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An organic-III-V hybrid semiconductor interface has been studied using real-time photoelectron
spectroscopy and x-ray absorption spectroscopy to reveal the evolving morphology and molecular
structure within the organic layer during thin film growth. This new approach toin situ
characterization has been enabled by electron detection using a direct electron-counting array
detector coupled to a hemispherical electron analyzer. The nonplanar tin phthalocyanine�SnPc�
molecules initially form a uniform layer within which they have a distinct molecular orientation
relative to the S-passivated gallium arsenide substrate surface�GaAs:S�001��. The critical thickness
of 0.9 nm that marks the transition between layered and clustered growth, determined from the
photoemission measurements, corresponds to a single molecular layer with the molecules oriented
at an angle of�39�2�° to the substrate plane. This value is confirmed by angle-resolved near-edge
x-ray absorption fine structure measurements in the same experimental environment. However, the
angle is less for the thicker films as the molecule-molecule interaction dominates over the
molecule-substrate interaction and the structure is close to that of the bulk triclinic SnPc crystal.
© 2010 American Vacuum Society.�DOI: 10.1116/1.3464769�

I. INTRODUCTION

Organic semiconductors offer low cost and low toxicity
options for optoelectronic and electronic applications where
these factors offset their lower inherent performance com-
pared to crystalline inorganic optoelectronic materials. Of the
organic semiconductors currently in use, the highest struc-
tural and electronic quality is found in ordered crystalline
films of small conjugated molecules.1 They can be grown
with high purity and structural quality, most commonly by
vacuum deposition, but they exhibit a range of bulk and thin
film crystal structures that are very process-sensitive.

Metal phthalocyanines, materials that are finding applica-
tion in areas such as photovoltaics2 and sensors,3 commonly
exhibit at least two structures�� and�� when grown as bulk
crystals, differing in the molecular orientation.4 There are
also differences in the bulk structure for planar and nonpla-
nar phthalocyanines.5 The molecular stacking is known to
influence the electron transport properties in bulk materials,4

and the molecular structure in thin films has been shown to
be dependent on temperature,4,6,7 substrate,8–10 film
thickness,9 and growth rate.10 For nonplanar phthalocyanines
such as tin phthalocyanine�SnPc�, the molecules can order
with the metal ion above or below the plane in the film
depending on the growth conditions.7

In characterizing the growth of organic thin films, it is
important to correlate structural, electronic, and chemical
properties at the molecular level with the electrical and op-
tical performance of the devices. A few techniques can pro-
vide all the requisite informationin situ, but one technique
that is able to provide much parallel information�on bond-
ing, morphology, and energetics� is photoelectron
spectroscopy,11 but this is not usually applied as anin situ
tool due to the time necessary for data collection and the
need for a vacuum environment. To address this, there have
been many attempts to improve data collection efficiency
using multichannel detection combined with bright x-ray and
UV sources. These have been successfully applied to study
surface processes for inorganic substrates12,13 but have not
been applied to date as anin situ tool for monitoring the
growth of organic semiconductor thin films and interfaces.

Electron detection systems for rapidly measuring both
high and low intensity spectral features that evolve in time
require a wide dynamic range and high sensitivity. We have
developed a multichannel array detector that fulfills these
requirements and that has been applied with both laboratory
and synchrotron x-ray sources to study surface processes in
real time,14,15 and this has now been incorporated into an
organic molecular beam deposition system as a real-timein
situ probe of the growth of multilayer organic-inorganic de-
vice structures.

The interface selected for this study is SnPc on the
S-passivated GaAs�001� surface. SnPc is currently applied,
for example, in photovoltaic structures that are among the
most efficient organic devices.1 III-V materials have attracted
renewed interest due to their application in concentrator pho-
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tovoltaic cells,16 in addition to their more traditional applica-
tions in electronics and optoelectronics. Hybrid structures are
less well developed, but it has, for example, been shown that
nanometer-scale SnPc thin films can significantly modify the
Fermi level in GaAs diodes in a way which has eluded ef-
forts using surface preparation and metal contacts.17

The SnPc-GaAs system is thus a useful model system for
this new experimental approach in that it provides an
applications-relevant system where high-purity, controlled
thin films can be grown on a well-characterized, passivated
substrate surface in an environment that enables fast photo-
electron spectroscopy to be appliedin situ and in real time.

II. EXPERIMENT

Organic molecules were thermally evaporated from a
water-cooled Knudsen cell heated to around 350 °C located
within the ultrahigh vacuum spectrometer. The growth rate
was determined by a quartz crystal microbalance placed near
the substrate, such that growth rates of 0.05–1.0 nm min−1

could be obtained while maintaining the system pressure at
�10−9 mbar. Passivatedn-type andp-type GaAs�001� sub-
strates were prepared by etching epi-ready wafers
�Freiberger� in dilute S2Cl2 solution and then annealing in
vacuum to 450 °C. This produces a passivated, ordered sur-
face that is oxygen-free and contains a surface layer of Ga
and S atoms with a 2�1 structure with respect to the bulk-
terminated GaAs�001� lattice.17,18

Photoexcitation was provided by soft x rays from bending
magnet beamlines at the UK Synchrotron Radiation Source,
and the photoelectrons were collected and energy analyzed
using a hemispherical analyzer equipped with a 768-channel
array detector positioned behind a multichannel plate at the
focal plane of the analyzer. This 19 mm device was used to
image energy windows of 5–10 eV that enabled core level
photoelectron spectra�such as the Ga 3d and As 3d levels of
GaAs� to be recorded without scanning the hemisphere po-
tential. Using synchrotron radiation excitation, it was pos-
sible to record such spectra as rapidly as 250 ms, with a total
count rate across the array of around 4 MHz.

In initial thin film growth experiments, several regions,
including low intensity band edges, were recorded sequen-
tially using longer time intervals of 1–10 s for each spectral
region. This was found to be adequate for the low growth
rates of�0.1 nm min−1 used in these experiments. For the
most accurate probe of the growth mode, single core level
spectra were recorded in separate multiple growth runs. In
this mode, all analyzer and detector parameters, K-cell pa-
rameters, beam settings, and the sample position were kept
constant during growth. For wide energy range characteriza-
tion spectra and higher energy resolution spectra, the elec-
tron detector was operated in a conventional way by scan-
ning the electron energy.

These photoemission measurements provide insights into
interface bonding and interface energetics, but the focus in
this paper is on the thin film morphology that is revealed by
the intensity variation of the substrate and overlayer core
levels. Probing molecular order within the films was possible

in the same growth/characterization environment by measur-
ing the near-edge x-ray absorption fine structure�NEXAFS�

at the C and NK-edge of the organic molecules. Spectra
were recorded in total electron yield mode at selected film
thicknesses informed by the real-time photoelectron spec-
troscopy measurements. The planar nature of the molecule
enables the angular dependence of the core-�� resonance
features in the NEXAFS spectra to be used to determine the
molecular orientation within the film.

Atomic force microscopy�AFM� images of the grown
organic films were recordedex situ in noncontact dynamic
force mode using a Park Systems XE-100 microscope. Non-
contact was found to be essential as the tip was found to
cause disruption of the organic film in contact mode.

III. RESULTS AND DISCUSSION

Spectra recorded in conventional scanned mode are
shown�solid lines� in Fig. 1 �a� for the clean, S-passivated
GaAs�001� surface and�b� for a thin �5 nm� film of SnPc.
Also shown�filled circles� are 250 ms snapshot spectra for
the substrate Ga 3d and As 3d core levels. Although some-
what compromising energy resolution, such snapshot spectra
accurately reflect the changes in intensity that are of princi-
pal interest here. The energy resolution is important for sys-
tems where there are strong chemical changes, but in this
case, it is known that the passivated GaAs surface is chemi-

FIG. 1. �Color online� Photoelectron spectra�a� for the GaAs:S�001� surface
and �b� following adsorption of a thin film of SnPc. Features shown repre-
sent the substrate As 3d and Ga 3d core levels�A and B, respectively�, �C�

the Sn 4d core level of the central metal ion in the SnPc molecule, and the
valence band/molecular orbital region�D�. The dotted line represents the
Fermi level. Rapid data collection is illustrated by the snapshot spectra
�filled symbols� recorded in 250 ms for the�A� As 3d and �B� Ga 3d core
levels.
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cally inactive when exposed to metal phthalocyanines, and
this is reflected in the absence of significant line-shape
changes in the substrate core levels during thin film
growth.18 In addition to changes in intensity, there are rigid
shifts in the core levels related to organic-induced changes in
the interface energetics that have been used to explain the
variation in the barrier height of organic-modifiedn-GaAs
Schottky diodes.17 The photon energy was selected to ensure
surface sensitivity for all core levels while retaining suffi-
cient photoelectron intensity at the band edge. This sensitiv-
ity enabled the accuratein situ monitoring of the initial
�monolayer� stages of growth.

Sequential core level spectra collected in real time during
exposure of the GaAs:S�001� surface to the SnPc flux are
shown in Fig.2. Each spectrum was recorded in snapshot
mode in 1 s intervals as images on the array detector. The
data have been corrected only for array nonuniformity19 and
are shown integrated in eight-channel intervals in the energy

domain. The data are representative of many experiments
where the rapid data collection allows many repeats; the
growth of a 5 nm SnPc layer could, for example, be fully
monitored in 1 h.

For the first 2000 s, spectra were recorded for the clean
GaAs:S�001� surface to ensure incident beam stability and
this is confirmed by the unchanged As 3d and Ga 3d core
level intensities�and peak positions� in Fig. 2. At 2000 s, the
SnPc cell was switched on and, as the evaporation tempera-
ture is reached, both substrate core levels show a decrease in
intensity, with a corresponding increase in the Sn 4d peak
intensity.

Fitting of the core level data provides the time�coverage�
evolution of the core level peak intensities as shown in Fig.
3. The attenuation rate of both substrate core levels increases
in region A as the SnPc flux increases from zero at 2000 s up
to its maximum, stable rate of 0.1 nm min−1 at t=6000 s.
Between 6000 and 8000 s, the attenuation rates are at their

FIG. 2. �Color online� Core level spectra recorded in real time during the growth of SnPc on GaAs:S�001� at 300 K. The substrate�a� Ga 3d and �b� As 3d
spectra and�c� the overlayer Sn 4d level were recorded sequentially with a constant photon energy of 106 eV.
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highest before decreasing significantly beyond 8000 s up to
the cell switch-off point at 11 200 s�region B�. There is a
slight difference in the attenuation of the Ga 3d and As 3d
core levels due to the different photoelectron mean free path.
The transition between regions A and B is indicative of a
Stranski–Krastanov�layer+ island� growth mode. Beyond
11 200 s�region C�, there is a small recovery of the sub-
strate core level intensities and a continued decrease in the
Sn 4d core level intensity that is associated with a time-
dependent molecular reorganization that is currently under
further study.

In a series of experiments probing individual core level
spectra, the SnPc K-cell was controlled using a manual shut-
ter to ensure a linear growth rate�0.1 nm min−1� throughout
the exposure. This rate, calibrated using a quartz crystal
monitor, was used to convert the time of exposure to thin
film thickness as shown in Fig.4 for the As 3d core level
attenuation during exposure of the GaAs:S�001� surface to
SnPc at room temperature. The intensity, plotted on a loga-
rithmic scale, shows an exponential decrease in region A and
this was fitted�dotted line in Fig.4� to a model functionI
= I0 exp⌊−x/�⌋ to give a value for the electron mean free path,
�=0.34 nm. The critical thicknessxc that marks the transi-
tion between layered�region A� and island�region B� growth
determined from these data is found to bexc=0.9 nm. This
value is smaller than that previously reported for this inter-
face based on less accurate, conventionally recorded
values.20 This behavior is consistent with a Stranski–
Krastanov�layer+ island� growth mode, and the clustered na-
ture of the organic film has been confirmed using AFM. Due
to the low electron mean free path, the substrate photoelec-
tron emission peaks are attenuated significantly by SnPc
films of nanometer thickness and the spectra are essentially
those of bulk SnPc at 5 nm. There is thus an inherent effi-
ciency in terms of material used—a near-complete picture of

the interface in terms of energy bands and bonding is extract-
able with a fraction of the material required for a single
electronic or optoelectronic device.

If it is assumed that the uniform layer�region A in Fig.4�

is made up of a single layer of stacked molecules, then the
molecular orientation can be estimated from this value of
critical thickness. The in-plane molecular dimensions based
on the calculated SnPc structure are around 1.3 nm along the
benzene ring axis and around 1.5 nm for the diagonal along
the benzene ring-metal ion-benzene ring axis. However, in
monolayer absorption measurements, the benzene ring axis
dimension allowing for the electron density at the outer hy-
drogen atoms is given asd=1.4 nm.21 In the absence of any
direct evidence for the in-plane molecular orientation, a
value ofd=1.4 nm is taken to calculate the orientation of the
SnPc molecules with respect to the GaAs surfaces. The angle
obtained is�=sin−1�xc/d�=�39�2�°. The predicted molecu-
lar orientation within this first layer is illustrated in the inset
of Fig. 4. The calculated structure of the SnPc molecule
shows that the central Sn ion displaced out of the ligand
plane, but this does not severely distort the planarity of the
latter.

In order to investigate further the molecular orientation
within the SnPc thin film, NEXAFS measurements were per-
formed on selected thin films. NK-edge spectra showing
near-edge N 1s→�� and 	� resonances for varying film
thickness are shown in Fig.5. Spectra a, b, and c correspond
to thicknesses below, at, and above the critical thickness,
respectively. The NEXAFS spectra have been corrected to
the incidence flux intensity and normalized on either side of
the absorption edge. They are shown with equal height for
clarity and each spectrum was recorded with an angle of 70°
between the substrate and the incident x-ray beam. The spec-
tral features of the NK-edge spectra are similar to those for
various metal phthalocyanines, indicating that the lowest un-
occupied molecular orbital levels are derived mainly from
the organic ligand rather than the central metal atom.22 By
comparison, the NEXAFS for a fluorinated phthalocyanine

FIG. 3. �Color online� Variation of the fitted core level peak intensities
during SnPc growth. Three regions are revealed:�A� uniform growth,�B�

clustered growth, and�C� postgrowth reorganization.

FIG. 4. �Color online� Semilogarithmic plot of the As 3d core level peak
intensity against SnPc coverage, illustrating the transition from�A� uniform
to �B� clustered growth.
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where the outer H atoms are replaced by F atoms is markedly
different.23 There is consensus that the spectral features near-
est the absorption edge are largely due to core-�� resonances
while the higher energy resonances are more	�-like in
character.24,25 Due to the planar nature of the molecule and
the linear polarization of the synchrotron x-ray beam, the
relative intensities of these resonance features can be used to
probe the molecular orientation as well as the energy distri-
bution of the unoccupied molecular orbitals.

In the spectra presented in Fig.5, the number of peaks
and their position and shape do not alter from a thin�mono-
layer� layer to a thicker�multilayer� layer, confirming that
there is little reaction between the phthalocyanine overlayer
and the S:GaAs substrate. The carbonK-edge spectra�not
shown� are also unchanged in line shape for these film thick-
nesses. The relative intensities of the resonance peaks above
and below the critical thickness are also similar, indicating
that there is not a strong change in molecular orientation as
the film makes the transition from an ordered initial layer to
clustered growth in thicker films.

The molecular orientation can be quantified by measuring
the angular dependence of the NK-edge NEXAFS as shown
in Fig. 6 for a 4 nm SnPc film. There is a strong angular
variation in the relative intensities of the N 1s→�� and	�

resonances that reflects a preferred orientation of the mol-
ecule with respect to the substrate. When the field vector of
the incident beam light is parallel to the substrate surface
�sample angle of 0° in Fig.6�, the intensity of the�� reso-
nance peaks is at its weakest and the	� contributions at
energies above 408 eV dominate. As the substrate angle is
increased, the field vector is brought into alignment with the

�� orbitals and the 1s−�� resonance features dominate.
These data confirm previous studies that concluded that the
molecules are preferentially aligned close to parallel to the
surface.20 The quality of these data, however, enables a more
accurate value for the substrate angle to be determined.

The angular dependence of the intensity of the 1s−��

resonance of the phthalocyanine molecule is often modeled
using the relationshipI 
cos2���.26 This, however, assumes
that all the molecules are oriented at the same tilt angle and
that the molecule is not rotated in the surface plane. Ellip-
sometry measurements on these films indicate that there is no
molecular anisotropy in the plane of the GaAs substrate, and
so it must be assumed that the molecule orientation is disor-
dered azimuthally, but with a constant tilt angle. In this case,
it has been shown26 that the angle dependence of the inten-
sity can be modeled by Eq.�1� as follows:

I 
 P�2cos2���cos2��� + sin2���sin2���� + �1 − P�sin2���,

�1�

where� is the tilt angle of the molecular orbital vector with
respect to the normal of the substrate surface,� is the angle
between the polarization vector of the incident beam and the
surface, andP is the degree of linear polarization of the x-ray
beam.

Using Eq. �1�, the angular dependence of the main
N 1s→�� transition intensities for three coverages has been
computed by fitting to the experimental data as shown in Fig.
7. For the fitting procedure the polarization of the incident
light was taken asP=0.9. The results of the fits yield angles
of �37�4�° for the 0.4 nm film,�33�3�° for the 0.8 nm
film, and�28�3�° for the 4 nm film. The uncertainties stated
are calculated from the uncertainties of the fit and in mea-
suring peak intensity from the NEXAFS data. The molecules
are therefore lying close to parallel to the surface for both the
monolayer and thicker films. This is common for flat sub-
strates�AFM measurements confirm a substrate roughness of

FIG. 5. N K-edge NEXAFS spectra recorded at a substrate angle of 70° for
SnPc films of thickness�a� 0.4 nm,�b� 0.8 nm, and�c� 4 nm.

FIG. 6. �Color online� N K-edge NEXAFS spectra for a 0.8 nm SnPc film on
the GaAs:S�001� surface. Spectra have been normalized to the step edges.
The strong angular dependence reveals a preferred molecular orientation
relative to the substrate.
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around 0.7 nm� but the orientation changes slightly for mo-
lecular films above the critical thickness, indicating a slight
change in the growth structure as molecule-molecule inter-
action dominates over molecule-substrate interaction. The
molecular orientation of the SnPc molecule in films of simi-
lar thicknesses on the GaAs�001� 1�6 substrate is similar
and this is close to the orientation within the triclinic bulk
phase of SnPc.

The angle determined for the 0.4 nm thin film is similar to
that inferred from the photoemission measurements and this
broadly supports the conclusion that the molecules arrange in
a single layer up to the critical thickness. The agreement with
the orientation within the 0.8 nm film is not as exact, lying
just outside the error limits. This may be due to the large
sampling areas, where variations in film growth are likely
due to substrate surface inhomogeneity and local flux and
temperature variation. The time taken between growth and
measurement for the two techniques may also have an effect
due to the molecular rearrangement that occurs over the time
scales of such experiments.

Nevertheless, the data clearly show that the molecules are
locked into a well-defined orientation within the first mo-
lecular layer even though there is no evidence for strong

chemical bonding between the molecules and this surface.20

The van der Waals bonding between substrate and molecule
dominates initially over molecule-molecule bonding, forcing
the molecules into a single layer structure. Beyond this cov-
erage, molecule-molecule attraction begins to dominate and,
in region B in Fig.3, there is competition between thin film
growth and three-dimensional clustering. The time scales for
growth and clustering are similar, and this results in a con-
tinued molecular clustering after exposure to the SnPc flux
has ceased�region C in Fig.3�. AFM measurements confirm
the formation of SnPc clusters on these surfaces, with clus-
tering being enhanced further following removal from the
growth chamber.

IV. CONCLUSIONS

Photoelectron spectroscopy has been applied in real time
to monitor the growth of SnPc on the passivated
GaAs:S�001� surface. Intensity variations of substrate and
overlayer core levels reveal a transition between layered and
clustered growth at a critical thickness of 0.9 nm at room
temperature. This corresponds to a single molecular layer
oriented at an angle of�39�2�° to the substrate. This angle
is in agreement with that determined from NEXAFS mea-
surements on thin films of thickness less than the critical
thickness��=�37�4�°�. Above this value, the molecules re-
organize over time scales comparable to the growth rate and
the angle is reduced to around�28�3�°.
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