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Abstract
We investigate the interfacial electronic properties of N,N’-bis(n-octyl)-
(1,7&1,6)-dicyanoperylene-3,4:9,10-bisdicarboximide (PDI8-CN2) organic
semiconductor films grown on silicon dioxide (SiO2) by polarization-resolved
second harmonic generation optical spectroscopy. The analysis shows a non-
uniform distribution of charge carriers in PDI8-CN2, whose spatial profile is
affected by hydrophobic passivation of SiO2 surfaces by hexamethyldisilazane.
An interpretation model strengthened by photoluminescence analysis is devel-
oped, based on the presence of the net charge localized at the SiO2 surface and
on consequent charge redistribution in the organic semiconductor. Considera-
tions are expounded suggesting a common and ‘universal’ mechanism for the
bias stress effect in p-channel and n-channel organic field-effect transistors,
related to proton migration toward SiO2 gate dielectrics.
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1. Introduction

The progress in organic electronics is closely related to the ability to analyze and predict the
electronic properties of interfaces playing a role in the devices [1, 2]. This is particularly evident
in the case of organic field-effect transistors (OFETs), whose performances are definitely
affected by local interactions of the organic semiconductor at the interface with the gate
dielectric [3–9] and/or air [10–12]. Optical spectroscopy can provide direct and contact-free
probing of the electronic properties of organic semiconductors [13, 14], but unfortunately the
most commonly used optical techniques are not spatially-selective, as they are based on linear
matter–radiation interaction processes occurring in the whole medium (e.g. absorption,
reflection, fluorescence). In light of the aforementioned considerations, exploitation of optical
processes characterized by an intrinsic sensitivity to the physical state of surfaces/interfaces in
organic-based devices is instead desirable.

One example of a spatially-selective optical phenomenon is represented by optical second
harmonic generation (SHG), consisting of the generation of an electromagnetic wave of
frequency 2ω (‘second-harmonic’ or SH wave) caused by the interaction between a material
medium and a laser beam (‘fundamental beam’) of frequency ω. In fact, symmetry
considerations allow one to demonstrate that such a process cannot take place in material
regions where inversion symmetry holds [15]. Thus, SHG analysis allows selective probing of
electronic properties in regions where the latter symmetry is broken due to material
discontinuities (i.e. surfaces/interfaces) or to the presence of a local field having a well-defined
direction. Also thanks to other useful peculiarities (e.g. access to interfaces, absence of physical
contacts, the possibility to study dynamic processes by time-resolved detection [16–20]), SHG
has been successfully employed in recent years for investigations on carrier mobility [21, 22],
channel formation [23], trap states [24] and charge transfer [25] in OFETs and organic
heterostructures.

SHG spectroscopy appears to be particularly suited to the study of surface/interface
processes in organic polycrystalline films characterized by centrosymmetric structures and by
large in-plane charge delocalization4. An interesting molecule that forms thin films with such
characteristics [30] is PDI8-CN2 (N,N’-bis(n-octyl)-(1,7&1,6)-dicyanoperylene-3,4:9,10-
bisdicarboximide), a perylene diimide derivative considered to be one of the most promising
materials for realization of stable n-channel OFETs [26, 27, 29] and complementary circuits
[28]. Similarly to many p-channel OFETs, n-channel OFETs based on PDI8-CN2 and using
SiO2 as the gate dielectric exhibit a bias stress effect (BSE), namely the drift of threshold
voltage during prolonged operation. Understanding the origins of such an effect is very

4 Electronic delocalization over several identical repeat units is a fundamental prerequisite for large χ (3) EFISHG
susceptibilities. In this regard, see [31].
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important for future realization of stable and reliable electronic devices based on organic
semiconductors.

So far, the study of BSE has mostly been conducted on p-type organic semiconductors.
Significant evidence exists indicating that BSE is intimately linked to the presence of water
molecules adsorbed on the SiO2 gate dielectric [32, 33] and that it can be dramatically slowed
down through hydrophobic coating of SiO2 [34, 35]. Recently, a model based on redox reactions
taking place at the semiconductor/dielectric interface and accompanied by reversible migration of
protons into the gate dielectric has been proposed for p-type organic semiconductors, able to
clarify most of the BSE characteristics [36]. However, BSE in n-type organic semiconductors is
still an issue deserving more investigation. In particular, the question arises if there is a common
mechanism driving BSE in all (i.e. p-channel and n-channel as well) kinds of OFETs.

Motivated by these considerations, we report on an SHG analysis—assisted by
photoluminescence (PL) investigations—devoted to the study of interfacial electronic properties
of PDI8-CN2 films grown on both bare and hexamethyldisilazane (HMDS)-treated SiO2

substrates. By analyzing a set of variable thickness PDI8-CN2 thin films through polarization-
resolved SHG (PR-SHG) we evidenced the occurrence of a finite three-dimensional PDI8-CN2

region where the distribution of charge carriers lacks inversion symmetry and whose spatial
profile is influenced by the HMDS treatment of SiO2. An interpretation model is developed and
presented, based on the Debye–Huckel charge screening mechanism triggered by charges
localized in the SiO2 dielectric layer. Such a picture, confirmed by photoluminescence findings,
strengthens the hypothesis that proton migration in SiO2 can account for the BSE effect in n-
channel OFET also.

The work is organized as follows: the experimental methods and details are described in
section 2; section 3 is devoted to the experimental results, involving PR-SHG and excitation-
resolved photoluminescence (PLE) analysis and these are discussed in section 4. In section 5 we
develop and discuss the interpretation model, while the main conclusions are finally drawn in
section 6.

2. Experimental methods and details

Experimental investigation in the present work was carried out on two sets of PDI8-CN2 thin
films deposited on 200 nm-thick SiO2 layers thermally grown on commercial (001) silicon
substrates. In the first set, pristine Si/SiO2 substrate was used for the deposition, while in the
second set the SiO2 surfaces were treated with HMDS. Each set consisted of six PDI8-CN2 thin
film samples with different thicknesses (d). Values for d were 6 nm, 10 nm, 20 nm, 42 nm,
70 nm and 102 nm for both pristine and HMDS-treated Si/SiO2 substrates. Samples are
indicated hereafter as S1 to S6 (according to increasing thickness).

The PDI8-CN2 powder was purchased from Polyera Corporation Inc. (Polyera
ActivInkTM N1200) and deposited by vacuum sublimation on the Si/SiO2 substrates.
Depositions were performed at a growth rate of 6Åmin−1 by a high-vacuum system (base
pressure between 10−8 and 10−7 mbar) equipped with a Knudsen cell and a quartz microbalance.
The chamber was warmed at temperature T= °90 during deposition. Post-growth morphological
characterization of films was performed by means of a XE100 Park atomic force microscope
operating in air. Chemical functionalization by HMDS monolayer coverage was performed
according to procedures elsewhere described [37].
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Prior to PR-SHG analysis, PL and PLE spectroscopy measurements were performed on
samples in order to gain information on optical transition levels and on the presence of near
band-edge states in PDI8-CN2 films: as discussed in section 4, such information is helpful to
interpret the SHG experimental results. The PL and PLE analysis was performed by using a
computer-controlled motorized system composed of a broad-band emission Xe lamp coupled
with a monochromator equipped with 1200 grooves/mm double-grating, providing wavelength-
tunable monochromatic optical excitation. PL emission was collected through a confocal lens
system and focused onto the input slit of a 320mm focal length spectrometer. The PLE signal
was determined as the total PL emission (i.e. photoluminescence intensity spectrum integrated
over emission photon energy) obtained as a function of excitation photon energy.

PR-SHG analysis was performed in reflection geometry (angle of incidence of about 45°
by using a Nd:YAG mode-locked laser (emission wavelength λω = 1064 nm, 20 ps pulses
duration, 10Hz repetition rate) as the fundamental beam. The polarization angle α of the
linearly-polarized laser beam was varied through a 1064 nm half-wave retardation plate
mounted on computer-controlled motorized rotation stage. Sharp cut-off optical filters were
used to block fundamental beam reflected by the sample and the undesired residual SH wave
generated in the various optical elements composing the setup. The p-polarized component of
the SH output beam was selected by rotating a half-wave retardation plate operating at SH
wavelength (λ ω2 = 532 nm) and placed before a fixed polarizer. Finally, the output radiation was
spectrally filtered at the SH wavelength by a PC-controlled motorized monochromator in order
to remove any eventual spurious signal. A photomultiplier tube was used for SHG intensity
detection. Each experimental point was obtained by averaging the SHG signal over 400 laser
shots.

3. Experimental results

PL and PLE characterizations were performed with the experimental setup previously
described. The excitation photon energy E (excitation wavelength λ) in PLE analysis was varied
from E = 1.98 eV (λ = 625 nm) to E = 2.5 eV (λ = 496 nm) thus scanning the energy range from
sub-bandgap to interband (i.e. HOMO–LUMO [38]) transition energies. Similar PL spectral
features were observed in all samples, namely a broad emission spectrum approximately peaked
at =E 1.85 eV and whose profiles were not symmetric with respect to their centre.

Representative peak-normalized PL spectra are reported in figure 1 (solid black curves) for
samples S3 (top panel, 2A), S4 (middle panel, 2B) and S5 (bottom panel, 2C). It can be
recognized that the centre-of-mass of the emission profile does not coincide with the peak
position, suggesting therefore the presence of more than a single PL band. Excitation spectra
obtained by PLE measurements are reported in figure 1 as open circles. To help comparison
between the different plots, vertical dotted lines have been inserted to mark the energy positions
of the excitation edge (E0) and of the first excitation resonance (corresponding to optical
absorption peaks) indicated as E1. It is worth underlining that no significant sample-to-sample
variation in the latter values is evidenced. The occurrence of an asymmetric PL profile (with the
likely presence of double emission bands), the relevant spectral red-shift between the PL peak
and the absorption edge and the partial overlap between the high-energy tail of PL emission and
the absorption edge will be useful to sketch a scheme for the distribution of occupied electronic
levels in PDI8-CN2 films, supporting in turn the interpretation of SHG data.
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Figure 1. Peak-normalized PL (black curves) and PLE (yellow circles, arbitrary units)
spectra of samples S3 (panel A), S4 (panel B) and S5 (panel C). The dotted curves are
the Gaussian component used to decompose the PL spectra, obtained by double-
Gaussian best fit of the PL data. To help comparison, the approximate energy positions
of the excitation onset ≈E( 2.08 eV)0 and of the first excitation resonance

≈E( 2.28 eV)1 are marked by vertical dashed lines.
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The PR-SHG experiment geometry is represented in figure 2, showing the polarization
angle α (defined as the angle between the polarization direction of the linearly-polarized
fundamental electric field ωE and the sample surface) and the cartesian axis system used to
describe the SHG signal. The experiments were performed by detecting the optical intensity of
the reflected p-polarized (i.e. parallel to the plane of incidence xz in figure 3) SH wave as a
function of the polarization angle α. The general purpose of the PR-SHG approach is to extract
the individual SHG susceptibilities (i.e. tensor elements of the χ (2) tensor that drives the SHG
process) from experimental data. In the case of isotropic media, the χ (2) tensor is composed by
only three independent non-null elements, namely χzzz, χzxx and χxxz. Using the axis
representation shown in figure 3, the polar pattern of p-polarized SHG intensity

∝ +I E EP x z
2 2

vs α (indicated also as ‘αp plot’) can be directly related to the non-null
susceptibility elements as follows:

α θ α∝ · +ω
ω( )I I A B( ) sin sin (1)p

2 2 2 2

where χ=B zxx: therefore, the χzxx coefficient can be singled out through a best-fit of αp plots. It
has to be noted that the coefficient A tangles together the non-null χ (2) tensor elements, and
therefore phase-resolved SHG measurements are also necessary to single out all of the tensor
elements in the most general case [39]. However, this is not needed here, as we can obtain the
necessary information from the χzxx coefficient only.

In figures 3(a) and 4(a) (upper panels) the experimental αp plots obtained for PDI8-CN2

films deposited on pristine and HMDS-treated SiO2 are reported, respectively, for some of the
investigated samples (to improve the readability of the graphs, the αp curves for the S3 and S6
samples in figure 3(a) and for the S6 sample in figure 4(a) are omitted). Best-fit curves obtained
by using equation (1) are reported as solid curves, while the corresponding best-fitting values

Figure 2. Schematic representation of the SHG experiment geometry. The fundamental
beam of frequency ω impinges on the sample at an angle of incidence θ. The reflected
fundamental beam and SH beam are both represented in the figure, where in the actual
experimental setup the former is cut off by a suitable optical filter. The sample surface
and plane of incidence are parallel to the xy and xz planes respectively. The polarization
angle α is defined as the angle formed by the polarization direction of the fundamental
electric field and the horizontal xy plane. In the green frame the structural formula of the
PDI8-CN2 molecule is reported.
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Figure 3. (a): α-in/p-out SHG intensity for PDI8-CN2 films deposited on pristine SiO2

(samples S1, S2, S4 and S5). Full lines represent the best-fit curves obtained by using
equation (1). (b): χzxx susceptibility obtained by best fit of PR-SHG α-in/p-out data
using equation (1) vs PDI8-CN2 film thickness. The dotted line is a guide to the eye.

Figure 4. (a): α-in/p-out SHG intensity for PDI8-CN2 films deposited on HMDS-treated
SiO2 (samples S1, S2, S3, S4 and S5). Full lines represent the best-fit curves obtained
by using equation (1). (b): χzxx susceptibility obtained by best fit of PR-SHG α-in/p-out
data using equation (1) vs PDI8-CN2 film thickness. The dotted line is a guide to
the eye.
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for the χ=B zxx susceptibility coefficient are shown in figures 3(b) and 4(b) as a function of
PDI8-CN2 film thickness.

All of the investigated PDI8-CN2 films indeed exhibited the same αp polar pattern, in
accordance with equation (1), representative of an average isotropic symmetry extended over
the size of the optical interaction spot. Observation of such planar isotropy was indeed
predictable, after considering that the optical excitation probes a surface area including a very
high number of elongated domains with random in-plane orientation.

It can be seen that the SHG susceptibilities of both untreated and HMDS-treated SiO2

exhibit a peculiar behavior, characterized by a thickness dependence at smaller film thicknesses
followed by a plateau as the film thicknesses increase. Remarkably, the spatial profile and the
characteristic ‘saturation length’ of the thickness-dependent SHG susceptibility is found to be
affected by HMDS treatment of the SiO2 surfaces. In order to understand these experimental
findings, some considerations are drawn in the next section.

4. Discussion

The results shown in figures 3(b) and 4(b) indicate that the probed ‘SHG-active’ non-
centrosymmetric region is not confined to 1–2 molecular layers only but extends instead for
several nanometres, defining a finite volume above which a saturation of SHG amplitude is
observed. Actually, SHG-active regions in centrosymmetric semiconductors can occur not only
at material discontinuities, but also at finite internal regions characterized by the presence of
electrostatic fields having a well-defined direction. This latter case, known as electric field-
induced SHG (EFISHG), will be invoked in the next section to interpret the experimental
results. Before elucidating the model in detail, we highlight in the present section some
elements and qualitative evidences that will support our interpretation.

Even if no specific studies on the nature of PL-active states in PDI8-CN2 are available,
interesting considerations can be nevertheless expounded from our PL and PLE findings. To
this aim, it is worth citing a recent in situ PL analysis performed on molecular films of perylene
cores [41] evidencing room-temperature spectral contributions originating from excimer states
and from defect states, where the former is significantly red-shifted (Δ ≈E 540meV) with
respect to the 0–0 monomer transition [40, 42]. These results are very close to the ones here
reported for PDI8-CN2, whose PL also can be decomposed as a superposition of two
contributes, one approximately peaked at Ea = 1.76 eV and another at about Eb = 1.90 eV. It is
to be noted that the energy distance between Ea and the first absorption transition (E1) is

− ≈E Ea1 520meV, almost equal to the result reported by Chen and Richardson [40]. We also
underline that the second emission band occurs at photon energies very close to the onset of
optical absorption E0 evidenced by the PLE spectra. On these bases, the PL components peaked
at energies Ea and Eb can be reasonably assigned to excimer emission and below-bandgap
defective states, similarly to reference [40]. This allows to sketch a scheme for PDI8-CN2 state
occupation at equilibrium in which defect states accumulating below the LUMO edge are
predominantly occupied and absorption transitions at photon energies below the E0 edge are
prevented by state-filling (i.e. the Pauli exclusion principle). In this situation, electrons
occupying defective states below the LUMO edge and near band-edge states slightly above E0

can recombine with holes created by supra-bandgap optical excitation, thus explaining why the
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near band-edge transitions at photon energies less than E0 are observed in emission spectra and
not in excitation spectra.

The above described scheme for near band-edge state occupancy implies a Fermi level
close to the LUMO edge and, as a consequence, a non-negligible occupation of LUMO states at
finite temperature. This supports the presence of mobile electrons able to spatially redistribute
themselves in as-grown PDI8-CN2 films.

Other recent literature works also support the above conclusion. Very direct evidence of
LUMO occupation was obtained by recent ultraviolet photoemission spectroscopy investiga-
tions evidencing a Fermi level positioned very close to the LUMO edge in PDI8-CN2

films [43].
Furthermore, even stronger evidence can be exhibited supporting the presence of mobile

electrons, namely the observation of negative threshold voltages (Vth) in OFETs based on
PDI8-CN2 using non-passivated SiO2 as a gate dielectric [36]. This reveals that mobile
electrons giving rise to source–drain current are present even at null gate voltages, and
equivalently that negative gate voltages are needed to deplete the FET channel from already
present mobile electrons.

Concerning the SHG results reported in figures 3 and 4, previous investigations [36] show
that the HMDS treatment of SiO2 substrates does not influence significantly the morphology of
thermally-evaporated PDI8-CN2 films, nor does it affect the optical parameters of the deposited
films (refractive index and extinction coefficient) which depend on the specific molecule and on
the molecular packing only. Therefore, it is not likely that the different thickness-dependent
SHG patterns exhibited by film deposited on pristine (figure 3(b)) and HMDS-treated
(figure 4(b)) SiO2 surfaces can be attributed to linear optical effects. Moreover, the thickness
dependence in SHG outlines the occurrence of a volume effect, suggesting that the observed
nonlinear response cannot be assigned to interface polarization only. Finally, an eventual SHG
dependence on film thickness due to optical interference between two SH waves generated at
the film surface and the interface is also not likely for two reasons, namely: a) such an effect
should lead to sinusoidal oscillatory behavior of SHG efficiency, which is not observed, and—
even more importantly—b) this would not explain the differences in the results shown in
figures 3(b) and 4(b), as HMDS treatment of SiO2 does not modify the optical path in bulk
PDI8-CN2.

5. Interpretation model

Based on the experimental evidence and on the considerations reported in the previous section,
a reasonable interpretation of our experimental data should: a) consider SHG-active regions not
solely limited to the interface; b) explain the role of HMDS passivation in modifying the spatial
profile of the SHG-active region; and c) include the presence of mobile charge, evidenced by
both electrical and optical analyses, as a key ingredient.

Bearing in mind these considerations, we develop and discuss a possible interpretation
model, based on the occurrence of the EFISHG phenomenon. EFISHG is driven by the third-
order nonlinear susceptibility tensor χ (3): being an odd-order term, χ (3) is not restricted by
inversion symmetry considerations and is therefore non-vanishing in the bulk of centrosym-
metric media [44]. The EFISHG term arises from the local presence of a static electric field
(indicated by zE ( )dc ) giving rise to a nonlinear polarization whose expression (using tensor
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notation) is [45, 46] χ= ·ω
ω ω E zP E E z: ( )EFISHG dc

2
( ) (3) , where Edc is assumed to be directed

along the normal to the material surface due to the isotropy of the system in the xy plane.
For the present model, we derived the expression of the total effective SHG susceptibility

for an isotropic film in the presence of both interfacial and electric field-induced SHG by using
the Green function formalism developed by Sipe for surface optics [47]. The calculation details
are reported in the Supporting Information section, where the following expression is
demonstrated:

χ χ γ Λ= + − ×d F dexp ( ) ( ). (2)zxx zxx
I( )

3

Here, d is the semiconductor thickness, χzxx
I( ) is the interfacial second-order nonlinear

susceptibility and γ3 is the zxxz element of the χ (3) tensor element. The actual spatial profile of
the internal electrostatic field and the semiconductor thickness affect the effective SHG
susceptibility through the term F(d), whose expression is:

∫= −[ ]F d E z iz L dz( ) ( ) exp (3)
d

dc
C

0

where λ π θ θ= +ω ω ω ω ω( )L n n4 cos cosC 2 2 , θi ( ω ω=i , 2 ) is the refraction angle of
fundamental ( ω=i ) and SH wave ( ω=i 2 ) in the sample, ni is the PDI8-CN2 refractive
index at the fundamental wavelength (λω) and SH wavelength (λ ω2 ). Finally,
Λ λ πκ θ= ω ω ω2 cos2 2 2 , where κ ω2 is the extinction coefficient of PDI8-CN2 at the SH
wavelength.

The presence of a net uncompensated charge localized about the SiO2/PDI8-CN2 interface
can account for the peculiar behaviour obtained for SHG susceptibility χzxx . To demonstrate
this, we underline that the organic molecules in our SHG experiments are in the neutral state (no
external bias is applied): as a consequence, any eventual accumulation of localized charge has
to be compensated by redistribution of opposite charge in order to guarantee the overall charge
neutrality. Such a redistribution will give rise to a built-in electric field E z( )dc that screens out
the unbalanced local charge, contributing also to an EFISHG term in the total SHG response
(see equations (2) and (3)).

The spatial profile E z( )dc of the electrostatic field is of course ruled by the Poisson
equation that, in the general case, has to be solved numerically [48, 49] due to its intrinsic non-
linear nature (i.e. the charge density ρ itself depends on the local value of electrostatic potential
ϕ). However, a simplified analytical expression for E z( )dc can be obtained under the
assumption of the Debye–Huckel approximation, consisting of a linearization of the ρ vs ϕ
dependence. In the case of a non-degenerated n-type semiconductor at temperature T, such
approximation leads to an exponentially-decaying built-in electric field characterized by a
screening length LD [50]:

= −( )E z E z L( ) exp . (4)dc dc
D0

In spite of its simplicity, the above expression for the electric field takes into account the
main features observed for SHG susceptibilities of PDI8-CN2. In fact, using equations (3) and
(4) the field-dependent quantity F(d) becomes:

∫= − +− −⎡⎣ ⎤⎦( )F d E z L iL dz( ) exp . (5)
d

dc
D C

0
0

1 1
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It is easily seen that the modulus of equation (5) describes a thickness-dependent quantity
that increases for <d LD, followed by saturation and attenuation as film thickness approaches
the attenuation length Λ, thus reproducing the results determined experimentally (see
figures 3(b) and 4(b)).

A simple expression for χzxx
tot can be obtained in the case where the built-in electric field

extends up to a screening length LD less than the SHG coherence length LC: using a first-order
Taylor approximation ( − ≅[ ]iz Lexp 1C ) we obtain:

χ χ γ Λ= + − − −( )( )L E d d Lexp ( ) 1 exp . (6)zxx
tot

zxx
I

D
dc

D
( )

3 0

In case the extent of the built-in electric is comparable or even larger than the coherence
length, the integral (5) can be analytically performed, whose square modulus describes the
χ d( )zxx (see equation (2)). Ellipsometric analysis of PDI8-CN2 (not reported here) allowed us
to estimate a coherence length of about 29 nm: we therefore used the exact expression for
χ d( )zxx to fit the data referring to samples grown on passivated substrates (as they clearly
exhibit a larger ‘saturation length’), while the use of the approximated expression (equation (6))
is sufficient for the first set of samples (untreated substrates).

The obtained results are reported in figure 5, where full circles and a dashed line represent
the experimental data (obtained by PR-SHG analysis, equation (1)) and the best-fit curves,
respectively. A good qualitative agreement between the experimental data and the model
prediction is evidenced, obtaining values of about 0.6 ± 0.2 (untreated SiO2) and 0.19 ± 0.6
(HMDS-treated SiO2) for γ E dc

3 0 and of 10 ± 2 nm and 60 ± 10 nm for the screening lengths LD
(untreated and HMDS-treated SiO2, respectively). Even if the fitting parameters are clearly not
very accurate due to scarce statistics, we underline that LD is ultimately a phenomenological
parameter used to describe the charge-screening mechanism is a simple way. Therefore,
physically relevant conclusions can be expounded regardless of its actual exact value.

Inspection of equation (6) shows that the initial slope of χ d( )zxx
tot is dictated by the γ E dc

3 0
term (i.e. χ χ γ≅ +d E d( )zxx

tot
zxx

I dc( )
3 0 for small d values). As it is unreasonable that the bulk

Figure 5. Full circles: χzxx SHG susceptibility obtained by PR-SHG analysis of the
PDI8-CN2 films grown on untreated SiO2 (full circles) and HMDS-treated SiO2 (open
circles). Curves: best fit of experimental data (dashed curve: films grown on untreated
SiO2, fit performed through equation (6); dot-dashed curve: films grown on HMDS-
treated SiO2, fit performed through the analytic expression).
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susceptibility γ3 is affected by substrate treatment, the lesser slope exhibited by samples grown
on HMDS-treated substrates suggests that HMDS coverage reduces the electrostatic field (and,
in turn, the local electrostatic charge) just about at the SiO2 interface with the organic layer.
Furthermore, the longer screening length obtained for samples grown on HMDS-treated
substrates suggests these latter are characterized by a lesser concentration of mobile charges, so
that a larger volume is needed to screen out the charge immobilized at the SiO2 surface5. In
short, experimental findings suggest a role of SiO2 passivation in reducing the amount of
immobilized and mobile charge at the interface with the gate dielectric and in the
semiconductor.

Taking into account the hydrophobic effect exerted by HMDS treatments of SiO2 surfaces,
an interesting conclusion can be drawn regarding the role of water in operational instabilities of
n-channel OFETs. To explain the BSE in p-channel OFETs using SiO2 as a gate dielectric,
Bobbert and coworkers proposed a mechanism based on proton migration from the surface
toward the bulk of SiO2 [35]. In their model, the presence of adsorbed water molecules on SiO2

surfaces plays a key role, initiating redox reactions that involve holes in the semiconductor,
water, oxygen and protons [51, 52] and leading to the establishment of an equilibrium between
the surface concentration of holes in the accumulation layer and the density of protons in SiO2

close to the surface. Successive proton diffusion in SiO2 thus induces the reduction of
threshold-voltage shift as a function of time observed in BSE.

This mechanism allows one to explain the major features characterizing the BSE in p-type
OFETs and sets up an issue regarding whether a proton diffusion mechanism is involved for
both p-type and n-type BSE. To this regard, Bobbert and coauthors also suggested that in n-
channel OFETs an equilibrium exists—even before eventual application of a gate bias—
between negatively charged Si-O groups on the SiO2 surface (resulting from the hydrolysis of
surface silanol groups Si-OH [53]) and protons in the SiO2 [36]. In such a case, application of a
positive bias to the n-channel OFET will lead to proton drift from SiO2 towards the
semiconductor, removal of electrons from the semiconductor and BSE.

Our investigations support this latter picture. In fact, the presence of negatively charged Si-
O- groups present even at null gate bias can account for the interface fixed charge initiating the
screening field and EFISHG polarization. HMDS treatments act by reducing the surface
concentrations of the silanol groups and of the adsorbed water molecules [51], thus leading to
the decrease in the density of immobilized charge also deduced from our SHG analysis.
Moreover, mobile (bulk) charge concentration is also decreased by hydrophobic passivation, as
indicated by the reduction of source–drain current at null bias voltage in PDI8-CN2 OFETs
[37]. To explain this, a reaction leading to the reduction of organic molecules and involving
water and oxygen has been suggested as follows: 2H2O + 4os ⇌ 4H+ + 4os- + O solv2( ) (where
os stands for the organic semiconductor). Reduced organic molecules (os-) can account for the
mobile charge responsible for the source–drain current at null gate bias and for the build-up of
the screening field E z( )dc involved in EFISHG contribution. According to this reaction,

5 Indeed, in rigorous Debye-Huckel screening in which the interface band bending is not larger than few kBTʼs and
the local charge is fully screened, the screening length depends only on the bulk concentration of mobile charge,
according to ε π=L k T e n8D B b

2 , being nb and kB the bulk density of mobile charge carriers and the Boltzmann
constant, respectively. However, in our case the amount of charge to be screened is also likely to depend on SiO2

treatment, so it is not obvious that a quantitative conclusion about the total bulk density of charge can be inferred
by simply comparing the different screening lengths obtained for the two sets of samples.
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hydrophobic treatment will also decrease the mobile charge density (or, equivalently, increase
the screening length) again in agreement with the experimental findings.

6. Conclusions

In conclusion, in this work we investigated the possibility to employ optical second-harmonic
generation as a technique to perform contact-free and spatially-selective probing of electronic
distribution in PDI8-CN2 molecular films deposited on SiO2 dielectric layers. In particular, we
sought evidence of inversion symmetry-breaking charge distribution at the buried PDI8-CN2/SiO2

interface and/or in the organic semiconductor layer, through analysis of SHG dielectric
susceptibilities in PDI8-CN2 films of variable thickness and deposited on untreated and HMDS-
treated SiO2 layers. In all investigated cases the results pointed out a finite three-dimensional
‘SHG-active’ semiconductor region in which spatial distribution of charge carriers lacked
inversion symmetry, suggesting the presence of an internal built-in electrostatic field that leads to
an additional contribution to SHG. Experimental findings are modeled in terms of electric field-
induced SHG phenomenon initiated by net charges lying at the top of the SiO2 gate dielectric layer
and inducing a non-uniform charge distribution (or, equivalently, a Debye-like screening field) in
bulk PDI8-CN2. SiO2 surface passivation by HMDS has been found to play a relevant role in
dictating the strength of the interface field and its spatial distribution. Photoluminescence and
excitation-resolved photoluminescence characterizations have also been performed, supporting the
presence of mobile charge carriers in PDI8-CN2 and reinforcing the proposed interpretation. The
experimental results can be interpreted as a consequence of reduction–oxidation reactions
involving PDI8-CN2, water molecules and surface silanol hydrolysis. This supports the hypothesis
that a ‘universal’ mechanism determines and rules the operation instabilities for both p-type and n-
type OFETs, related to proton diffusion in bulk SiO2.
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