Organic Electronics 18 (2015) 44-52

journal homepage: www.elsevier.com/locate/orgel

Contents lists available at ScienceDirect

Organic
ctronics

Organic Electronics

Electron injection barrier and energy-level alignment
at the Au/PDI8-CN, interface via current-voltage measurements

@ CrossMark

and ballistic emission microscopy

R. Buzio®*, A. Gerbi?, D. Marré *°, M. Barra ¢, A. Cassinese

2 CNR-SPIN Institute for Superconductors, Innovative Materials and Devices, C.so Perrone 24, 16152 Genova, Italy
b Physics Department, University of Genova, Via Dodecaneso 33, 16146 Genova, Italy
€CNR-SPIN and Physics Department, University of Naples Federico II, Piazzale Tecchio, 80125 Napoli, Italy

ARTICLE INFO

ABSTRACT

Article history:

Received 22 October 2014

Received in revised form 31 December 2014
Accepted 2 January 2015

Available online 9 January 2015

Keywords:

Perylene diimide

Gold-organic interface

Electron injection barrier

Band alignment

Current-voltage measurements
Ballistic electron emission microscopy
(BEEM)

We probe electron transport across the Au/organic interface based on oriented thin films of
the high-performance n-type perylene diimide semiconductor PDI8-CN,. To this purpose,
we prepared organic-on-inorganic Schottky diodes, with Au directly evaporated onto
PDI8-CN, grown on n-Si. Temperature-dependent current-voltage characteristics and
complementary ballistic electron emission microscopy studies reveal that rectification at
the Au/PDI8-CN, interface is controlled by a spatially inhomogeneous injection barrier,
that varies on a length scale of tens of nanometers according to a Gaussian distribution
with mean value ~0.94 eV and standard deviation ~100 meV. The former gradually shifts
to ~1.04 eV on increasing PDI8-CN, thickness from 5 nm to 50 nm. Experimental evidences
and general arguments further allow to establish the energetics at the Au/PDI8-CN,
interface. Our work indicates injection-limited current flow in PDI8-CN,-based devices
with evaporated Au electrodes. Furthermore, it suggests chemical reactivity of PDIS-CN,
with both Au and Si, driven by the lateral isocyano groups.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Hereafter, we focus on the archetypical N,N'-bis(n-ctyl)-
x:y,dicyanoperylene-3,4:9,10 bis(dicarboximide) (PDI8-CN,),

Perylene diimide derivatives are among the most
interesting n-type organic semiconductors because of their
relatively strong electron affinities and the tailoring of
the charge-transport properties upon changing the
substituents on the imide N atoms or on the perylene back-
bone [1,2]. Hence, owing to their chemical and electronic
stability in air and the tendency to form ordered layers,
these molecules represent promising candidates for the
development of high-mobility, highly performing devices
such as field-effect transistors (OFETs).
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a perylene derivative functionalized with the insertion of
two cyano groups directly bound to the aromatic core
[1]. The presence of the electron-withdrawing cyano
groups was demonstrated to significantly lower the ener-
getic position of the lowest unoccupied molecular orbital
(LUMO), thereby facilitating the electron injection from
Au contacts and making the electron transport through
these molecules quite insensitive to oxidative charge trap-
ping processes related to ambient gases (i.e. O, and H,0)
action [1]. Nowadays, n-type organic transistors based on
PDI8-CN, films display electron mobility values usually
ranging between 0.01 and 0.1 cm?/Vs being limited, in
many cases, by residual contact resistances [3] where the
electrons injection barrier at the Au/PDI8-CN, interface
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plays a major role. Hence, it is crucial to assess the size of
this barrier and the practical factors that influence it, in
order to gain in-depth understanding of contact effects
and support strategies to improve charge injection at low
voltages. Determination of the electronic barrier height
also allows to model the operational response of devices
in a more comprehensive way, i.e. by including the role
of contacts and treating the complex interplay between
injection-limited and space-charge-limited current flow
[4,5]. These aspects are also particularly relevant to study
charge transport in organic devices comprising single
molecules and nanostructures, which performance is well
known to be critically impacted by contacts contributions.
So far, systematic analysis of contact resistances in OFETs
performed with the transmission-line method agree with
the presence of a Schottky-Mott barrier of ~0.8 eV at the
Au/PDI8-CN, interface [3]. However, this strategy repre-
sents a highly indirect experimental approach for estimat-
ing the metal/organic barrier. Furthermore, it mostly
focused on the analysis of the so-called bottom-contact
configuration, where the organic film is deposited directly
onto the electrode metallic surface. In the present
paper we follow a different approach, by fabricating
organic-on-inorganic Au/PDI8-CN,/n-Si vertical diodes
and exploring the related electron injection barrier at the
Au/PDI8-CN;, interface. Devices are studied by complementary
electrical techniques, namely current-voltage-tempera-
ture (I-V-T) measurements and ballistic electron emission
microscopy (BEEM). Conventional I-V-T curves represent
an established methodology to investigate organically
modified contact barrier diodes and examine electron
transport across heterogeneous interfaces [6-8]. Addition-
ally, we exploit BEEM to directly measure the electron
injection barrier at the buried metal/organic interface
[9-13]. We find that the Au/PDI8-CN, interface behaves
as a spatially inhomogeneous Schottky barrier fluctuating
on a length scale of tens of nanometers. We quantify the
average electron injection barrier as well as the barriers
spread, achieving a consistent description of the energy-
level alignment at the metal/organic interface. Molecular
orientational disorder and reactivity of the cyano groups
toward Au are proposed to be the main reasons for the
inherent interfacial inhomogeneity.

2. Experimental

Schottky junctions were prepared by vapor depositing
PDI8-CN, (Polyera Activink N1200 by Polyera US) on
hydrogen-terminated Si(100) (H-Si) substrates
(10 x 5 x 0.5 mm?>, n-type, 1-10 Ohm cm, wet etching in
aqueous solution with dilute 5% HF) in vacuum
(base pressure <1078 mbar, deposition rate 1 nm/min,
Tsubstrate = 100 °C) [14]. The nominal thickness dpp; was cal-
ibrated with a quartz crystal microbalance and is used
below to label the different specimens. Top-contact Au
electrodes of ~10 nm thickness were thermally evaporated
ex situ onto the organic layer using a shadow mask (area
1.8 mm?). Details on Si Ohmic back-contact and Au
grounding are reported elsewhere [15,16]. Fig. 1 shows a
schematic diagram of the fabricated devices.

The morphology of the PDI8-CN, films was character-
ized by Atomic Force Microscopy AFM (Solver P47-PRO
by NT-MDT, Russia) operated in tapping-mode in air
(probes Olympus AC160TS).

Ballistic emission microscopy BEEM was performed
under ultra-high-vacuum UHV conditions (base pressure
5 x 107'° mbar) using a commercial Scanning Tunneling
Microscope STM (LT-STM by Omicron Nanotechnology
GmbH Germany) equipped with an additional low-noise
variable-gain current amplifier (custom DLPCA-200 by
FEMTO GmbH Germany). In BEEM, a STM tip at bias Vr
injects ballistic electrons into a thin metal overlay at a con-
stant tunneling current Ity (Fig. 1). If the electrons energy
overcomes the buried energy barrier formed between the
metal and the semiconducting substrate, a current Ipggy
is transmitted across the sample and collected through
the backside Ohmic contact [11,12,17]. The barrier height
is then defined by the onset of the collector current in
Igeem VS Vr spectra. Unless otherwise specified, the STM
tip (electrochemically etched W) was negatively biased
with respect to the grounded Au film, meaning electron
transport occurs in the direction of STM tip to metal and
semiconductor. For the acquisition of each BEEM spectrum
the tip voltage V; was ramped under feedback control, in
this way keeping the tunneling current I, constant. Data
at each bias voltage was obtained by averaging 4096 sam-
ples. A typical spectrum consisted of 600 data points and
was acquired in ~1 min.

Complementary [-V-T characteristics were measured
under dark in the STM chamber, by replacing the BEEM
current amplifier with a Keithley 6430 sub-femtoamp
sourcemeter. The bias voltage was swept with a delay time
of 2 s per 10 mV step.

3. Results and discussion
3.1. Morphology of PDI8-CN, thin films on H-Si

Optimized depositions of PDI8-CN, on SiO, attest the
formation of c-axis oriented, homogeneous and molecu-
larly-smooth thin films that exhibit a quasi two-dimen-
sional (2D) layer-by-layer growth [14,18]. Here, we show
that the growth mode changes for H-Si substrates. In
Fig. 2, indeed, we report representative AFM topographies
of polycrystalline PDIS-CN, films on H-Si. Ultrathin films
consist of connected, three-dimensional (3D) domains,
exhibiting a layered structure made of large, monomolecu-
lar terraces (Fig. 2a). Magnification of the individual
domains demonstrates that they originate from a spiral
growth around screw or half-loop dislocations (Fig. 2b).
Elongated terraces are clearly visible - as generally
observed for other perylene derivatives — and reflect the
anisotropic growth driven by the strong anisotropy of the
in-plane ab unit cell (a=5.028 A, b=8.930A) [18]. By
inspecting individual scan lines and height histograms of
stepped regions, we estimated a terrace step of
2.0+ 0.5 nm (Fig. 2¢). This value is in good accordance with
previous studies and agrees with the fact that the longer
lattice parameter of the PDI8-CN, triclinic unit cell
(c=19.944 A) is out of the plane. In other words, the
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Fig. 1. (Top) Schematic diagram of the Au/PDI8-CN,/n-Si contact barrier diode and the experimental set-up for BEEM measurements. (Bottom) Energy band
diagram showing the conventional BEEM pathway for hot-electrons injection from the STM tip. Carriers with energy above the local interface barrier height
are transmitted across the unbiased heterostructure and collected by the n-Si substrate, thus contributing to Igggm.
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Fig. 2. (a) AFM image of a PDI8-CNj, film on H-Si (dpp; = 10 nm). Elongated 3D structures, formed by stacks of monomolecular layers, are clearly resolved. (b)
AFM magnification of individual domains. The 3D spiral growth proceeds around screw or half-loop dislocations (a few cores highlighted by black arrows).
Crystalline domains coexist with regions covered by nanometric globular protrusions. (c) The scan line from the topography in (b) reveals a quantized
height, due to edge-on arrangement of molecules. (d) Cartoon of the growth mode: oriented domains self-assemble onto a disordered layer of flat-lying
molecules.
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molecules are oriented with their long inertial axis almost
normal to the substrate surface (edge-on configuration)
and the - overlap is in the substrate plane. The fact that
the molecular arrangement within the crystalline domains
is analogous to that reported for the bulk phase and for
PDI8-CN, films on SiO, is attributed to the presence of
the CN groups, that impose geometrically stiff intermolec-
ular interactions [18]. AFM also revealed that the 3D
domains laterally expand and coalesce via the spiral
growth, until a continuous surface morphology emerges
for dpp; > 30 nm (not shown).

Of particular relevance for what follows are the nature
and properties of those portions of the Si substrate covered
by small globular protrusions of lateral size 20-50 nm and
height ~1 nm (Fig. 2b). Such regions might correspond to a
phase of flat-lying molecules forming a disordered, molec-
ularly-thin wetting layer [3,19]. Beside AFM topographies,
other arguments support this conclusion. Some of us
recently reported that PDI8-CN, on SiO, undergoes a con-
tinuous transition from a 2D layer-by-layer growth to 3D
spiral growth on increasing film thickness [20]. In the pres-
ent case, ultrathin films already evolve according to the
spiral growth, thus the 2D — 3D transition on H-Si possibly
takes place at low coverage, after completion of a molecu-
larly-thin layer. Moreover, model perylene derivatives
form spiral islands on bare Si after completion of a disor-
dered wetting layer that passivates dangling bonds [21].
Likewise, for PDI8-CN, on H-Si, formation of an initial layer
might be assisted by a strong coupling with the substrate
caused by the CN groups. These are known to covalently
bind to H-Si by anodic grafting [22]. They might also react
with Si at defect sites of the passivating hydrogen layer
through cycloaddition [23]. Importantly, a limited number
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of chemisorbed molecules (~20%) is sufficient for the for-
mation of the initial layer [21,24]. Further indications for
the existence of a PDI8-CN, wetting layer arise from I-V-
T characteristics and BEEM experiments, and are discussed
below. A cartoon showing the suggested growth mode is
reported in Fig. 2d.

3.2. I-V-T characteristics of the Au/PDI8-CN,/n-Si diodes

The room temperature I-V characteristics of Au/PDI8-
CN,/n-Si diodes are shown in Fig. 3a as a function of thick-
ness dpp;. All devices rectify with polarity consistent with
the Si carrier type. Importantly, I-V curves deviate from
the Au/n-Si reference data in the low bias regime, confirm-
ing that the organic layers are not shorted electrically by
direct deposition of Au [25]. For reverse biases and forward
biases below ~0.4 V a behavior typical of Thermionic Emis-
sion (TE) is observed. For applied voltages larger than 0.4 V,
the I-V curves depart from exponential, being affected by
the transport properties of the organic material and series
resistance. Least square fits to the linear part of the charac-
teristics with the TE equation, J=A"T?exp(—d¢gz/ksT)
exp(qV/nkT), provided the effective barrier height ¢g
and ideality factor n as fitting parameters. A Richardson
constant A" =112Acm=2K? was used [6,26]. Fig. 3b
shows that ¢; monotonically increases from 0.69 eV to
0.82 eV when dpp; changes from 5 nm to 50 nm, whereas
n remains higher then unity (>2). Notably, an abrupt
change of transport takes place for dpp; =5 nm, therefore
molecules affect majority bands line-up already in form
of ultrathin layers sandwiched between Au and n-Si. This
transition also indicates that the portions of H-Si substrate
which are covered by small globular protrusions (Fig. 2b)
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Fig. 3. (a) Room temperature I-V curves measured for Au/PDI8-CN,/n-Si diodes. Forward bias is with positive voltage applied to Au. Current density
strongly depends on the organic thickness. (b) The effective barrier height ¢ and ideality factor n as a function of dpp,. (c) The temperature-dependence of
¢y and n indicates spatial inhomogeneity with a distribution of barriers. (d) Plot of ¢(T) vs 1/T. Interpolation is done with the Gaussian fluctuation model

(see text).
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do not behave as intimate Au/n-Si junctions, which are
known to give ¢ ~ 0.8 eV and n ~ 1 [27,28]. On the con-
trary, as observed in the previous section, a wetting layer
of flat-lying molecules very likely separates Au and Si
(see Fig. 2d).

The estimated ¢, and n values are close to previous
reports on Au/perylene derivatives/n-Si diodes [6,26,29].
Idealities n > 1 often appear for metal/organic/Si devices
and can be related to several effects, including spatially
inhomogeneous Schottky contacts, bias voltage depen-
dence of the barrier height, image-force lowering and
interface states. We claim that spatial inhomogeneity is
playing the major role in the present case. This stems from
the TE analysis of [-V-T characteristics (representative
I-V-T curves are shown in Supplementary Material).
Fig. 3c shows that the junction response strongly depends
on temperature T, since a simultaneous lowering of ¢z and
increase of n take place on decreasing T. Such trend is
observed for specimens with different dpp; values and rep-
resents a signature for the existence of a distribution of
barriers [30,31].

In the framework of a potential fluctuations model
assuming Gaussian variations of the local barrier height
[30], the mean value ¢,_y and standard deviation ¢ of the
distribution are obtained by linear regression of the exper-
imental ¢g(T) vs 1/T plot with the theoretical relationship
¢5(T) = ¢i_v — 6%q/2ksT. Fig. 3d shows that experimental
data are satisfyingly fitted with a straight line over a broad
temperature range (120K < T <300K), with best fit
parameters ¢y = (0.91+0.01)eV, 6=110meV for
dppr=5nm and ¢,_y = (1.04+£0.01) eV, ¢ = 110 meV for
dpp; = 50 nm. Comparison with the distribution of bare,
abrupt Au/n-Si junctions [27,28] (¢*%S' = 0.83—0.87 eV,
oM/St = 20—80 meV) demonstrates that the insertion of
the PDI8-CN, layer shifts the mean barrier height toward
higher energies and enhances the distribution width. A
similar trend was reported for other hybrid organic-inor-
ganic contacts [8], including perylene-based diodes
[26,29,32]. Given the inhomogeneous nature of the fabri-
cated devices, it follows that the current across the
Au/PDI8-CN,/n-Si diodes preferentially flows through the
local barrier minima, corresponding to the low-barriers tail
of the Gaussian distribution.

3.3. Ballistic electron transport across the Au/PDI8-CN,/n-Si
diodes

In view of the inhomogeneous nature of the Schottky
junction highlighted by I-V-T analysis, we further explored
the distribution of barriers via BEEM spectroscopy. In this
work BEEM experiments were carried out at ~120K to
increase the signal-to-noise ratio against the poor ballistic
transmittance (see below), while remaining in a range of
temperatures where the potential fluctuations model holds
(see Fig. 3d). Furthermore, we enhanced ballistic injection
using a relatively high Ity,, usually from 20 nA to 80 nA.
About one thousand spectra, arranged in square grids of
150 x 150 nm? area, were acquired at different locations
of the top Au electrode. In fact, we found that the repeated
acquisition of high-density grids at the same spot caused
modifications of the Au morphology and of the interfacial

properties (see Supplementary Material). Therefore, the
surface locations probed by BEEM were separated by hun-
dreds of nanometers (=500 nm) and each grid (typically
8 x 8 spectra with spacing ~19 nm) was acquired at the
same point only once, to reduce to a minimum the degra-
dation of the surface and of the buried interfaces. In Fig. 4a
we report a representative raw spectrum, with Schottky
barrier threshold Vinsg ~ —0.90V and hot electron injec-
tion efficiency Iggem/Itun ~ 1 x 1076 at 0.3 eV above V.
Notably, a second onset of the collector current exists at
Vinpc ~ —1.26 V, which is slightly larger than the Si band
gap at 120K (~1.16 V). As discussed by Heller et al. [33],
the portions of spectra above Vy, pc are due to STM-induced
photocurrent (STM-PC) in Si rather than to a real injection
of hot electrons. On the contrary, the true ballistic signal
concerns spectral regions immediately above the first
onset Vi, sp. Analysis of neighbor spectra within individual
grids revealed a dramatic variation of BEEM efficiency on
the nanoscale. In detail, spectra with efficiency >10~> were
rarely detected, being ~1% of the totally acquired data.
Spectra with efficiency 107 (as in Fig. 4a) were ~20%
and were recorded at isolated nanosized domains (see
additional BEEM data reported in the Supplementary
Material). They appeared with frequency of 2-10 per grid
and were distributed over the Au surface without apparent
correlation with the buried organic structures (e.g. crystal-
line domains or grain boundaries). The majority of the
spectra however did not show the ballistic threshold
Vinss up to the photocurrent onset Vi, pc. Such behavior
attested the significant attenuation experienced by hot
electrons crossing PDI8-CN; and their enhanced scattering
at the organic/inorganic interfaces. Earlier reports also
show that the insertion of organic layers at the Au/n-Si
interface decreases the BEEM efficiency by orders of mag-
nitude until a negligible transmittance occurs for a layer
thickness of a few nanometers [12,34]. For such reasons
we restricted BEEM experiments to the samples with the
thinnest interlayer (dpp; = 5 nm).

We investigated the Schottky barrier inhomogeneity by
fitting each spectrum (clearly showing the Schottky onset,
as in Fig. 4a) with the Bell and Kaiser (BK) phase space
model, i.e. Iggem/Itun = R(eVr — thh7SB)2/eVT (e elementary
charge, fitting range —0.3V < Vy < —-1.2V), in order to
extract the local value of Schottky barrier height eV, sg
and transmission attenuation factor R.

Fig. 4b shows the histogram of the barriers extracted
from a selected ensemble of 220 spectra. One can observe
two energetically-distinct contributions, respectively a
Gaussian distribution centered at ~0.94 eV and a broad
“shoulder” of smaller barriers roughly extending from
0.5 eV to 0.8 eV. The spread of barriers largely overcomes
that of Au/n-Si bare interface [12,27,28] and points toward
an inherent interfacial inhomogeneity induced by the pres-
ence of the PDI8-CN, molecules. As discussed below, the
Gaussian distribution originates from the hot electrons
injection across the buried Au/PDI8-CN, interface. On the
other side, the tail of lower barriers regards the PDIS-
CN,/Si interface, which is detected because of quantum
tunneling of ballistic electrons from Au into n-Si below
the LUMO of PDI8-CN, [12]. Under this hypothesis, we
ensemble averaged the spectra contributing to the
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Fig. 4. (a) Raw BEEM spectrum with two onsets, related to ballistic injection and STM-PC respectively (Ityn = 80 nA). (b) Histogram of the local barrier
heights extracted from 220 individual spectra. Red curve is a Gaussian fit above 0.8 eV. Blue dash curve is a guide to eye. (c) Average spectrum calculated
from a subsets of 60 curves corresponding to the light gray histogram in (b). (d) Heterojunction energetic alignment at zero bias. E is the Fermi energy of
the sample, E, and Ec are the valence and conduction bands of Si, respectively. Red and blue values are from BEEM experiments (units eV). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Gaussian distribution and fitted the average plot with the
BK model. In this way, we obtained the average barrier
¢seem = (094 +£0.05) eV and the average transmission
attenuation factor R~ 1.4 x 10> eV~"' (Fig. 4c). Impor-
tantly ¢geem agrees with ¢,_y =2 0.91 eV extrapolated from
I-V-T curves, therefore the two techniques coherently esti-
mate the average barrier height for dpp; =5 nm. We note
that the statistical spread of the histogram in Fig. 4b) orig-
inates from two distinct contributions, namely the lateral
variations of the barrier height at the buried interfaces
and the measurement noise [28]. A careful analysis indi-
cates that experimental uncertainty contributes to the
spread with ~70-80 meV so that the actual barrier inho-
mogeneity at the Au/PDI8-CN, interface is reduced from
the measured distribution to ~160 meV (full-width-at-
half-maximum) and at the PDI8-CN,/Si interface to
~180 meV. Such values are likely affected, to some extent,
by the screening properties of the semiconductors PDI8-
CN, and n-Si [27]. By combining BEEM and I-V-T analysis
one gets ~100 meV as a reasonable estimate for the stan-
dard deviation of the barrier spread at the Au/PDI8-CN,
interface (see Supplementary Material). Finally, it is impor-
tant to remember that due to the spotlike transparency of
the interfaces, the spectra contributing to the histogram of
Fig. 4b) are randomly distributed within the grids, with
typical in-plane distance ranging from 20 to 60 nm (i.e.
from one to more grid steps). Therefore, BEEM spectros-
copy reveals fluctuations of the barrier height on a length
scale of tens of nanometers. Furthermore, it gives insight
on the heterojunction energy-level alignment at zero bias,
as discussed hereafter.

3.4. Electron injection barrier and energy-level alignment at
the Au/PDI8-CN, interface

We assume that ¢geev =2 0.94 eV should be associated
to the electron injection barrier at the Au/PDI8-CN, inter-
face, i.e. the LUMO should be on the average 0.94 eV above
the Fermi energy of Au. On the other hand, the “shoulder”
of barriers between 0.5 eV and 0.8 eV should be related to
the position of the Si conduction band edge at the PDI8-
CN,/n-Si interface. The corresponding band diagram,
reported in Fig. 4d, is supported by different arguments.
First, the LUMO position is consistent with predictions
based on literature values for the constituent materials.
Taking I =7.1eV [35] and E{* = 2.9 eV, respectively for
the ionization energy and transport gap of PDI8-CN,
(B ~EP +0.5eV [3637] and E* =2.4eV [1]), and
¢y = 5.2 eV for the work function of polycrystalline Au,
the hole injection barrier is ¢§ =1— ¢, = 1.9 eV and the
electron injection barrier is ¢ = Eg* — ¢5 = 1.0 eV. Hence,
¢p matches ¢peem =2 0.94 eV. Recent photoelectron spec-
troscopy studies [38] locate the highest occupied molecu-
lar orbital (HOMO) 1.9 eV below the Fermi energy of Au
- as argued above and depicted in Fig. 4d - and document
the formation of a negative interfacial dipole 4 < 0 at the
Au/PDI8-CN, interface. We included this evidence in the
diagram for consistency. Second, an electronic barrier of
0.5-0.8 eV at the PDI8-CN,/n-Si interface is in line with
the small difference of electron affinities between PDI8-
CN, (~4.2 eV) and n-Si (4.05eV) and with the fact that
in such case Si Fermi level pinning gives barriers of
0.4-0.7 eV [39].
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A relevant question pertains the physical origin of the
spread of the measured barriers. Spatial inhomogeneity
commonly emerges in organically modified diodes and
can be ascribed to several reasons, as direct shorts between
Au and n-Si across the organic layer, partial disruption of
molecules as a result of direct metal evaporation, intermix-
ing and new phases driven by chemical reactions, interfa-
cial contamination or molecular disorder [25]. Whereas it
is far from obvious to unravel the specific contributions
giving rise to inhomogeneity at the Au/PDI8-CN, interface,
experimental evidences on thin films growth (see Fig. 2)
and the background literature suggest that inhomogeneity
might come from tiny, local variations of the molecular ori-
entation and packing [40], and the well known capability
of the cyano groups to promote molecular chemisorption
on Au [41]. Likewise, the spread of barriers at the PDI8-
CN,/n-Si interface (corresponding to the “shoulder” of the
histogram in Fig. 4b) might originate from small fluctua-
tions of the organic layer thickness - that modulate Si band
banding through image-force lowering effects [7,12] - and
the already mentioned reactivity of CN toward H-Si
[22,23]. Transport data of Fig. 3d complete the picture of
barrier inhomogeneity for dpp; > 5 nm. The standard devi-
ation ¢ remains the same for 5 nm- and 50 nm-thick inter-
layers, which further supports the assumption of
prominent interfacial reactivity when depositing Au con-
tacts onto PDI8-CN,. On the other side, we suggest that
the ~130 meV increase of the average barrier height ¢;_y
with film thickness likely reflects a gradual shift of the
LUMO and HOMO positions toward lower binding ener-
gies, due to small changes in the molecular orientation
and ordering as a function of the nominal film thickness.
Indeed, thickness-dependent energy level shifts are known
to occur for different organic materials, e.g. phthalocyanine
[42], and have been recently observed for PDI8-CN, vapor
deposited on Au [35].

In view of the high electron barrier values found for the
Au/PDI8-CN, interface, between ~0.91eV and ~1.04 eV,
one can conclude that devices with top-contact architec-
ture are injection-limited [5]. Consequently, our study fur-
ther supports those efforts that aim to mitigate the metal/
organic contact resistance by fabrication of bottom-contact
structures with chemically-tailored electrodes [3]. In fact,
chemisorbed self-assembled monolayers can reduce the
metal work function through intrinsic dipoles contribu-
tions hence, as a result, better matching of the metal and
LUMO levels is expected.

Further investigations with surface sensitive spectro-
scopic techniques are certainly required to deeply address
the issue of chemical reactivity of PDI8-CN, with Au and Si.
Despite uncertainties on its origin, the barrier inhomoge-
neity resolved by BEEM appears relevant to studies that
challenge the fabrication and optimization of PDI8-CN,-
based nanodevices, or that quantify the intrinsic electrical
characteristics of different supramolecular assemblies (e.g.
microscopic fibers). The existence of nanoscale potential
fluctuations at Au/PDI8-CN, contacts might also shed light
on the large uncertainty in the transport properties typi-
cally extracted from conductive-AFM data [43].

4. Conclusions

In summary, we determined the electron injection bar-
rier, energy-level alignment and nanoscale spatial
inhomogeneity at the Au/PDI8-CN, interface. Hybrid het-
erostructures were prepared by evaporating Au electrodes
directly onto oriented organic thin films grown on hydro-
gen-terminated n-Si. The room temperature I-V curves
clearly showed rectification, together with a gradual shift
of the effective Schottky barrier height from 0.69 eV to
0.82 eV on increasing the PDI8-CN, thickness from 5 nm
to 50 nm. Refined analysis of I-V-T characteristics and
BEEM spectra revealed that electron transport across the
metal/organic interface is dominated by low-barrier
patches and interfacial inhomogeneity, that occur on a
length scale of tens of nanometers. In view of the affinity
of cyano groups toward Au, we suggest that chemical
interaction of Au with PDI8-CN, might strongly contribute
to the observed phenomenology. Finally, we exploited
experimental evidences and general arguments to extract
the energetics of the metal/organic interface. The band dia-
gram consistently incorporates I-V-T and BEEM data - for
the LUMO position - and literature results of valence band
photoemission spectroscopy - for the HOMO position. In
particular, the LUMO turns out to be ~0.94 eV above the
Fermi energy of Au for the case of ultrathin organic layers.

Our study highlights general features of current trans-
port in PDI8-CN,-based devices with evaporated Au elec-
trodes and suggests the prominence of injection-limited
current flow. The direct determination of the electron
injection barrier by BEEM provides input parameters to
model the operational response of very diverse devices,
as light emitting diodes, OFETs and photovoltaic devices
and optimize their performance.

From a different perspective, the present investigation
demonstrates that the electrical properties of Au/n-Si
Schottky diodes are effectively modified by PDIS-CN,. We
reported ~130 meV barrier height engineering at room
temperature through proper tuning of the perylene thick-
ness, with rectifying ratio >10° and current carrying capac-
ity >1072 A/cm? at 1V bias. Such performances, together
with the ambient stability of transport, offer remarkable
advantages compared to organic-on-inorganic junctions
using other perylene derivatives.
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