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Strongly Nonlinear Optical Chalcogenide Thin Films of APSe
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Second-order nonlinear optical (NLO) effects!"! in the infra-
red region allow for all-optical high-capacity communication
networks,”! tunable mid-infrared light sources that are hard to
reach by other means, remote sensing,*® and medical
diagnostics."””) The key to these applications is the availability
of an appropriate NLO medium. However, obtaining NLO
inorganic crystals and films involves high-cost and lengthy
processes. To date, chalcogenide films for IR applications with
high conversion efficiencies have been lacking. Herein we
present the first example of a solution-based deposition
process of strongly nonlinear optical inorganic thin films
deposited on silicon, glass, and flexible plastic substrates at
low temperatures of 125-250°C. The obtained glassy and
crystalline films of highly nonlinear APSe, compounds (A =
K, Rb; 4@ x150 pm V)% exhibited strong, inherent
second harmonic and difference frequency generation (SHG
and DFGQG) in the visible and near IR spectral region at room
temperature without the need of poling.

Second-order nonlinear optical (NLO) phenomena are
effective at producing a coherent beam of tunable light
frequencies that access regions, in which lasers perform
poorly or are unavailable."”? Although technologies for
tunable lasers have been developed over decades, commer-
cially available wavelength ranges with reasonable efficiency
are still severely limited.™™ An NLO medium such as some
inorganic crystals enables two incoming light waves of
frequency w, and w, to interact, thus producing four different
frequencies: 2w; and 2w, by second harmonic generation
(SHG) and mixed frequencies |w, £ w,| by difference and
sum frequency generation (DFG and SFG).!"! The region of
the spectrum between 2-12 um is in high demand for tunable
and coherent IR laser sources, because it is useful in several
important applications."¥ These include remote sensing
organic and inorganic molecules for homeland security and
environmental monitoring applications (including biohaz-
ards,” explosives,” chemical warfare agents,® and pollu-
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tants'¥) as well as in minimally invasive medical surgery;”
direct imaging of anisotropic biological structures in tissues,
cell metabolism, and disease states such as Alzeheimer’s
disease and cancer.”) These applications favor portable
instruments that require a high-performing, lightweight,
shock-tolerable, and inexpensive (sometimes disposable and
easily replaceable) NLO medium. Indeed, a main challenge
for these NLO applications is the costly, lengthy, and labor-
intensive processes to synthesize sizable, optical quality
inorganic NLO single crystals. On the other hand, thin films
of organic/polymer NLO materials are solution-processable
but are far from practical applications because of issues of
thermal stability, low-laser damage threshold, and critical
light absorption that prohibits essential DFG performance in
most of the IR region.['”]

Previously, we have shown that amorphous glassy forms of
noncentrosymmetric phase-change materials can retain
memory of the crystal structure to be overall noncentrosym-
metric themselves.'®! A remarkable example is the case of the
selenophosphate compounds APSe (A =K, Rb) (Figure 1a).
They are one-dimensional inorganic polymers with anionic
chains of ! [PSe;'| (Figure 1b) separated by A" cations.
These phase change materials possess record-high SHG
coefficients ¥® of 151.3pmV~"' and 1494 pmV~"' for K*
and Rb" salts, respectively, among phase-matchable NLO
materials with a band gap over 1.0 eV.'" In their glass state,
these compounds are an exception to the general rule that
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Figure 1. Crystal structure of APSe,. a) Unit cell viewed down the
crystallographic a axis parallel to the chain propagating direction,
showing the polar nature of the structure. A: blue, P: black, Se: red.
b) View of a polymeric chain of | [PSe;"]. c) Far-IR (blue line)/mid-IR
(red)/visible (black) absorption spectra of KPSe, glass showing wide
transparency range.
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required amorphous states lack second-order optical non-
linearity due to the presence of a center of symmetry on a
macroscopic level. In contrast, the amorphous APSe, remark-
ably exhibit comparable SHG intensities to a benchmark IR
NLO material AgGaSe,'”! without any poling.'>!*¥! Both
compounds melt congruently and can be grown into long glass
fibers that can perform wave-guiding operations and show
strong NLO effects. These materials are widely transparent in
the visible and IR region of the spectrum (Figure 1c¢) and are
soluble in polar solvents.

Herein we demonstrate that the APSeq can be solution-
processed into smooth amorphous thin films with strong and
permanent NLO response using low-cost methods previously
developed for conjugated organic polymers,'” electronic
oxides,™ and chalcogenides.”” The amorphous films can
then be readily switched to crystalline films by heating, thus
achieving an even greater boost in NLO efficiency. The
inorganic NLO thin films we describe here are the first
example of solution-based spin-coat deposited systems capa-
ble of operating in the IR.

The fabrication of films of APSe is straightforward and is
illustrated in Figure 2. APSes powders were dissolved in
anhydrous N,N-dimethylformamide (DMF) or N,H, to give
viscous solutions. The resulting solutions were diluted to
various concentrations and spin-coated on Si, glass, and
flexible plastic (AryLite) substrates at a rate of 1000 rpm for
40 s, followed by drying at 125 °C for 5 min to give transparent
orange glassy thin films. The film thickness is controllable by
changing the concentration of the APSe, solutions and
spinning rates. The films on the flexible plastic substrates
were intact with no cracks when bent (Figure 3a), light-
weight, and shock-tolerable. The glassy thin films can be
converted to highly crystalline films with no cracks or peeling
after annealing above the crystallization point at 220-250°C
for 5-10 min.

Atomic force microscopy (AFM) images of a typical
RbPSe, glassy film (thickness ca. 100 nm) show excellent
surface smoothness with a root-mean-squared (r.m.s.) rough-
ness less than 1 nm (Figure 3b). Scanning electron microsco-
py (SEM) images of glass RbPSeq films showed a smooth and
continuous surface and well-defined edges (Figure 3c¢).
Energy-dispersive spectroscopy confirms the compositions
of KPSes, and RbPSe;. In contrast, films of chalcogenide
compounds deposited by thermal evaporation and e-beam

Dissolution *
in polar solvents at RT
e APSe,
powder
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@ Drying at 120°C for 5 min
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@ Phase change by annealing
at 220-250 °C for 5 min

NLO crystalline film

Figure 2. Schematic illustration of APSeg thin film fabrication proce-
dure.
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irradiation generally suffer from rough surfaces, significant
defects and poor control of chemical composition. The cross-
sectional TEM image of the glassy film showed amorphous
morphology with no evidence of crystalline nanoparticles
embedded in the film. The electron diffraction pattern taken
from the same area gave faint, diffuse rings, thus confirming
the amorphous nature of the nanoparticles (Figure 3d). These
results rule out the presence of any crystalline nanoparticles
in the amorphous films. The strong diffraction peaks observed
stem from the Si substrate. Furthermore, the X-ray diffraction
pattern of the thin film gave no Bragg peaks, thus supporting
the results of the TEM studies (Figure 3e).

The as-deposited glassy APSeq thin films rapidly convert
to crystalline ones when heated at 220-250°C for 5 min as
expected for a phase-change material. The crystallized films
are transparent light orange in color with no pealing evident
after heat treatment. The X-ray diffraction pattern of the
RbPSe, thin film is consistent with the theoretically calculated
one based on the single-crystal structure (Figure 3e). The
narrow peak width of the Bragg peaks confirms the high
crystallinity.
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Figure 3. a) A photograph of RbPSe, optical glassy thin film on the
flexible plastic (AryLite) substrate. b) AFM image of RbPSe, glassy thin
film (100 nm thick). The panel shows 10 umx10 um scan with an
r.m.s. roughness less than 1 nm, representing surface smoothness and
uniformity. c) Representative SEM image of RbPSe, film, showing a
smooth surface. d) Cross-sectional TEM image of RbPSeg glass thin
film on a Si substrate. The electron-diffraction pattern on the area
(inset) showed faint diffuse rings confirming the amorphous nature of
the film. The strong diffraction signals result from the Si substrate.

e) Grazing incident angle thin film X-ray diffraction patterns of glassy
and crystallized RbPSeq films and theoretical calculations for compar-
ison. The (hkl) index on the major signals is presented.
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We examined as-prepared amorphous thin films
(ca. 100 nm thickness) of APSe; (A =K, Rb) for SHG NLO
response. Incident light pulses of 10 uWJ were generated by an
optical parametric amplifier (OPA) driven by a pulsed
Nd:YAG laser (30 ps) at 355 nm with a repetition rate of
10 Hz. Aligning the thin films (1.25 cm x 1.25 cm x 100 nm)
parallel to the laser path, we focused the idler beam (4, =
1000-1800 nm) from the OPA on the proximal edge of the
film, and the wave-guided outgoing light was collected from
the distal edge of the film (Figure 4a). We observed that as-
prepared APSe; (A=K, Rb) glass films act as frequency
converters in wave-guided mode to produce doubled fre-
quencies over a wide spectral range from visible to near IR
(Figure 4b). Note that frequency-doubled light travelled
through a macroscopic length of 1.25 cm of amorphous film.
This observation is the first example of optical amorphous
films exhibiting innate, strong SHG responses without the
need of poling. It should be noted that previously investigated
artificially poled glasses of GeO,-SiO, with induced SHG
exhibited only weak signals and were temporally unstable at
room temperature.*”

Remarkably, the crystalline films derived from the
amorphous films exhibited approximately 30 times stronger
SHG intensities in wave-guided mode. Because DFG is a core
property to produce mid-IR light® and necessary to facilitate
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Figure 4. NLO properties of RbPSe optically clear amorphous and
crystalline thin films over a wide range of the Vis/near IR region.

a) Illustration of NLO property measurements on thin films. b) Wave-
guided SHG response transmitted through 1.25 cmx1.25 cmx 100 nm
size of RbPSe; glassy thin film. c) DFG response of RbPSeg crystalline
film, demonstrating wave-mixing capability over a wide range of
wavelengths. Tabulated are the wavelengths of two incident beams and
those of nonlinearly mixed DFG lights. d) Photographs of RbPSe
crystalline film to generate strong visible lights from red to orange to
green, by SHG process, representing continuous tunability of light
waves.
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multichannel conversion and all-optical networks,” we car-
ried out DFG experiments. By introducing the combination of
two incident beams (wavelengths w,; and w,), the RbPSe,
crystalline film nonlinearly mixed frequencies to generate
continuously tunable near-IR light by DFG (Figure 4c). For
example, a new light beam at 818 nm was obtained by mixing
two distinct light waves with wavelengths at 495 nm and
1254 nm as defined by DFG:

A‘idler

Aprg = <m> 355nm 1)

Although our current experimental detection limit
(<1 pm) prohibited observing DFG in the mid-IR, APSeq
(A=K, Rb) should also produce tunable coherent light
throughout the mid-IR region because the compounds are
optically transparent up to 19-20 um (Figure 1¢),l"”) a region
in which few suitable NLO materials are available.® Fig-
ure 3d and Supporting Movie S1 clearly demonstrate the
capability of a RbPSe, crystalline film to act as a frequency
doubler: generating very strong SHG visible lights from green
to orange to red from invisible IR incident beams, thereby
providing continuous frequency tunability.

Other materials, in which solution processing is important
in their utilization include amorphous oxide semiconduc-
tors®®! with high-performance in thin film transistors (TFTs)
in displays and photovoltaic metal chalcogenides.” In these
systems, high temperatures are necessary because the pro-
cesses involve decomposition of solution precursors to dense
films, which is accompanied by the creation of volatile
byproducts that need to be completely removed. In the
present case, the precursor and the final product are the same
(i.e., APSe;) and the deposition of the films is facile and can
occur at lower temperatures.

We demonstrated the fabrication of APSes (A =K, Rb)
films on large-area substrates including a flexible plastic. The
materials perform NLO processes exceptionally well in the IR
region and the fabrication costs, time, and simplicity are
superior to any reported methods for NLO thin films. The
procedure can be widely applied to many compounds of this
class of NLO materials, such as A,P,Se; (A =K, Rb, Cs),!¥l
AM;Q (A=K, Rb, TI; M=Sb, Bi; Q =S, Se),” and AAsQ,
(A=Li, Na; Q=S§, Se).” These results point to a path that
circumvents a bottleneck in NLO applications of inorganic IR
transparent materials, namely, the preparation of large NLO
crystals and thin films using physical deposition methods.
Amorphous NLO films on a flexible plastic can open up new
opportunities for NLO applications because of the advan-
tages of mechanical flexibility, uniformity, processing temper-
ature, formability, and inexpensive fabrication.

Experimental Section

Synthesis: Pure amorphous APSe, (A=K, Rb) materials were
prepared by reacting a stoichiometric mixture of A,Se/P/Se in a
1:2:11 molar ratio under vacuum in a silica tube at 350°C for 6 h
followed by quenching under air. Energy dispersive spectroscopy
analysis of the glass ingots showed an average composition of
“KPSes,” and “RbPSes,”, respectively. KPSes m.p.: approximately
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320°C, crystallization point: 224°C; RbPSe; m.p.: approximately
315°C, crystallization point: 218°C.

Thin-film fabrication: Powders of APSe; glasses (ca. 120-350 mg)
were dissolved in polar organic solvents (1.5 mL) of anhydrous N,N-
dimethylformamide (DMF) or N,H, to give viscous solutions. The
solutions were filtered through a 0.2 um syringe filter, and diluted to
various concentrations. Amorphous thin films were deposited by a
spin-coating process at 1000 rpm for 40 s, followed by drying at 120°C
for 5 min on a hot plate. The complete removal of DMF or N,H, was
confirmed by thermal gravimetric analysis (TGA) and mid-IR
spectroscopy studies for vacuum-dried bulk powders of APSeq/
organic solutions. The amorphous films were converted to crystalline
when annealed at 220-250°C.

Nonlinear optical properties measurements: SHG responses from
our films were measured in wave-guided mode as a function of the
fundamental wavelength 1, (idler beam) from an optical parametric
amplifier (OPA), which is synchronously pumped by a frequency-
tripled output (355nm) of a Nd:YAG laser (EKSPLA PL 2143
series). For DFG measurements, we mixed the signal (4,) and idler
(4,) beams from the OPA. The predicted DFG wavelength (Apgg) is
only a function of 4, due to twin-photon generation and given by
Aprc = [4,/(4,-710 nm)[355 nm. The input irradiance was about
200 MWem 2. The SHG and DFG signals were collected using a
fiber-optic bundle and dispersed with a Spex Spec-One 500M
spectrometer coupled to a nitrogen-cooled CCD camera.
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