygen functional groups were partly re-
moved. Moreover, the  values of D parameter were 
significantly decreased after reduction, indicating 
that the graphene structure was not fully achieved, 
but a more ordered graphene-like structure was cre-
ated in the films. 

When the  same approach of united XPS and 
AES techniques has been applied for the  detailed 
investigation of chemically unfolded buckminster-
fullerene, the obtained results manifested the dom-
inant presence of graphene-like carbon in the pro-
duced nanoplatelets of GQDs  [89, 90]. Moreover, 
the XPS analysis also permitted the identification 
of the GQDs border interaction with dissolved in 
water metal ions (Hg, Cd, Pb, Cu, Ni and As) that 
were bonded via carboxylic groups.

An interesting phenomenon has been observed 
in the  composites, i.e. in the  bulk materials con-
taining 2D carbon. It was discovered in two types 
of composites: matrix of natural rubber latex with 
graphene platelets and epoxy resin filled with mi-
cro-particles of Ag and graphene or carbon nano-
tubes [91]. In all those composites, the XAES val-
ues of D parameter were diamond-like (12–14 eV), 
whereas the  AES values were completely graphit-
ic (20–22  eV), i.e. the  presence of graphene or  
SWCNTs was reliably identified and also verified 
by TEM images. Due to the segregation of 2D car-
bon on the surface of composites, even a very small 
content was sufficient for its recognition [91]. 

Afterwards, the  same experimental method 
was applied for the  characterization of different 
composite materials with 2D carbon: graphene-
alumina heterostructured films  [92], amorphous 
vinyl alcohol composites  [93] and cementitious 
nanocomposites  [94, 95], whereas a  simplified 
characterization limited to the XPS study of car-
bon bonds (C  1s signal) and the  chemical state 
of other constituent elements was employed for 
the composites with GO [96–98].

4. Conclusions

A new experimental method for the characteriza-
tion of carbon materials, based on combined XPS 

Fig. 5. Comparison of valence band spectra: graphite 
and graphene on different substrates [78].

Fig. 6. D parameter of the reduced GO sample vs an-
nealing temperature. AES is Auger electron spectros-
copy; XAES is X-ray induced AES. Reprinted from 
Ref. [87].
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and AES analyses, was developed and tested by 
using the reference samples of graphite, diamond 
and graphene  [60, 62, 78]. This method is based 
on the correct peak fitting of C 1s photoemission 
spectra and the determination of D parameter (i.e. 
sp2/sp3 ratio of carbon hybridization) from Auger 
spectra C KVV. Afterwards, it was successfully ap-
plied for the investigation of various carbon mate-
rials containing 2D carbon (graphene, SWCNTs, 
GQDs) and materials with intermediate carbon 
hybridization, e.g. a-C, DLC, GO and CQDs.
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ANGLIES ALOTROPŲ PAVIRŠIAUS ANALIZĖ

S. Kačiulis

Nanostruktūrinių medžiagų tyrimų institutas, Monterotondo Scalo (RM), Italija

Santrauka
Anglies spektroskopija yra labai svarbi kietųjų kūnų 

paviršiaus analizėje, nes anglies kiekis nusako paviršiaus 
užterštumo laipsnį. Anglis, kaip teršalas iš oro aplinkos, 
yra praktiškai randama ant bet kokio kietojo kūno, o C 
1s fotoelektroninis spektras dažnai naudojamas elektronų 
ryšio energijos skalės kalibravimui. Be to, per pastaruosius 
du dešimtmečius buvo sukurtos ir intensyviai tyrinėtos 
naujos dvimatės anglies medžiagos: grafenas, fulerenai, 
nanovamzdeliai bei nanosienelės, kvantiniai taškai ir kt. 
Didėjant amorfinės anglies (a-C) praktiniam pritaikymui, 
pvz., deimantinės anglies (DLC), anglies kvantinių taškų 
(CQDs) ir kt., būtinas šių medžiagų charakterizavimas.

Ši trumpa apžvalga skirta naujų anglimi pagrįstų 
medžiagų analizei, naudojant paviršiui jautrius meto-
dus: Rentgeno spindulių fotoelektroninę spektroskopi-
ją (XPS) ir Ožė elektroninę spektroskopiją (AES). XPS 
ir AES technikų derinys leidžia tyrinėti elektronų hibri-
dizaciją anglies medžiagose, t. y. leidžia nustatyti sp2/sp3 

konfigūracijų santykį, kuris apibrėžia pagrindines jų 
mechanines, elektrines ir optines savybes. Papildomai 
buvo pademonstruota, kad toks pat eksperimentinis 
požiūris gali būti sėkmingai taikomas trimatėms kom-
pozicinėms medžiagoms su dvimate anglimi, pvz., su 
grafenu arba nanovamzdeliais.


