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ABSTRACT

We address the impact of the relative orientati@wben donor (D) and acceptor (A)
molecules at the D/A heterojunction on the excitissociation. For this purpose, two-
dimensional heterojunctions of diindenoperylene RDland N,N"-dioctyl-3,4,9,10-perylene
tetracarboxylicdiimide (PTCDI-§ deposited onto SiBi are grown, which exemplify two
model interfaces with the-staking direction either perpendicular or parattelthe interface.
Aspects related to the morphology of the heterdjans and charge photogeneration are studied
by scanning probe force methods and photoluminesc@AL) spectroscopy. Results from PL
spectroscopy indicate that the exciton dissociat®ninfluenced by the different relative
molecular orientations of A and D. For the confagfion with stronger orbital overlap between A
and D at the interface, the exciton dissociatiothoisiinated by recombination from an interfacial

charge transfer state.
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Introduction

Organic photovoltaic (OPV) devices have been stilgieextensive research and development
over the past decade. In spite of the progresshénfield, with record power conversion
efficiencies already beyond 12%.the basic mechanism of photovoltaic generatiorfreé
charges is surprisingly not well understood arfokisig currently debateti*
In organic solar cells, absorbed photons lead tmBelectron-hole pairs, or singlet excitons. To
contribute to the photogenerated current, an exaitost first be dissociated into free charges.
The interface between a donor (D) and an acceptpm@terial, so called D/A heterojunction,
has become the fundamental element of organic pblté&ic devices. When an exciton reaches
the heterojunction, it can be separated into actrele at the acceptor side and a hole at the donor
side if the difference of energy between the lowsgiccupied molecular orbitals (LUMO) of A
and D (energy offset) exceeds at least the exdiionling energy. However, variations in
photoconversion efficiency for different materialsmbinations cannot in all cases be explained
by this simple energy-level offset picture. Additadly, differences in the electronic structure of
the heterojunction, determined by specific featuwwesntermolecular overlap, seem to play a
critical role.>°Severalstudies have revealed the relevance of efismsfer (CT) states in which
the electron at the acceptor side and the holéeatdbnor side remain bound by Coulomb
attraction”*° This bound electron—hole pair at the interfaceeigirer dissociate into free charges
or recombine back to the ground state. The inte&afaCT state may not only be of high
importance for the open circuit voltage of orgapiotovoltaic devices but also for the extracted
photocurrent*?As the wave function overlap at the D/A interfaeteimines the CT properties
the morphology of the heterojunction is expectetiawe strong influence on the mechanisms of

exciton dissociation and recombination. Identifythg specific role of the molecular properties



of D/A interface in thin films poses enormous cealies because thin films contain
heterointerfaces with polycrystalline (and ofterdetermined) structure. This issue has been
addressed in several works from a theoretical si@int™ **'° For instance, Verlaak et al.
modeled the pentacene/C60 crystalline interfacecamdluded that both the vacuum-level shift
and exciton dissociation critically depend on thieerdation of the pentacerneorbital with
respect to the adjacent C8D.

In this work we assess experimentally the impacthef relative molecular orientation at D/A
interfaces on the exciton dissociation. Our sthaisdo grow two nanoscale D/A heterojunctions
as model heterointerfaces in which thistacking direction is either nearly perpendicifegure

la) or parallel to the interface (figure 1b). Wavé chosen DIP (diindenoperylene) and PTCDI-
Cs (N,N"-dioctyl-3,4,9,10-perylene tetracarboxyliedide) as donor and acceptor materials,
respectively. DIP is known to exhibit remarkablgstallinity and charge-transport properties
and was recently used as donor material with higénecircuit voltage (¥c) in combination
with C60*® PTCDI-G; also exhibits well-ordered thin filntS,high electron mobility in organic
field effect transistofS and has been used as acceptor material in sdlarviéh pentacené
Both molecules, DIP and PTCDI-g@re planar conjugated molecules, which grow in an
upstanding orientation on weakly interacting swefasuch as S¥KDSuch anisotropic crystalline
structure facilitates the study of ordered and wefined interfaces.

The two relevant phenomena of charge photogenaratind reduced singlet exciton
recombination (photoluminescence quenching) haven bstudied by Kelvin probe force
microscopy (KPFMJ” and photoluminescence (PL) spectroscopy. The dedignergy levels of

the heterojunctions have been characterized byawidtiet photoelectron spectroscopy (UPS).



We successfully provide a clear identification obletular orientation as one of the factors

governing recombination through interface states.

Experimental methods

All samples were fabricated by highly purified nr&k sublimation in ultra-high vacuum
(UHV) (=~ 10® mbar) onto native SigSi (p or n doped). The substrates were previocisigned
by successive sonication in acetone and ethanah (& minutes),transferred to the UHV
chamber and annealed at a temperature of ~300°@i(R0es). The temperature of the substrate
was selected to optimize each growth in order éater the desired heterojunction architectures
(horizontal or vertical). Atomic force microscop&KM) data were obtained with a commercial
instrument from Nanotec Electrénica and analyzedh wihe WSxM softwaréKPFM
measurements were performed at room temperatutieeirdark and under illumination using
conductive probes (Pt/Cr coated Si tips) mountedaintilevers with nominal force constant of
[2.8 N/m. Topography and lateral force images wesasured in contact mode using AFM
probes with nominal force constant @D.1 N/m. All contact mode measurements were
performed with the lowest practicable load (closepull-off force) to avoid damage of the
organic layers. PL was measured with a green lirenaargon laser (514 nm). Both KPFM and
PL measurements were performed underalmosphere (relative humidity < 5%) to reduce
relative room humidity impact. UPS experiments w@erformed using a PHOIBOS150
hemispherical analyzer with monochromatic Hel (21e¥) radiation using n-type silicon with

its native oxide as substrate.



Resultsand Discussion
The substrate of choice is native g€ because the thin Sjfayer (typically of~1.5 nm)
decouples electronically the molecules from thex®l allows uniform layered growth of films
with the molecules in a nearly upright standingeotation. Characteristics of the growth and
microstructure of DIP and PTCDIgGan be found in the literatute’®?**?" In order to have
well-defined D/A heterointerfaces, our strategy bagn the growth of two-dimensional (2D)
islands, i.e. submonolayer coverage. Two typesaobacale heterojunctions have been grown in
a controlled manner: single-component islands oD)Aither nucleated on top (vertical
configuration)or side by side (horizontal configima) of single-component islands of D(A), as
schematically illustrated in Figures la and lbpeesively. These two types of heterojunctions
exhibit fundamental differences in the structunadl &lectronic properties of the D/A interface,
owing to the different relative orientation thenolecular orbitals in adjacent DIP and PTCQJ-C
molecules and to the changed distance betweeneahtiercof their molecular cores. Thus a
stronger electronic coupling is expected for theiZomtal configuration (figure 1b) due to
overlap of thet-orbitals of neighboring DIP and PTCDEk®@olecules across the D/A interface.
The lateral dimension of the 2D islands can beduneappropriate selection of both substrate
temperature and coverage while keeping the coveuager the complete monolayer (ML).
Figure 2a and 2b show the topography and correspgridteral force signal of DIP islands
covering b4%of the surface (i.e. 0.54ML). The measured dlaright is(1l.7 nm (see line
profile in Figure 2c) in agreement with the stamdupright orientation of the first layer of DIP
determined in previous studi&s® Islands of PTCDI-gcan be seen in Figure 2d corresponding
to a coverage ofD.6 ML. The measured height of 2.2 nm(line proifileFigure 2f)agrees with

the interlayer distance determined by x-ray diffiac (XRD)that corresponds to a tilted



orientation of PTCDI-@ molecules #n both cases, the islands of DIP and PTCRIate
distinguished from the substrate by a darker cehirathe lateral force images (Figures 2b and
2e), due to the lower frictional force sensed l®/tih on them as compared to the substrate. The
lower friction on PTCDI-@ as compared to DIP provides an additional usefal tor
identification of the two molecules in horizontaétbrojunctions as we will show in the
following.

The so-called horizontal heterojunctions were fadigd in a sequential way by an initial
deposition of islands of PTCDIgC(or DIP) followed by the subsequent deposition ofa
submonolayer of DIP (or PTCDIgL This procedure results in the nucleation andavgnaf DIP
around PTCDI-g islands (and vice versa). The structure within @ffel PTCDI-Gdomains in
the horizontal heterojunctions is the same as e pamples, as revealed by the layer height, the
frictional signal and the molecular periodicity. &rample of such horizontal heterojunctions is
shown in Figure 2g and 2h. Single component dosnafreach molecule can be distinguished
by the height difference in topography (Figure 2gl @rofile in 2i) and by the contrast of the
lateral force image, where darker areas corresgonBTCDI-G. The molecular periodicity
additionally allows identification of the crystalé domains formed by each molecule. For
instance, the lateral force image shown in Figute8 been taken by scanning across the line
boundary between DIP and PTCD4domains in one horizontal heterojunction. Two disti
periodic structures are observed that are charstitenf the molecular order of DIP and PTCDI-
Cg respectively. The pseudo hexagonal periodicity nkeskefor DIP with an average lattice of
~0.6 nm(left-upper part in Figure 3a) corresporadthe nearest-neighbor distance between DIP
molecules ordered in a herringbone pattérRTCDI-G; exhibits a striped structure with a

periodicity of 1.05 nm(Figure 3b) in agreement witle slip-stacked face-to-face arrangent@nt.



The measured intermolecular distances are witlgreperimental error (£0.1 nm) in agreement
with the reported unit cells. The two-dimensiorestfFourier transformations (2D FFT) of the
DIP and PTCDI-@ structures (Figure 3b and 3c) have been calcultad the respective
domains, displaying the underlying symmetry of ti@ecule arrangement.

The so-called vertical heterojunction (Figure lasvalso fabricated in a sequential way; in
this case by the deposition of PTCDde@ top of one initial monolayer of DIP. The heigfft
this architecture is ~ 4nm, corresponding to thdeddlayer heights of DIP and PTCD§C
(Figure 2j,k,l). Compared to the side-by-side agement of molecules in the horizontal
heterojunctions, the vertical heterojunction imple different orientation of thett-molecular
orbitals and, at the same time, a larger distaeteden the centers of the aromatic cores.nFhe
orbital of DIP and PTCDI-gnolecules does not overlap in this configurationdwse, besides
their near parallel orientation to the heteroirdee, the alkyl chains of PTCDIs§eparate their
aromatic cores electronically decoupling them. Malar periodicity, frictional signal and
topographical profiles indicate similar moleculaacking as for PTCDI-gbn SiG/Si.
Unfortunately, the reverse architecture, i.e DIR@mof a PTCDI-g layer, was not successfully
achieved because DIP molecules intercalated indeiverystalline domains of the underlying
PTCDI-Gs.

To investigate photoinduced charging phenomenaangtown heterojunctions, we employed
KPFM, which allows the characterization of the aod potential (SP) at the nanoscale. The
topography and the simultaneously measured SP foagigle-component samples are shown
in Figures 4a-4b and 4d-4e, for DIP and PTCRQ|-@spectively. DIP islands appear brighter
than the non-covered surrounding Rbstrate in the SP images, indicating a largeflaser

potential which amounts #sgDIP-Si0;)=0.06 + 0.01 eV. PTCDI-&islands, on the other hand,



appear darker than the surrounding substrate witzgPTCDI-Gs-SiO;)= -0.05 £ 0.03 eV.
Although the origin of the observed SP contrastveen the molecular islands and the substrate
is not yet fully understood, interfacial dipolesusad by charge transfer between molecules and
the silicon substrate can be ruled out by the esteally unfavorable position of the energy
levels of DIP and PTCDI-£ with respect to the Fermi level of the underlyisgicon
substraté®* Furthermore, similar contrast is observed usinheeip-doped or n-doped silicon
substrates. Although the measurements have beenid@ncontrolled environment to minimize
the effect of water adsorption, the samples wexresferred through air from the UHV chamber
to the KPFM equipment. Therefore, environmentatdiec (such as moisture, oxygen or/and
contaminants)might partly influence the measured&tes™

The topography and surface potential maps in hota&cheterojunctions are also shown in
Figure 4 for the case of PTCDkGurrounded by DIP (Figure 4g-4h) and DIP surrodnbg
PTCDI-G (Figure 4i-4k). The sign of the surface potenimalDIP and PTCDI-gis the same as
the ones observed in single-component sampleghmutjifference between DIP and PTCDY-C
in horizontal heterojunctions is a few tens of navger in some samples, which could be a hint
of hole and electron trapping in DIP and PTCRJ-Gespectively, caused by charge
photogeneration due to exposure to ambient ligideéd, the comparison of KPFM performed
in the dark and under wideband illumination in #ane surface location, shows slight changes
in the distribution and magnitude of the surfaceteppal (Figure SI1 in Supporting
Information). However, since we obtain large ahbility of Asg{PTCDI-G-DIP) values
between samples, the KPFM results cannot be caesidas conclusive evidence of

photocharging phenomena.



To gain more valuable insight into the effect o# wtructure of the D/A interface in exciton
dissociation, we have carried out PL spectroscopiath types of heterojunctions and in the
single component systems. Figure 5 shows the naadalPL spectra for all four cases.
Figuresbb-e show the AFM morphology of the samples which these particular PL
measurements have been performed. The horizontdiigocation (figure 5d), consists hereof
islands of DIP surrounded by a rim of PTCD4-&nd the vertical configuration is made out of
0.8ML of PTCDI-Ggrown on top of 1ML of DIP (Figure 2). We note thgreen laser light
(A=514 nm) is absorbed by both, DIP and PTCRIME® The PL spectrum of DIP shows
characteristic well-defined peaks at ~ 575 nm a8 6m in accordance to previous PL
measurements in DIP thin filffs while PTCDI-G shows a broader PL emission centered at
around 650 nm. The PL spectrum of the verticabtoginction shows contributions of the
emission of the single components due to recombmdtom singlet excitons (Figure SI1.2 in
Supporting Information). In contrast, the PL of tiegizontal heterojunction differs drastically in
which the appearance of an additional longer wangthe emission peak at ~737 nm is
remarkable. This is the chiefly pronounced peak idatmg the spectrum for the horizontal
configuration, while it is only very weak (seenashoulder further commented below) for the
vertical heterojunction. The observation of a rhdtsed broad peak in blends have been reported
for different combination of A and D materials argl considered a signature of radiative
recombination from a CT exciton to the ground sta®ss the D/A interfacé*°The energy of
the CT emission estimated from the PL peak obsdrvéte horizontal heterojunction igEIL.7
eV. Note that this peak appears as a shoulderiwveltical architecture, i.e., much weaker than
in the horizontal case(Figure SI.2 in Supportinigimation). This observation is most likely due

to the existence of some adjacent stacking of PP RTCDI-G, since taking into account the

10



error of the quartz crystal monitor, the DIP cogeramay differ by +5% from 1ML and,
therefore, contain few pinholes within the layerend PTCDI-Gcan nucleate in a side by side
configuration.

These results show the profound impact of the whfferelative orientation of D/A molecules
at the interface on its electronic properties aadcke in the exciton dissociation/recombination
mechanisms. Although it is difficult to assess ditatively from the PL intensities we note a
trend of stronger CT emission for larger interfhei@a (Figure Sl 3).

The energy of the CT statec1.7 eV, can be compared with the difference betwiben
highest occupied molecular orbital (HOMO) of thendoand the lowest unoccupied molecular
orbital (LUMO) of the acceptor. The HOM&-LUMO 4 difference is usually defined as the
effective band gap of the heterosysterg)(Hhe value of the HOMO with respect to the vacuum
level, referred to as ionization potential (IP),I%p=5.2 eV for ultra-thin layers of DIP on
Si0,*0n the other hand, the estimated electron affiflilyMO with respect to the vacuum
level of PTCDI-Gis ~3.9 eV} giving an estimated dof HOMOpp—LUMOprcpice~ 1.3 €V,
which is clearly smaller than the energy of the &dciton (Er) and does not seem to be
physically reasonable. However the energy bansktdfat D/A heterojunctions may differ from
the single components cases, even in absence gfectransfef?*To explore this possibility,
wecarried out UPS experiments for the same horéa@mtd vertical heterojunctions in figure 5d
and 5e, respectively, and for a submonolayer cgeeod DIP for comparison. The UPS spectra
are plotted in the figure 6. For the DIP sample dhset of the HOMO is at 1.07 eV below the
Fermi-level (EF) of the Si@n-Si substrate (4.1eV below the vacuum level) ktedent
agreement with previous reported UPS d3¥tar both heterojunctions there is a shift of ~0/2 e

of the HOMO towards larger binding energy, with lmtdly larger shift for the horizontal
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heterojunction. The shift of the HOMO position inet heterojunctions can be attributed to
decreased polarization energy, which as reportedkayke et al., can lower the HOMO and
raise the LUMO causing an effective increase ofEgef 0.2-0.5 eV*?An enlarged E in the

heterojunctions agrees with an energy picture iitwthe Eris similar or slightly lower to E

Conclusions

As a first conclusion of this work, we have showdence of an interfacial CT state for the
horizontal heterojunction as a direct consequefitikeeooverlap oft-orbitals of neighboring DIP
and PTCDI-Gmolecules across the D/A interface. The secondaatemessage is that PL from
singlet excitons, both in DIP and PTCD§;Gs not quenched when the molecules assemble in
avertical configuration. Thus, in spite of the fdbat the energy offsets are supposed to be
favorable for the exciton dissociation and the éar@/A interfacial area for this architecture,
charge transfer across the D/A interface is hirdldrg the unfavorable orientation of the
orbitals with respect to the heterointerface amdptesence of the insulating alkyl chains.
We provide a clear identification of relative mal&ar orientation as one of the significant
factors governing exciton dissociation throughrifateial states and outline the importance of the
local structure at the A/D heterojunction for tHearge photogeneration processes. The specific
local structure of the heterointerface also afftlogsrelative position of the energy levels, which
result shifted with respect to the values of thaivildual materials. The present work states the
crucial need of achieving local structural contodl organic/organic interfaces by means of
molecular design and growth engineering in ordeintprove the performance of photovoltaic

devices.
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(a) (b)

PTCDI-C,

- B

Figure 1.Schematic drawings of the two nanoscale heterapmeimade out of DIP and PTCDI-

Csgrown on SiQ/Si as model heterointerfaces, referred to asdgjoal and (b) horizontal.
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Figure 2. AFM topographic images (contact mode) for singlenponent islands of (a) DIP (d)
PTCDI-G and (g) one horizontal heterojunction formed by Diucleated around PTCDEC
islands. The corresponding lateral force imagesvdod) simultaneously acquired are shown in
(b), (e) and (h). The lateral force signal (relatedthe frictional force) provides a means for
distinguishing DIP and PTCDI{3lomains in the horizontal heterojunctions; PTCRkf@pears
with darker contrast (h). Topographic profiles ajigen in (c),(f) and (i) to illustrate the
difference in height between DIP and PTCLQRJ-Slands.(j) Topographic image of vertical
heterojunction (PTCDI-ggrown on top of 1MLof DIP). (k) In order to verifthe deposited
thickness, molecules have been removed from asduaea by applying a sufficiently high load

during the AFM measurement to scratch the orgaaierl and reach the SiGsubstrate
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underneath. The line-profile in () shows the tdtaight of ~ 4 nm of the configuration of

PTCDI-G on top of DIP.

1.8 {1/nm}
T

Figure 3.Top: (a) Lateral force image, taken at the domainnidary between DIP (left) and
PTCDI-G (right) in a horizontal heterojunction, showingetimolecular periodicity at each
domain. The periodicity of the molecular structiseevealed, pseudo hexagonal for DIP and
striped for PTCDI-@ Bottom: the two-dimensional fast Fourier tramsfa2D FFT) patterns

from corresponding areas of DIP (b) and PTCRKE).
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Figure 4.Topographic images (top panels) and surface palemtiaps (bottom panels)
simultaneously acquired by KPFM of (a,b) DIP islandd,g) PTCDI-@ islands and two
horizontal heterojunctions formed by (g,h) DIP matéd around PTCDI43lands and (j,k) the
reverse case, PTCDIsGround DIP islands. The marked line profiles ia Hurface potential
maps are plotted in (c, f, i, I). In reference e surrounding substrate (dotted grey line), DIP
appears brighter (larger surface potential) (seevi@reas PTCDI-E appears darker (lower
surface potential) (see e). For both horizontatitmgtinctions (h) and (k), DIP is visible with a

larger surface potential than PTCD4:C
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Figure 5.(a) (Color online) Photoluminescence spectra of QRnge), PTCDI-g (brown),
horizontal (green) and vertical (blue) heterojums.(b-e) The corresponding AFM topography
images of the samples measured in (a). The hodkbeterojunction (d) corresponds to PTCDI-
Cs nucleated at the edge of DIP islands and thecatitieterojunction (e) to PTCDIs@rown on
top of one monolayer of DIP. The emission peak radot 737 nm, dominant for the horizontal

heterojunction, is assigned to recombination frooharge transfer state.
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Figure 6.(Color online) UPS spectra for islands of DIP (@@nand for a vertical (blue) and a

horizontal (green) heterojunctions. The dashedlindicate the onset of the HOMO.
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