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ABSTRACT: Inorganic-organic hybrid materials have shown
excellent optoelectronic device performances from single-layer
solution-processed thin-films. Their electronic bands are coupled
to the ionic interactions within the organic and the inorganic moi-
eties. Exactly these features also allow a sequential deposition
route so to implement thin films having inherently non-linear op-
tical properties perpendicular to the substrate plane. Here, we
demonstrate the sequential layer-by-layer path to prepare films of
the inorganic—organic hybrid material [DAMS][Cusle] through a
self-recognition process in the solid state between the first Cul
layer and the successive [DAMS]I layer. A persistent non-linear
optical behavior, typical of oriented films is consequently accessi-
ble on different substrates without electrical bias poling through
the excellent self-recognition of dipoles aligned along the z-axis.
In addition, semiconductive and preliminary photovoltaic proper-
ties of the film are observed. The work highlights all aspects of
the solution-based films with potential to serve as versatile and
robust optoelectronic active material.

Keywords: nonlinear optics, second harmonic generation, Maker
fringes, thin film, hybrid optoelectronic material

The investigation of the properties and applications of new hybrid
inorganic-organic materials is of current great interest. Synthetic
perovskites, for example, are deeply studied materials due to their
semiconducting properties useful in innovative photovoltaic
cell.2* Moreover, acentric layered hybrid materials, characterized
by large SHG (Second Harmonic Generation) are under investiga-
tion in view of their application in various electro-optical devices®
such as optical waveguides or frequency modulators.5” One of the
main technological drawback in the use of hybrid systems, often

of ionic character, is the difficulty in preparing stable thin films in
standard working conditions.

In the last decade, we have investigated the origin of the signifi-
cant second order NLO (non linear optical) properties of new hy-
brid ionic inorganic-organic materials.®1 However, when trying
to develop potential application of our systems, we faced the
problem of the preparation of stable and oriented films by the
electric poling technique.'?3 The electric poling process is usual-
ly applied to composite polymeric films containing neutral polar
second order NLO chromophores, since ionic species may pro-
duce an opposite diffusion of ions towards the surface of the film
under the effect of the directional strong electric field. Though,
recently, we discovered a direct procedure based on a successful
two-step orientation process (electric poling followed by thermal
annealing) which produces in-situ oriented dipolar nanocrystals of
ionic organic ([DAMS][p-toluenesulfonate], hereafter DAST
where DAMS is (E)-N,N-dimethylamino-N’-
methylstilbazolium),** or hybrid inorganic-organic
([DAMS][Cusle], hereafter 1)® homogeneously dispersed in a
poly(methyl methacrylate) (PMMA) film. As a further improve-
ment, we found a simpler processing in combination with a persis-
tent orientation. In fact, oriented dipolar acentric nanocrystals of
DAST embedded in PMMA were grown on Indium Tin Oxide
(ITO) substrate by solely thermal annealing without electrical pol-
ing thanks to an induction effect due to the ITO surface polarity.6

However, when attempting to extend this annealing-only proce-
dure to 1 we have faced the problem of the thermal degradation of
1/PMMA thin films induced by the two days annealing ramp.
Nevertheless, in a previous work!® we have reported that 1 and its
Ag(l) analogue can be prepared by a solid state reaction between
MI (M = Cu, Ag) and [DAMS]I, involving a first ball-milling
mixing and a second thermal annealing step. According to this
study we concluded that the formation of 1 and of its Ag analogue
is the result of a selective solid state self-recognition process be-



tween a formal host (Msle’) - guest (DAMS*) system. In this pro-
cess, an intralayer guests ordering into J-aggregates takes place
rather easily just upon ball-milling mixing, while a “macroscopic”
asymmetric crystalline polarity is produced only at a later stage,
by thermal induction. Starting from these observations, in this
work we pursue a direct layer-by-layer deposition of 1 on ITO and
glass substrates to produce by a one step, facile processing tech-
nique oriented thin films for SHG applications. We first spin-coat
a Cul layer followed by a series of [DAMS]] layers, each one be-
ing thermally annealed at 160°C. Remarkably, the layered films
display a persistent NLO response typical of oriented systems. In
the same time, we evidence that 1 displays clear semiconducting
behavior which stimulated a preliminary investigation of its thin
film photovoltaic properties.

Experimental

Cul, [DAMS]I, KI and acetonitrile were purchased from Sigma
Aldrich. Cul was recrystallized by dissolution in a saturated solu-
tion of Kl in water and further precipitation with water. Electronic
absorption spectra of the films were measured by transmission on
a JASCO Corp. UV-530 spectrophotometer. Grazing Incidence X-
ray Diffraction (GIXRD) measurements were carried out with a
Panalytical X’PERT Pro MRD source Cu (CuKo) operating in
grazing incidence and w-26-scan mode. AFM measurements were
performed with a commercial AFM (NTMDT NTEGRA) operat-
ing in tapping mode with silicon cantilever typical resonant fre-
quency 150 kHz. The photoconductivity has been measured by a
lock-in technique (chopped light from monochromator and lock-in
amplifier from Standford Research Systems, Model SR830) using
a thin-film layer on top of a lateral diode with 2.5pum distance at
1V bias (Keithley 2400 source meter). Photoelectron spectra in air
(PESA) were recorded in air on a Riken Keiki AC-2 ultraviolet
photoelectron spectrophotometer. 1TO slides were purchased from
Delta Technologies Limited and thermally pretreated in an heat-
ing mantle with sand bath at 370°C for 24h. No thermal treatment
was performed on glass slides. ITO and glass slides were cleaned
by washing with MilliQ water, acetone and dried with optical pa-
per before use. The films were prepared by a Cookson Electronic
Company P-6708D spin—coater. The spinning parameters were set
at the following values: RPM 1: 800; Ramp 1:1 s, Time 1:5 s;
RPM 2: 1500; Ramp 2: 5 s, Time 2: 40 s. Thermal treatments of
the films after each DAMS-I deposition were performed in a la-
boratory drying oven model Venticell 111 from MMM Medcenter
Einrichtungen GmbH. A thin layer of 1 was prepared by spin-
coating on a slide of ITO, glass or Au-patterened Si/SiOx wafer
(for photoconductivity measurements) few drops of a filtered sat-
urated solution prepared by dissolving 190 mg of Cul in 5 mL of
CHsCN. On this Cul layer the deposition of a layer of [DAMS]I
was further performed by spin-coating few drops of a filtered sat-
urated solution of [DAMS]I (37 mg in 10 mL of water), followed
by thermal annealing for 1h at 160°C in an oven. We will refer to
this latter procedure, that is [DAMS]I deposition and thermal an-
nealing, as “cycle”. The thickness of the multilayer films was
measured with a—step stylus profilometer DektaK XT and deter-
mined by averaging the values obtained at 23 different points on
each sample. Film thicknesses ranging from 1.0 um to 1.4 pm
were measured for ITO substrates after 4 and 9 cycles, respective-
ly. On glass, a thickness value of 0.96 um was measured after 4
cycles. SHG measurements were carried out with a Q-switched
Nd:YAG (Quanta System HYL-101) laser operating at 1064 nm.
In order to determine the nonzero independent components of the
second order NLO coefficient djj tensor for films with Cwv SYym-
metry, we have followed the standard Maker fringes technique.'”
19 SHG measurements were performed at different polarizations: p
— p, S — p, and 45° — s (indicated hereafter as pp, sp and 45s,
where p and s indicate the polarization of the beam in the plane
parallel and orthogonal to the incident one respectively). SH sig-

nal was normalized with respect to that of a calibrated quartz crys-
tal wafer (X-cut) 1mm thick with di1 equal to 0.46 pm/V.1720-2L
SH polarization measurements at a fixed angle of incidence (a =
0°) were performed by measuring the p-polarization SH signal
while changing the polarization angle B (defined as the angle be-
tween the incident fundamental polarization direction and the in-
cident plane) of the fundamental beam by rotating a 1/2 plate.
angles of 0° and 90° correspond to s- and p-polarization of the
fundamental beam, respectively.

Results and Discussion

A Cul layer has been deposited by spin-coating from a CHsCN
saturated solution on an ITO slide preheated at 370°C for 24
hours (such thermal treatment being previously recognized as the
one giving the best second order NLO response in the case of the
thermal preparation of oriented DAST/PMMA composite films).%6
The film electronic absorption spectrum displays a weak narrow
feature at 403 nm (Figure 1) originating from the Cul absorption
band-gap.?2® A [DAMS]I layer has been subsequently deposited
on the Cul by spin-coating from a water-saturated solution. The
resulting film shows an electronic absorption spectrum (Figure 1)
resembling the one reported for KBr pellets of crystalline
[DAMS]I, with a broad charge transfer band centered at 503 nm
(Figure 1).8 A successive thermal treatment at 160°C for 1h in air
induces the self-organization of some [DAMS]* chromophores
into J-aggregates with formation of 1, as expected to occur by the
solid state self-recognition process identified by some of us.?0 In
agreement the electronic absorption spectrum of the film shows a
strong narrow band at 580 nm, typical of the [DAMS]* chromo-
phores organized in J-aggregates, which resembles that of 1 in
KBr pellet (Figure 1).1
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Figure 1. Electronic absorption spectra on ITO preheated at
370°C: first Cul layer (red), first [DAMS]I deposition on the Cul
layer at room temperature (blue) and after 1h at 160°C (black).

Since a small shoulder at 403 nm attributable to unreacted Cul is
still detectable in the electronic absorption spectrum of the film
(Figure 1), a second layer of [DAMS]I has been spin-coated from
a saturated water solution, exploiting the insolubility of the un-
derneath Cul and 1 layers in water. After thermal treatment at
160°C, an increase of the absorption band at 580 nm is observed.
The absorption intensity is further gradually increased by subse-
quent depositions of [DAMS]I layers and thermal annealings at
160°C. A linear correlation is found between the maximum ab-
sorption intensity of the band at 580 nm and the number of
[DAMS]I layers up to the ninth deposition reaching finally a plat-
eau (Figure 2).
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Figure 2. A) Electronic absorption spectra of films of 1 on ITO
produced by deposition of a Cul layer followed by a series of
[DAMS]I deposition/annealing cycles: 1 cycle (blue), 5 cycles
(green), 9 cycles (black) and 12 cycles (red). B) Maximum ab-
sorption intensity at 580 nm vs. number of cycles.

In order to confirm the formation of a thin film of 1 by a series of
cycles (each cycle including deposition of a [DAMS]I layer fol-
lowed by thermal annealing at 160°C for 1h), a sample obtained
after 5 cycles has been investigated by the X-ray diffraction tech-
nique (XRD) in grazing incidence 26-scan mode (GIXRD) with a
grazing angle of ®=0.5°. The indexed GIXRD profile can be as-
signed, in agreement with literature data, to the rhombohedral
crystalline form of 1 witha=b =4.25 A and ¢ =38.2 A, whose
(0 0 3n) reflections are evident (See SI, Figure S1).81% Using the
Debye-Scherrer analysis, the crystalline domains of the thin film
are estimated to be formed by nanocrystals of 1 with size about D
= 35 nm. The analysis of the XRD diffraction of the same sample
but in w-26-scan mode indicates the same peak structure of the
corresponding GIXRD measurement both in terms of the peak
intensity and width, which is an indication that the size of the
nanocrystals perpendicularly to the sample surface is comparable
to that measured in grazing incidence, therefore suggesting a
spherical shape of the nanocrystals (see SI Figure S1). This is
confirmed by AFM morphologic investigations performed after 1
and 4 [DAMS]I deposition/annealing cycles. The sample after one
cycle shows the presence of nanocrystal domains throughout the
whole film reaching the substrate, while the film obtained after 4
cycles shows domains which display an elongated shape of mi-
crometers length (see Figure 3).
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Figure 3. AFM images of films of 1 obtained after 1 (bottom) and
4 (top) [DAMS]I deposition/annealing cycles.

Based on the reports regarding layered hybrid inorganic-organic
materials with semiconducting and photosensitizing properties
(i.e. 2D perovskites)?*?> we also investigate the semiconducting
behaviour of films of 1 by measuring its photoconductivity re-
sponse on an ordinary Si/SiOx wafer with lateral contacts. Thin
films have been prepared on the SiOx substrate by doctor blading
a 50mg/ml solution of 1 in DMSO followed by heating at 150°C.
An effective photocurrent spectrum has been obtained (see Figure
4-A) which allows an evaluation of the absorption edge at 1.7eV,
consistent with the value (1.77 eV) of the excitation energy de-
rived from the electronic absorption spectrum (see Figure 2-A).
The valence band onset is at 5.25eV as obtained by photoelectron
spectroscopy in air (see Figure 4-B). It appears thus that 1 be-
haves as a 2D layered semiconductor with a HOMO level at -5.25
eV and a LUMO level at -3.55 eV and a 1.7 eV band gap which is
quite similar to that reported for various perovskites.?
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Figure 4. Electronic properties of 1: (A) spectrally resolved pho-
toconductivity; (B) Photoemission spectrum in air.

Evidence of the formation of oriented nanocrystals of 1 in the thin
films prepared by the above described layer by layer deposi-
tion/annealing procedure, has been obtained by the measurement
of their SHG response through the Maker fringes method.!” After
each cycle the intensity of pp, sp and 45s Maker fringes has been
determined. The pp component is always much higher than the
hardly discernible 45s and sp ones. Moreover, the Maker fringes
pattern shows a minimum at 0° angle of incidence and a maxi-
mum at about 60°(Figure 5-A) suggesting the presence of a polar
order of Cwv Symmetry of the thermally originated nanocrystals of
1 partially oriented perpendicularly to the thin film surface.*’
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Figure 5. Maker fringes of neat films of 1 prepared by layer by
layer depositions on ITO: A) pp (square), sp (circle) and 45s (star)
components after 9 deposition/annealing cycles; B) pp component
after various deposition/annealing cycles: 1 cycle (blue), 5 cycles
(green), 9 cycles (black) and 12 cycles (red).

An increase of the SHG intensity with the number of cycles is ob-
served by monitoring the pp component of the Maker fringes (see
Figure 5-B). The maximum of the intensity is reached after nine
cycles, in agreement with the increase of the absorbance in the
electronic absorption spectrum (Figure 2-A). Further additions of
[DAMS]I produced a slight decrease of the SHG intensity. This
behavior is not related to a possible degradation of the film, as
confirmed by the electronic absorption spectra (Figure 2-A), but



probably to both the growth of nanocrystals of 1 not oriented per-
pendicularly to the film surface and to scattering losses associated
with the presence of polycrystalline domains with dimensions
comparable to that of the wavelength of the laser (1.064 um) (see
AFM measurements in Figure 3). The former hypothesis is sup-
ported, for a film obtained after nine cycles, by SH polarization
measurements at an angle of incidence (0) of 0° with the SH sig-
nal at a fixed p-polarization as reported in Figure 6. It is known
that for films with polar order of Cev Symmetry, SH polarization
measurements at 0 equal to 0° give a null SH signal regardless the
angle of polarization (B) of the fundamental beam.” As evidenced
in Figure 5, the non-zero SH value at p=0 and its dependence on 3
suggest the presence of some nanocrystals of 1 with orientation
not perpendicular to the film surface.?-?! We have evidence that
the contribution of these not-oriented nanocrystals of 1 to the SH
signal becomes more and more relevant with the number of cycles
producing a decrease of the SHG signal, as expected for a de-
crease of the polar orientation of the nanocrystals of 1 by increas-
ing the number of layers.
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Figure 6. Measured SHG intensity vs. polarization angle at a
fixed angle of incidence 6 = 0° for film on ITO obtained after nine
[DAMSI]I deposition/annealing cycles.  angles of 0° and 90° cor-
respond to s- and p-polarization of the fundamental beam, respec-
tively.

The second order NLO coefficient dss of the film after 4 and 9
cycles, obtained ex-situ by the standard Maker fringe method, is
0.57 and 2.10 pm/V, respectively. These values are lower than
those obtained from 1/PMMA oriented films prepared on a glass
substrate by the two-step poling/annealing procedure previously
described by some of us.'> However, in this latter case 1 was dis-
persed and therefore diluted in a PMMA polymeric matrix, while
in the present work it is obtained from pure oriented nanocrystals
produced in situ so that the dss value is probably affected by the
strong self-absorption of 1. Moreover, the persistent SHG signal
obtained in the present study is reached in a one step process that
doesn’t require a poling treatment.

The Cul/[DAMS]I deposition/annealing procedure was also per-
formed using glass as substrate. Electronic absorption spectra of
the film prepared by deposition of five [DAMS]I layers on a Cul
layer display a trend similar to that observed when ITO is used as
substrate (see SI Figure S2-A). A linear increase of the absorption
maximum at 580 nm (typical of 1) with the number of cycles (see
Figure S3) is observed up to a plateau which is reached at five
cycles to be compared with the plateau at 9 cycles on ITO. The
Maker fringe pattern confirms the presence of a polar order in the
film with a C.v sSymmetry (see Sl Figure S2-B), as observed when
ITO is the substrate. The intensity of the pp Maker fringe compo-
nent increases with the number of cycles up to the fourth, with a
dramatic drop of the SHG response at the fifth cycle, in agreement
with what observed for the electronic absorption spectra (Figure
S2-A). Similarly to what observed on ITO substrates, this could
be related mainly to the growth of nanocrystals of 1 not oriented
perpendicularly to the film surface and to scattering losses. More-
over, the lower number of cycles after which a loss of polar orien-
tation of nanocrystals of 1 takes place could be attributed to the
different filmability induced by the surface of ITO and glass sub-

strates, as previously reported by some of us.'® The das of the ori-
ented film of 1 on glass after 4 cycles was 0.88 pm/V, a value
comparable to that obtained on ITO after the same number of cy-
cles (ds3 = 0.57 pm/V).

The sequential deposition process allows the generation of orient-
ed thin films of 1, a semiconductor with a bandgap of 1.7 eV.
Therefore we preliminary tested these films as photosensitizer in
a photovoltaic system. We adapted the ITO substrate by covering
its surface with a thin interlayer of ZnO and TiOx before deposit-
ing the series of Cul/[DAMS]I layers on top. The device was
completed by a MoOx/Ag top electrode. Interestingly, a small
photovoltaic effect in an open circuit voltage and a moderate pho-
tocurrent were observed (see Figure 7).
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Figure 7. Preliminary photovoltaic evidence from the apparent J-
V characteristics reproduced from as-grown sequential deposited
Cul/[DAMS]I thin film on top of ITO/ZnO/TiOx substrate.

Conclusions

In this work neat thin films (about 1-1.5 pm) of oriented dipolar
nanocrystals of 1 have been prepared by successive deposi-
tion/annealing cycles of layers of [DAMS]I over a Cul layer. Af-
ter the first thermal annealing step at 160°C, oriented nanocrystals
of 1 are formed, so that the successive [DAMS]I deposi-
tion/annealing cycles enlarge these nanocrystals promoting the
manifestation of a “macroscopic” polarity. This goal is reached
without electrical bias poling, ensuring a persistent NLO re-
sponse. We show evidence that self-recognition in the solid state
between Cul and the subsequent [DAMS]I layer established the
desired order, similar to that of the layer-by-layer self-assembly of
polar arrays of NLO chromophores.?® In addition, the films are
potentially interesting for optoelectronic applications, as their ab-
sorption and their ease of orientation yield a stable semiconduct-
ing system processed from solution from comparable inexpensive
sources such as [DAMS]I and Cul, respectively. In conclusion,
the straightforward step by step process of this technique opens
new possibilities for the in situ preparation of thin films of inex-
pensive, not toxic, highly stable optoelectronic materials.
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SYNOPSIS

Thin films of oriented nanocrystals of highly, persistently NLO- and photo-active [DAMS][Cusl¢]
(DAMS = (E)-N,N-dimethylamino-N’-methylstilbazolium), have been obtained by a one-step, facile
deposition/thermal annealing of successive layers of [DAMS]I over a first Cul layer.

TOC

thermal annealing "=
w 160°C for 1h w



