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Abstract

Layers of the DNA bases adenine, cytosine, and guanine were deposited onto hydrogen passivated Si(111) surfaces. The average tilt
angles of these molecules with respect to the substrate surface were determined by the angular dependence of the Near Edge X-ray
Absorption Fine Structure (NEXAFS) of the carbon K-edge. The interpretation of the NEXAFS spectra was assisted by a semi-empir-
ical approach to the calculation of the p*-transition region which employs density functional theory calculations and core level photo-
emission data.
� 2007 Elsevier B.V. All rights reserved.

Keywords: DNA base; Adenine; Cytosine; Guanine; Molecular orientation; Near edge X-ray absorption fine structure spectroscopy; NEXAFS; Core
level; Photoemission spectroscopy
1. Introduction

In recent years DNA bases as well as DNA molecules
have been discussed as promising materials in electronic
applications that connect conventional inorganic electron-
ics with biological relevant materials. The variety of possi-
ble applications reaches from (bio-)organic field effect
transistors [7] to molecular nano-wires [11]. The perfor-
mance of such devices largely depends on the conductivity
of the materials and the charge injection across interfaces.
The strong anisotropy of the charge transport properties
within molecular crystals leads to a strong dependence of
the overall device efficiency on the molecular orientation.
This makes the knowledge of the orientation of the DNA
bases with respect to substrates and contacts crucial for de-
vice design. A well established tool to determine the orien-
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tation of p-conjugated molecules on surfaces is the angular
dependence of NEXAFS spectra. Crain et al. [2] made an
attempt to determine the orientation of DNA segments
on Au, Si and SiO2 surfaces but a relatively low degree
of ordering of the DNA molecules prevented the precise
determination of tilt angles. Therefore, a systematic NEX-
AFS study of the carbon K-edge of layers of the DNA
bases adenine, cytosine, and guanine on H-passivated
Si(11 1) surfaces was performed.
2. Experimental

2.1. Sample preparation

The Si substrates were cut from n-type, phosphor doped
silicon(1 11) wafers (resistivity 7.5 X cm) supplied by Sil-
Chem GmbH. The DNA bases adenine, cytosine and guan-
ine were used as purchased from Acros Organics (purity
99% in the case of cytosine and guanine; 99.5% for
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Fig. 1. C 1s CL-PES of the DNA bases adenine, cytosine, and guanine.
The experimental data were deconvoluted into the contribution of
different carbon atoms by the fitting procedure described in the text.
The residuals are shown below each spectrum. The assignment of the
peaks to individual C-atoms is based on theoretical calculations of the
ground state eigenenergies for single molecules as described in the text.
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adenine). The samples were first annealed by resistive heat-
ing at 450 �C under ultra-high vacuum (UHV) conditions
(base pressure 6 3 · 10�10 mbar). The annealing tempera-
ture was further increased by direct current (DC) heating
up to 750–800 �C. The natural oxide was removed by sev-
eral DC flushes of 20 s duration up to 1100–1300 �C. Then
the substrates were cooled down slowly to preserve the
(7 · 7) reconstruction [10,18]. The surface was passivated
in situ by exposure to (2.0 ± 0.5) Langmuir of hydrogen.
This dose was chosen carefully to saturate the dangling
bonds of the Si(111)(7 · 7) while preserving the reconstruc-
tion. The H:Si(1 11)(7 · 7) surfaces prepared by this meth-
od showed a considerably lower surface roughness than
achieved by a wet-chemical cleaning and passivation treat-
ment of Si(1 11). The DNA base layers were deposited by
organic molecular beam deposition (OMBD). For each
DNA base several layers with varying thicknesses starting
from 1 nm up to 10 nm were prepared and analyzed. The
nominal layer thickness was monitored using a quartz
microbalance. The quartz shift to thickness ratio was cali-
brated separately for each material by means of variable
angle spectroscopic ellipsometry. In this report, however,
only the data for the 10 nm thick layers are presented as
no significant differences could be observed in the spectra
of the thinner films.

2.2. Measurements

All measurements were performed at the Russian Ger-
man Beam line of the synchrotron radiation source BESSY
(Berlin). The core level photoemission spectra (CL-PES)
were recorded using the MUSTANG experimental station
equipped with a Phoibos 150 electron energy analyzer
(SPECS GmbH). All the carbon core levels were recorded
in surface sensitive conditions using an excitation energy of
335 eV. The overall resolution of the setup at this energy
can be estimated to be better than 0.12 eV. Decomposition
of the molecules upon irradiation could be excluded since
no changes in core level emission spectra as a function of
time were observed. The NEXAFS spectra were recorded
in the selected electron yield mode in the region of the sec-
ondary electron background (i.e. at a kinetic energy of
10 eV) using the same experimental station. The angle of
incidence, H, between the incident light and the sample sur-
face was varied between of 22� and 115�. The measured
data were normalized to the photon flux by dividing each
spectrum by the electron yield spectrum of the clean
H:Si(1 11)(7 · 7) sample and the synchrotron ring current.
A constant background was subtracted before finally nor-
malizing the spectra to the absorption step edge at 320 eV.

For a better interpretation of the spectra, the ground
state eigenenergies were calculated for single molecules by
a density functional theory (DFT) approach using the com-
mercial software package Gaussian’03 [3]. The calculations
were performed employing B3LYP [1,15] three parameter
mixed hybrid functionals with 6-311G + (d,p) polarized,
diffuse basis sets.
3. Results and discussion

3.1. The carbon 1s CL-PES

In Fig. 1 the measured C 1s CL-PES of the adenine,
guanine, and cytosine layers are displayed. In order to ana-
lyze the spectra Voigt-functions were fitted to the experi-
mental data using a Marquardt nonlinear least square
optimization algorithm. In a first step the peak parame-
ters were approximated using as few free parameters as
possible. For the C 1s core levels the full widths at half
maximum (FWHM) of the Lorentzian contribution (repre-
senting the lifetime of the final state) were fixed to 80 meV
[13]. The FWHM of the Gaussian contributions were cou-
pled to be equal for all components. Additionally the area
ratio of the different components in the spectra was fixed to
represent the stoichiometry of the molecules. Here one has
to take into account that a considerable contribution of the
area goes into the clearly visible shake-up satellites [13].
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For example, the peak area ratio in the adenine C 1s CL-
PES (see top Fig. 1) was fixed to

areaðC1Þ : areaðC2Þ : areaðC3þ shakeup1Þ
: areaðC4þ shakeup2Þ ¼ 1 : 1 : 2 : 1

The resulting peak positions were found to be perfectly
reproducible within the experimental resolution. In a sec-
ond step, the restrictions to the FWHM (Lorentzian and
Gaussian) of the separate peaks were released resulting,
however, in only minimal changes. The peak positions
and relative areas obtained by this method are summarized
in Table 1 for the main features in the spectra. These peaks
were assigned to individual carbon atoms following the
theoretically calculated ground state eigenenergies.

The small components at low binding energy visible in
the spectra obtained for adenine and guanine layers on
H:Si(1 11)(7 · 7) are most likely due to some residual car-
bon contamination on the substrate surfaces. The nominal
layer thickness of 10 nm exceeds the information depth of
the measurement of approx. 0.6 nm by more than one
order of magnitude. The fact that surface contamination
is still visible in the CL-PES spectra of the 10 nm thick ade-
nine and guanine layers suggests a pronounced island
growth for these layers.
Fig. 2. The carbon K-edge NEXAFS spectra of 10 nm adenine (top),
cytosine (middle), and guanine (bottom) on H:Si(111)(7 · 7) as a function
of the angle of incidence, H. Circles represent the measured data and lines
the fitted curves. The individual components of the fits are exemplary
included in the bottom spectra.
3.2. Analysis of the NEXAFS spectra

Fig. 2 shows the NEXAFS spectra of the carbon K-edge
measured on layers of the DNA bases adenine, cytosine
and guanine as a function of the angle of incidence, H.
The sharp peaks below the absorption step edge are attrib-
uted to C 1s! p* transitions. In order to determine the
molecular orientation of the DNA bases one has to know
the orientation of the corresponding transition dipole
which is related to the symmetry of the final state because
the initial state (1s) is spherically symmetric. One simple
picture that is often used to classify molecules into general
groups according to the relative orientation of their unoc-
cupied orbitals was introduced by Stöhr and Outka [17].
Because of the localized nature of the 1s initial state, the
Table 1
Peak positions and relative areas of the most prominent features in the C
1s CL-PES

DNA-base Component Peak position (eV) Rel. peak area

Adenine C3 286.5 ± 0.12 0.20
C1 287.4 ± 0.12 0.20
C2 + C5 287.9 ± 0.12 0.35
C4 288.5 ± 0.12 0.19

Cytosine C3 285.9 ± 0.12 0.25
C2 287.3 ± 0.12 0.24
C4 288.6 ± 0.12 0.23
C1 289.7 ± 0.12 0.25

Guanine C3 285.5 ± 0.12 0.20
C2 + C5 286.7 ± 0.12 0.40
C1 + C4 288.4 ± 0.12 0.36
dominating elements of the one-electron dipole transition
matrix should be predominantly determined by the contri-
bution of the atomic orbitals (AO) of the excited atom to
the molecular orbitals (MOs) [16]. This allows the decom-
position of complex molecules into diatomic units as illus-
trated in Fig. 3.

DFT calculations display the MOs as the result of a lin-
ear combination of AOs. Therefore, such calculations al-
low access to the contribution of individual atoms to the
MOs and provide an ideal tool to test the assumption of
the strongly localized nature of the NEXAFS transitions.
Unfortunately the density of unoccupied states of the cal-
culated ground state cannot directly be compared to the
NEXAFS spectra for two reasons. First the binding energy
of the 1s initial state is not equal for the different carbon
atoms of the DNA bases, as can be easily seen in Fig. 1.
Secondly the excitation leaves one electron less in the 1s
shell of the excited atom to screen the core potential. This
so called core hole has a profound impact on the remaining



Fig. 3. Schematic illustration of the spatial orientation of the anti-
bonding p* and r* orbitals for three classes of diatomic molecules. The
combination of three single and three double bond units leads to the
configuration of the aromatic ring [17].

Fig. 4. Comparison between the measured NEXAFS spectra (H = 45�)
and the calculations in the Z + 1 approximation. The calculated spectra
were shifted by DEA = 2.86 eV, DEC = 4.36 eV, and DEG = 2.87 eV
towards higher excitation energies.
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molecular orbitals in molecules as small as the DNA bases.
This effect can be strongly site dependent giving rise to dif-
ferent final states of the excitation of different atoms [9,12].

In order to take these effects into account a semi-empir-
ical approach was used to simulate the 1s! p*-transition
region of the NEXAFS spectra. It is based on the Z + 1
(also called equivalent core) approximation, which was ap-
plied by Nyberg et al. successfully to calculate the X-ray
absorption spectra of fullerenes [8]. There the influence of
the vacancy in the 1s shell of the excited atom on the
molecular orbitals is approximated by increasing the posi-
tive charge of the nucleus by one unit instead of removing
the 1s electron. Therefore, an excited atom with the atomic
number Z (Z = 6 for carbon) is replaced by an atom with
the atomic number Z + 1 (i.e. nitrogen). The following
DFT calculation is performed for a positively charged mol-
ecule in order to keep the number of electrons constant.
Naturally the Z + 1 approximation cannot produce reli-
able results for the 1s initial state energy which is therefore
replaced by the measured C 1s core level ionization poten-
tial (CL-IP) for the calculation of the transition energies.
Assuming vertical transitions from the 1s initial state into
the unoccupied MOs the transition energies are then given
by the difference between CL-IP and the calculated unoccu-
pied molecular orbitals. Finally, these molecular orbitals
were decomposed into the contributing atomic orbitals
using the AOMix program [5,4]. Following the above argu-
mentation, that the one-electron dipole transition matrix is
determined by the AOs, the intensity is given by the contri-
bution of the 2pz (anti-bonding) AO to the population of
the unoccupied MOs. Each excitation site was treated sep-
arately by this procedure. The contributions of all the car-
bon atoms within the molecule are averaged and
broadened using Voigt functions having a FWHM of
0.3 eV. A comparison between the calculated p*-transitions
and the NEXAFS spectra below the vacuum step edge is
shown in Fig. 4. The calculated spectra were shifted by
DEA = 2.86 eV, DEC = 4.36 eV, and DEG = 2.87 eV to-
wards higher excitation energies in order to match the
peaks at lower excitation energies. Such relatively large
shifts are caused by the fact that the extra positive charge
on the molecule is introducing an additional shift of all
molecular orbitals towards higher binding energies. At this
point it must be stressed again that these calculations only
consider the density of states and the Coulomb interaction
between a core hole and the molecular orbitals. Other ef-
fects such as the generation of bound electron hole pairs
(excitons) are neglected and therefore, especially in the case
of guanine, there are still some dissimilarities between the
calculated spectra and the measured data. Nevertheless,
the calculations resemble the shape of the p*-transition re-
gion of the measured NEXAFS spectra very well and we
can say that the assumption of the strongly localized nature
of the p*-transitions is justified.
3.3. Molecular orientation

For the quantitative analysis of the angular dependence
of the NEXAFS spectra three different types of functions
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were used to fit the experimental data. For the peaks below
the vacuum level Voigt functions were chosen. An error
function was used to model the step which marks the tran-
sition to quasi-continuous final states [16]. The broad fea-
tures above the step edge were represented by Gaussian
functions. The individual components of the fits of the
measurements at grazing incidence are displayed in
Fig. 2. The areas of those p*-transition peaks, that are
marked with the solid shading in Fig. 2, were then used
to determine the molecular orientation of the DNA bases.

The dependence of the resonance intensity on the angle
of incidence, under the condition of threefold (or higher)
substrate symmetry is given by [17]

I ¼ C½Pðcos2 H cos2 aþ 1=2 sin2 H sin2 aÞ
þ ð1� P Þ=2 sin2 a�; ð1Þ

where P is the polarization factor (P = 0.98) and C is a nor-
malization factor. H is the angle of incidence and a the an-
gle between the transition dipole moment and the surface
normal. As described above and illustrated in Fig. 5a, the
transition dipole moment is in the case of the p*-reso-
nances, oriented parallel to the 2pz AOs, i.e. perpendicular
to the molecular planes. It is easy to see, that in this geom-
etry the molecular tilt angle is equal to a.

The angle H and the polarization factor for the exciting
beam are known quantities, which only leaves the molecu-
Fig. 5a. Scheme of the geometry used to determine the molecular
orientation of the DNA bases on H:Si(111)(7 · 7).

Fig. 5b. Symbols indicate the normalized areas (see text) of selected p-
transition peaks (solid shading in Fig. 2) in the NEXAFS spectra of
adenine (left), cytosine (middle) and guanine (right) as a function of the
angle of incidence. By variation of a and C to optimize the match between
measurement and Eq. (1) the average molecular orientation of each DNA
base is obtained.
lar orientation and the normalization constant C unknown.
These parameters can be determined by curve fitting equa-
tion (1) to the relative intensities of the p*-resonances in the
NEXAFS spectra. The fitted curves are presented in
Fig. 5b. The average molecular tilt angles of the DNA base
molecules with respect to the substrate surface are deter-
mined to be

aA ¼ ð24� 3�Þ; aC ¼ ð39:6� 1:5�Þ; aG ¼ ð25:8� 1:3�Þ:
4. Summary

The carbon 1s core level spectra of the DNA bases ade-
nine, cytosine; and guanine were measured and deconvo-
luted by curve fitting according to the stoichiometry of
the molecules. The C 1s core level binding energies were
then used in the semi-empirical Z + 1 approximation to
simulate the 1s! p*-transitions in the carbon K-edge
NEXAFS spectra. Due to the drastic simplifications
employed, this method has to be used very carefully. The
good agreement between the simulated spectra and the
measured data for the DNA bases, however, shows that
it can be a useful tool for the evaluation of NEXAFS data
while avoiding the use of non-standard software.

The angular dependence of the p*-transition intensities
of the NEXAFS spectra was used to determine the average
molecular tilt angle of the DNA bases with respect to the
H:Si(1 11)(7 · 7) surface. The pyrimidine bases adenine
and guanine assume similar orientations and lay almost flat
on the substrate surface (aA = [24 ± 3�] and aG = [25.8 ±
1.3�]). Cytosine on the other hand is tilted more upright
(aC = [39.6 ± 1.5�]). These angles are in excellent agree-
ment with results obtained from Fourier transform
infrared spectroscopy and spectroscopic ellipsometry [14,
19,6]. To clarify the origin of the difference between the
purine bases and the pyrimidine cytosine more data is
needed (especially from other purines such as thymine
and uracil) which will be a subject of future research.
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