We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,300 171,000 190M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
3

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter 1

Introductory Chapter: Iridium Complexes as Organic
Light Emitting Diodes (OLEDs): A Theoretical Analysis

Ruby Srivastava
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78398

1. Introduction

A specific discipline of electronics, which focus on light-emitting or light-detecting devices, the
term “Optoelectronics” is used in the broader perspective. Such devices include those that emit
light (LEDs and light bulbs), channel light (fiber optic cables), detect light (photodiodes and
photoresistors), or are controlled by light (optoisolators and phototransistors). An interesting
combination of electronics and optics, Optoelectronics find varied applications in telecommu-
nications, military services, medical field, solid state devices (sensors, IR emitters, and laser
emitters), and automatic control systems. The other counterparts as photo resistors and pho-
tovoltaic devices are also used for various applications. Nowadays, photodetectors has con-
fronted significant challenges regarding the realization of efficient and sensitive detection with
low-noise for the ultraviolet (UV), visible, and infrared regimes of electromagnetic spectrum.

Cyclometalated Ir(III) complexes are used as the organic light emitting diode (OLED) phos-
phors due to the phosphorescent emission, which spans the whole visible spectrum. These
complexes are the most effective and tunable phosphorescent material for OLED devices due
to their higher internal quantum efficiency compared to the fluorescent ones (3, 1) [1, 2]. These
complexes can be used as photocatalysts for CO, reduction, catalysts for chemical reactions.
Biological reagents and photo-oxidants: Few parameters which can lead to the success of these
complexes are emission, color tunability, stability, strong spin-orbit coupling, triplet quantum
yield, and efficiency toward the radiative transitions. Studies on the homoleptic and heterolep-
tic iridium complexes are carried out in the absorption spectrum, which lies in the UV-visible
region (Figure 1).

The synthesis and photophysics of Ir(IlI) complexes have been of great interest as OLEDs as
these complexes represent the most effective, tunable, and sublimable phosphorescent materials.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Figure 1. (a) Illustration of five Ir complexes and (b) a pictorial representation of energy highest occupied molecular
orbital (HOMO), lowest unoccupied molecular orbital (LUMO) of the given complexes along with the host materials
(Tris(4-carbazoyl-9-ylphenyl)amine (TCTA) and 2,2’,2”-1,3,5-Tris(1-phenyl-1H-benzimidazol- 2-yl)benzene (TPBI)).

OLEDs are also utilized as sensors, probes, imaging agents, and photosensitizers for electron
and energy transfer. Till now the fabrication of red and green emitting Ir(Ill) complexes have
been successfully fabricated with high-quantum efficiencies, but achieving phosphorescence
with high-quantum efficiency for blue light emitting OLEDs is still a challenge. Therefore, sev-
eral strategies have been developed on how to shift the emission to a blue color. Apart from
experimental results theoretical results have been taken to measure the efficiency of blue OLEDs
by computational methodologies. Therefore, here we will discuss the theoretical methodology
used in design complexes to predict the blue color.

2. Theoretical measurements

The theoretical measures are initialed by the geometrical stability of the electronic structures
of these complexes, the nature-type as well as the percentage molecular orbital contributions
from the different ligands, absorption spectra in solvent, and the evaluation of excited state
lifetimes. Later on, evaluation of the spin-orbital coupling (SOC) matrix element and the pre-
dictive measurements are used to calculate the radiative rate constant k, and lastly the phos-
phorescent properties and the better performance of the OLED are discussed, which include
the charge injection/transport and balance ability, the energy transfer rate, and triplet exciton
confinement for host and guest materials [3]. In some design complexes, two host materials
are also suggested for device structure comparing their triplet energies and charge transport
properties for the studied guest complexes [4] (Figure 2).

The ionization potential (IP), electron affinity (EA), hole extraction potential (HEP), electron
extraction potential (EEP), reorganization energy (A), and HOMO-LUMO gap (HL) HOMO
(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) are
calculated by Gaussian and ADF software. The basis sets and functional are used as per
requirements of the design complexes.
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Figure 2. (a) Illustration of eight Ir complexes and (b) triplet energy representation of the eight complexes along with the
triplet energy of host materials (CzSi, SimCP2, and Flrpic).

3. Results

The first step is to look into the ground state electronic structures, as the observed differences
in the optoelectronic and photophysical properties depend on the electronic structures.
Frontier molecular orbital (FMO) also plays a key role in gaining a better understanding of
the optical and chemical properties. A detailed examination of the pertinent orbitals is car-
ried out to see the HOMO and LUMO energies. For the singlet-triplet transitions, it is easy
to take the first 10 leading excited states (with CI coefficients) and the first triplet energy
states. On the basis of the optimized structures in the excited state, the emission spectra
of the considered molecules are investigated. The good performance of an OLED device
depends on the charge mobilities and a comparable balance between the hole and electron
transport, it is necessary to calculate the charge injection properties as ionization potentials
(IPs), electron affinities (EAs), HOMO and LUMO, reorganization energy, hole and electron
extraction potentials (HEP, EEP). For the photoluminescent materials, it is anticipated that
lower the IP of the emitter, the easier the entrance of holes from the hole-transport layer
(HTL) to the emitter, and the higher the EA of the emitter, the easier the entrance of elec-
trons from the electron-transport layer (ETL). Solvent polarization energy (SPE) is also used
to estimate the self-trapping energies of charge in the materials, which is the energy due to
the structural relaxation. The studies of the guest-host relationship are also important as the
efficiency of OLEDs is improved on the basis of these investigations. As iridium phosphors
have to be widely spread into the host matrix, a relatively long phosphorescence time for
metal complexes can cause a long range of exciton diffusion, which may lead to dominant
triplet-triplet annihilation. This will get quenched in the adjacent layers of materials in
OLEDs. Here it is to mention that an effective host material is very important to achieve
efficient electrophosphorescence. Several other requirements for the effective host material
are (a) HOMOs and the LUMOs of the host material should match those of neighboring
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active layers to lower the device driving voltage and reduce the hole and electron injection
barrier. (b) The host should possess higher triplet energies than those of the dopant emit-
ters so as to confine the triplet excitons in the emissive layer and to prevent reverse energy
transfer from the guest back to the host. (c) The charge carrier transport properties of the
host have to be good and it should balance the hole-electron recombination process. Dexter
energy transfer also plays a significant role in obtaining the triplet excitons for the guest
materials and the corresponding rate is correlated with the changes in Gibbs free energy
(triplet energy difference) based on the Marcus electron-transfer theory.

Thus, we can say that though the OLED development is more of an experimental field than
being a theoretically determined science. Nevertheless, the key parameters discussed here
can be reliably considered in the theory and this knowledge will surely help in the design and
fabrication of new phosphorescent OLEDs.
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Abstract

On the road to integrated optical circuits, the light emitting device is considered the bottle-
neck preventing us from arriving to the fully monolithic photonic system. While the develop-
ment of silicon photonics keeps building momentum, the indirect bandgap nature of silicon
represents a major problem for obtaining an integrated light source. Novel nanostructured
materials based on silicon, such as silicon-rich oxide (SRO) containing silicon nanoparticles,
present intense luminescence due to quantum phenomena. Using this material, electrolu-
minescent devices have already been fabricated and even integrated in monolithic photonic
circuits by fully complementary metal oxide semiconductor (CMOS) compatible techniques,
opening the door to seamless electronic and photonic integration. The present work dis-
cusses some of the strategies used to improve the performance of SRO-based electrolumi-
nescent devices fully compatible with CMOS technology. Results from the characterization
of devices obtained using different approaches are presented and compared.

Keywords: silicon-rich oxide, silicon nanoparticles, light emitting capacitor, photonic
system, monolithic integration

1. Introduction

There are many research groups devoting their efforts to contribute to the development of
a fully integrated photonic lab-on-a-chip (LOC) that can take advantage of the use of silicon
(Si) as the main material. These are, among others, large availability and low cost of the
material, a very well-established fabrication and testing ecosystem, the existence of a fabless
model, very large chip fabrication volumes and yields, the possibility of testing using parallel

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.



10 Recent Development in Optoelectronic Devices

systems, seamless integration with electronics, etc. All these advantages have driven a signifi-
cant advancement in the past years regarding the development of Si-based LOC systems and,
in particular, in silicon photonics. However, there still are important barriers to overcome
that have prevented the transition from research to industrialization.

One of the most important limitations to achieve the goal of a monolithic integrated pho-
tonic system is the indirect band gap nature of silicon, which impedes the availability of light
sources in the complementary metal oxide semiconductor (CMOS) technology. Aside from
the integrated light emitting device, most of the rest of the problems regarding Si photonics
have been solved, being its lack virtually of the only thing separating us from making mono-
lithic Si-based LOC technology.

Depending on the application, the light source problem can be tackled in different manners. In
the specific case of biophotonic applications where visible light is preferred [1], the silicon-rich
oxide (SRO) or off stoichiometric oxide can be used to obtain light emitting capacitors (LECs).
The SRO-based LECs emit almost in all the visible light range, and they are totally silicon
compatible [2]. In fact, the integration of a light source, waveguide, and a sensor has already
been theoretically and experimentally demonstrated using standard CMOS technology
[3, 4].

The active material in a LEC is a SRO film, which can be obtained implanting Si ions into
thermally grown silicon dioxide or using a variety of chemical vapor deposition (CVD) tech-
niques. One of the most popular of the latter is the low-pressure CVD (LPCVD), which is a
simple way to produce SRO with different silicon excesses [5, 6]. SRO-LPCVD is characterized
by the ratio R, defined as

R = = (1)

where P _and P_ are the partial pressures of the nitrous oxide and silane gases, respectively.
Under this equation, R, =3 produces SRO films with 17% atomic silicon excess, while R ;> 100
produces stoichiometric oxide. R values between 20 and 30 produce SRO with silicon excess
between 4 and 5 at.%, which delivers a luminescent material, but with relatively poor electri-
cal conductivity. On the other hand, SRO with R, =10 or less presents a lower light emission
and higher conductivity than those of the former.

Aside from the SRO-based LECs, there are very few reports on totally Si-compatible inte-
grated photonic circuits, most of which use reverse biased PN junctions as the light source
[7-9]. Other proposed solutions include the use of phosphorus doped germanium heterojunc-
tions [10], the coupling to the photonic circuit of optical fibers pig-tailed to lasers [11], or the
hybrid approximation, in which external nonsilicon sources such as III-V reflective semicon-
ductor optical amplifiers (RSOAs) are used [12]. All the previous lack the possibility of taking
advantage of the current techniques used for the massive production of silicon-integrated
circuits (ICs). Finally, another approach uses the implantation of rare-earth elements into sili-
con oxide to produce light emission in the infrared communication region [13]. Again, such
technique is not compatible with the standard silicon IC technology.
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Then, SRO-based LECs present themselves as the most promising solution to a fully
IC-compatible integrated photonic circuit including the three basic elements, i.e., emitter,
waveguide, and detector, as demonstrated in [4]. However, at this point, they work in the
edge of electric breakdown and consume larger power than that needed to comply with IC
strict standards. Therefore, SRO-based LECs require new strategies or different approaches
to improve their performance.

In this work, we review the fabrication and performance of LECs, fabricated by our research
group, that use different substrate treatments and a variety of SRO compositions and configu-
rations, as means of discussing the strategies to improve the behavior of these devices.

2. Experimental procedure

SRO-based LECs were fabricated using different structures and conditions, namely, SRO
monolayers on polished Si-wafers, SRO monolayers on textured Si substrates, and SRO mul-
tilayers (MLs) with gradual and abrupt silicon excess. For reference, LECs with single SRO
films and SRO in a multilayered structure will be labeled as S-LEC and M-LEC, respectively.
The standard fabrication process used is completely compatible with the CMOS technology.
For textured Si substrates, the reactive ion etching (RIE) process was used. In this process,
Ar and SF, in proportion of 7:3 and power of 300 W were set to roughening surface during
1 min, resulting in conical structures over the surface with a roughness and peak density of
4.0 £0.2 nm and 3.7 x 10" cm™?, respectively.

SRO films (mono- or multilayers) were deposited at 720°C, on N-type or P-type silicon sub-
strates ((100)-oriented) with low resistivity (between 1 and 10 QQ x cm) by LPCVD and using
the flow ratio (R ) between N,O and SiH, to vary the silicon excess. R, values of 5, 10, 20, 25,
and 30 have been used to obtain different silicon excesses. Subscript of SRO labels indicates
the R, parameter. After deposition, SRO films were thermally annealed at 1100°C for 3 h in
nitrogen atmosphere in order to activate their photoluminescent (PL) emission.

For electrical and electroluminescent studies, metal insulator semiconductor (MIS)-like
devices were fabricated. A semitransparent n* polycrystalline silicon (poly) gate was depos-
ited onto the SRO film by LPCVD. After a photolithography process step, different shaped
gates were defined. The backside contacts were obtained by the evaporation of an aluminum
layer with thicknesses between 0.6 and 1 um. Finally, the devices were thermally annealed at
480°C in forming gas in order to assure ohmic contacts.

The thickness of all samples, including multilayer structures, was measured using a null
Gaertner L117 null ellipsometer with a He-Ne laser of 632.8 nm wavelength. PL spectra
were obtained using a Horiba Yvon Fluoromax-3 spectrometer at room temperature; all the
films were excited with UV radiation. Optical filters were used in order to guarantee the
wavelength of the excitation beam. For electrical and electroluminescent studies, a source
meter Keithley model 2400 was used. Electroluminescence (EL) spectra were obtained by
biasing the devices with a constant DC voltage and measuring the emitted light by means of
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an optical fiber normally aligned to the poly gate surface and connected to the Fluoromax 3
spectrometer. The optical power from the emitted light was measured with a 1400 IL radi-
ometer connected to an UV-VIS GaAsP detector placed in front of the gate. Images from EL
were obtained using a digital photographic camera. More specific details of the different
characteristics of the studied LECs are addressed in Sections 3.1-3.3.

3. Results and discussion

3.1. SRO monolayers

This section shows the electro-optical properties of SRO films deposited on N-type silicon
substrates using R values of 20 (SRO,;) and 30 (SRO,,) and thicknesses of 70.1 + 2.3 and
119.3 + 4.9 nm, respectively. LECs with square-shaped poly gates of 4 mm? area and 400 nm
thick were defined. To obtain PL spectra, the SRO samples (without poly gate) were excited
using a 290 nm radiation.

The R, parameter is determinant in the structural, compositional, electrical, and light emitting
characteristics of the SRO [14]. Red and blue electroluminescent devices have been obtained
using R =20 and 30, respectively. Figure 1 shows PL and EL spectra of S-LEC, and S-LEC,.
There, it is possible to see that both samples emit red PL, but changes in the emission wave-
length are obtained with electrical stimulation, especially for SRO, , where a blue EL band is
observed with the main peak at 468 nm. A long spectral shift, blue shift, of almost ~227 nm is
observed between the EL and PL bands of the SRO, films (blue dash line). LECs with SRO,,
films emit a broad EL spectrum in the red region (713 nm), as observed in Figure 1. An addi-
tional EL peak of low intensity is also observed at 468 nm. There exists also a blue spectral
shift of the EL with respect to the PL spectrum in SRO, films but much smaller, remaining in
the red side of the spectrum (red dash line), which could indicate that the same luminescent
centers are involved in both luminescence types. In both SROs, the EL emission is bright and
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Figure 1. (a) PL (solid line) and EL (symbols) spectra of S-LEC,, and S-LEC, . Images of (b) blue (S-LEC,)) and (c) red

(S-LEC,,) bright emission.
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observable to the naked eye, as shown in Figure 1(b) and (c). Notably, this intense EL is emit-
ted in the whole area of the LEC devices. As expected, the intensity of the full-area emission
increases as the applied electric field is increased [15].

Different authors have attributed the spectral shift between PL and EL to three different ori-
gins: defects in the SiO, matrix, band filling when bipolar injection is achieved, and silicon
nanocrystal (Si-nc) size selection by the injected electrons energy [16-18]. In our case, the red
EL observed in S-LEC, is ascribed to surface defects on the Si-ncs, which have been observed
by transmission electron microscopy (TEM) [14]. While the blue EL in SRO, devices is consis-
tent with the emission related to defects such as oxygen defect centers (ODC), non-bridging
oxygen hole centers (NBOHC), and E’, centers, which can be either intrinsically present or
generated by the electrical stress applied to the SRO matrix [14].

Regarding the electrical behavior, two different electrical behaviors have been obtained from
the red and blue LECs. Figure 2 shows the current density (J) as a function of the electric field
(E) of LECs working in accumulation mode (positive bias to the gate).

The S-LEC,, shows a high current state (HCS) at low electric fields (<4 MV/cm), followed by
a switch by the current to a low conduction state (LCS). Our group has observed this resis-
tive switching (RS) from the HCS to LCS in previous studies and at both forward and reverse
biases [14, 15, 19-21]. Such effect was related to the annihilation of conductive paths created
by adjacent stable silicon nanoparticles (Si-nps) and unstable silicon nanoclusters (Si-ncls) in
which Si-Si bonds can be broken creating some structural changes (defects), including some
blue luminescent centers [15, 19, 20]. Recent reports regarding the same electrical switching
in SRO films were observed, relating it to the presence of a conductive nanofilament [21-24].
Analysis of TEM imaging showed that the filament is created and annihilated by structural
changes due to Joule heating effect produced by the high current flow, which allows the

weak EL-whole area

Current density (A/cmz)

-
L

. . - . . —~ : -
0 2 4 6 8 10

E (MV/cm)

Figure 2. J-E curve from SRO, - and SRO, -based LECs. Insets are depicting images of EL dots and weak whole area EL.

13



14 Recent Development in Optoelectronic Devices

crystallization (HCS) or amorphization (LCS) of the nanofilament [25]. These observations agree
with our asseverations regarding the resistive switching observed in our S-LEC, | [24]. During
HCS regime, current jumps and drops corresponding to the appearance or disappearance of
electroluminescent spots (EL dots) on the LEC surface have been observed (see inset in Figure 3)
[14, 15, 19, 20]. Once the current fluctuations disappear, through an electrical annealing, the cur-
rent behavior stabilizes allowing for the whole area EL [2, 14, 19].

On the other hand, the electrical behavior of most of LECs with SRO,, films does not show
current fluctuations. This effect has been related to the presence of well-separated Si-ncs and
observed mainly on samples with a relatively high density of Si-nps [14]. This suggests that
a denser network of conductive paths becomes more likely as the Si-ncs density increases,
allowing for a uniform charge flow through the whole capacitor area.

In fact, it has been found that the trap-assisted tunneling (TAT) conduction mechanism,
through a quasi-continuum of defect traps, predominates in the HCS in the S-LEC,, devices,
where the trap energy (¢{pt) was estimated to be around 1.99 eV [14]. The TAT conduction
mechanism has been reported in SRO-based devices where the RS phenomenon has been
observed, in agreement with the observation of the devices reported in this work [24]. On the
other hand, Poole-Frenkel (P-F) tunneling was found to be the most likely charge transport
mechanism in the S-LEC, devices.

Although excellent results have been obtained from light emitting devices based on SRO with
Ro =20 and 30, the turn-on electric field (E_)) is still higher than desired. As an improvement
strategy to obtain devices that emit in a wider range of wavelengths, and at lower E_, multi-
layer structures involving SRO,, SRO,,, and SRO,, layers have been designed and fabricated.
As it has been shown, both SRO, and SRO,, exhibit intense PL. On the other hand, SRO films
with higher R, show lower PL intensity but better conductive characteristics [15, 26]. If the
characteristics of each SRO film are preserved in a SRO ML structure, it is possible to improve
the charge injection and luminescence properties of SRO-based LECs using the band-gap
engineering by the Si-nc size modulation. Under this approach, the composition, structural,
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Figure 3. (a) PL spectra from SRO, films of S-LEC, and S-LEC . SRO films were excited with A =300 nm. (b) EL spectra
for S-LEC, and S-LEC, when LECs were electrical polarized with 11.5 and 9.8 MV/cm.
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and PL emission characteristics of SRO MLs with gradual change of R  from 10 to 30, and con-
versely, have been studied [27]. The Si and O gradual composition profiles in the SRO, , .,
multilayered system have been confirmed by X-ray photoelectron spectroscopy (XPS). The PL
emission in these gradual SRO MLs increases when the emissive SRO layers (Ro =20 and 30)
are in the center of the ML. Moreover, the gradual Si-nc size according to the R of each layer
was preserved. Nevertheless, the study of the electro-optical characteristics of LECs with such
scheme is still being carried out.

3.2. SRO monolayers on textured substrates

To evaluate the performance improvement of LECs on textured substrates (labeled as S-LEC,),
a SRO,, film with thickness of about 70 nm was used. The textured process was described in
the experimental section. The SRO, film was also deposited on a regular polished substrate,
as a reference device, labeled as S-LEC,, In both cases, the substrate was a P-type silicon wafer
with resistivity between 2 and 4 Q x cm. Over the SRO, a 250-nm thick square gate of poly
layer with an area of 1.54 mm? was deposited and defined. Table 1 summarizes characteristics
of both S-LECs.

Figure 3(a) shows the PL spectra of the SRO, film present in the S-LECs. Roughening does not
appear to significantly affect the emission properties of the active material when it is optically
stimulated, as previously demonstrated [28, 29]. As can be observed, there are two peaks, one
centered at 725 nm (red band) and a much weaker one at 428 nm (blue band, shown in the
inset of Figure 3(a)). The emission in blue band is ascribed to non-bridging oxygen defects
and oxygen deficiency-related centers [14, 30-34], whereas the red band is attributed to oxy-
gen vacancies caused by the Si excess (720 to 740 nm) [31-33], as well as to interfacial defects
in boundaries of silicon nanoclusters with the silicon oxide matrix (810 nm) [35-37].

Figure 3(b) exhibits the EL spectra of the S-LECs. Both LECs show two bands as well: blue
and red, as PL. This indicates that PL and EL have the same origin, mainly attributed to SRO-
related defects [25, 34, 37]. Since in this case the samples are electrically pumped, electrons are
driven through deeper traps, allowing for a larger amount of radiative transitions of higher
energy, such that emission in the blue band has comparable intensities to those of the red
one. This phenomenon is not observed in PL due to its lower energetic source (UV radiation).
S-LEC, reached a higher EL intensity than S-LEC,, Additionally, S-LEC, requires less electrical
power than S-LEC to achieve its maximum intensity.

Figure 4 displays the J vs. E curve for both textured and non-textured LECs. The J-E curve
exhibits the behavior of S-LECs for positive voltage, condition in which EL is observed. Under

ID Texturing Roughness [nm] Peak density [cm™] SRO,, thickness [nm]
S-LEC, No 0.5 0 65.9+0.4
S-LEC, Yes 4.0+0.2 3.7+£1.8x10" 68.8+1.7

Table 1. Roughening features and SRO,, thickness of S-LEC, and S-LEC..
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Figure 4. Current density as a function of electric field of S-LECs. Curves are divided in three regions, according to the
conduction mechanism for each E range.

this condition, an inversion layer is formed in the SRO/Si-substrate interface. S-LECs pre-
sented in this section did not show current jumps, neither the RS from HCS to a LCS, contrary
to other reports [14, 15, 19-24]. At low electric fields (region I), the ohmic conduction mecha-
nism dominates the carrier transport; however, roughening of the substrate surface in S-LEC,
propitiates a current increase due to the conical structures in silicon surface, which act as tips
highly populated by electrons allowing for higher injection rates through the SRO layer. At
medium electric fields (region II), the Fowler-Nordheim tunneling mechanism is responsible
for the conduction. In this regimen, the observed current offset between curves of S-LECs is
due to the augment of current density at lower electric fields; however, both curves present
comparable slope [28]. At the higher electric fields (region III), the trap-assisted tunneling
mechanism controls the carrier transport. In this regimen, both S-LEC, and S-LEC, present
electroluminescence, in agreement with results of the LECs presented in Section 3.1. As can
be seen in Figure 4, in region III the J-E curves of S-LECs overlap, but even though they have
similar electrical responses, S-LEC, achieves a substantial improvement of electro-optical
properties as compared to its counterpart, as it will be shown later.

3.3. SRO multilayers

LECs based on multilayered structures are obtained by a multistep deposition process. While
the samples remain in the reactor, the LPCVD system is periodically adjusted to change the
R, modifying the silicon excess in the layer deposited during each period. Two structures
were fabricated: M-LEC,,, and M-LEC, ., which alternate four mainly conductive layers
(R, = 5) with three primarily emitting layers (R, = 25). For both devices, P-type silicon wafers
with resistivity between 2 and 4 Q) x cm were used as substrate.

M-LEC,; has SRO, as conductive layer and SRO,, as emitting layer, with thickness of 15 and

25 nm, respectively. Meanwhile, M-LEC, . uses the same material for emitting layers but
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SRO,, instead of SRO,, with thickness of 10 nm. The nominal thickness of the whole structure
is 115 nm approximately. In the top of the multilayer, a semitransparent 250 -nm thick n* poly-
crystalline silicon layer was deposited, and a square gate with an area of 4.05 mm?* was formed.

Figure 5(a) shows the PL spectra of the SRO multilayers. Two bands are observed: blue and
red bands. The shape of PL spectra is quite similar to that of SRO,, which does not have Si-ncs
[25], suggesting that, as in SRO,, oxygen defects in the oxide matrix due to the silicon excess
are the main cause of PL emission in multilayered structures [34]. As it is reported in [37],
Si-ncs are observed in SRO multilayers, and their size and density depend on the features
of each layer (silicon excess, thickness, etc.), in agreement with other reports on multilayers
[27, 34, 38]. Table 2 summarizes the Si-nc features of M-LECs. Figure 5(b) and (c) displays the
EL spectra of M-LECs. Again, two luminescent bands are obtained; however, M-LEC,,, has a
more prominent blue band, whereas M-LEC, . achieves higher emission in red band. In [37],
this difference is associated with the size and density of Si-ncs embedded in the conductive
layers. In M-LEC_,, SRO, layers allow electrons reach deeper traps (blue emission centers);
meanwhile M-LEC, . requires higher electric fields (energy) in order to excite the same emis-
sion centers. Thus, conductive layers with bigger size and lower density of Si-ncs produce

lsﬁ.nk 1 1 1 1 1 1 T T T T T T
; SRO 4.5k M-LEC. —o—3.4 MV/em -
160.0k - (a) % t 2 Muh::a}'el'm 4 Ok: (b) it . ; 4'2 z\v;cm |
140.0k - £ 1 Multilayer, . — 3k : g ——6i] MW‘:: i
S— f 2 v 2. T | \ T
% | ] ] [ - — 6.9 MV/em
4 1200k Saml [ % % —7.6MV/em ]
S, 100.0k- ; 1 ]| 9 " ]
Z 5ok g2k | F ]
- I Gaokd 4 T & .
5 00 E s | o - ]
._] " 2 | 1 ,‘._.‘_-'~.'~.'\‘T'.;: T % 1 4
= 40.0k B 1.0k AT
20.0k - 500 0_- [y
0.0 Y T " T ¥ : o | . .- T y T T T T T T |l
400 500 600 700 800 900 400 500 600 700 800 900
Wavelength [nm] Wavelength [nm]
4-5k— T -I L} L} T T i
j (C) M LECW—‘» —o—3.4 MV/cm j
4.0k ——4.3 MV/cm b
Lty 1 P ——5.1MViem |
4 3-5kj 7 ——60MV/iem |
= 3.0k f \ - 6.9 MV/cm al (d)
& 1 F& %\ <+—17.7 MV/em
2 2.5k ) P i T ¢ —— 8.6 MViem 1
= 1 %, o, g %
E Z.Ok" / 1 o /. ?A, \ i
8 1 [ ﬂf'
g 15k . 1
'_‘l 1 .'I v \ 1
M Lk A g e 0n o X ]
500.0 4k tionon0ocatean0Rleo000ecnas A Hn A AR

400 s00 600 700 800 900
Wavelength [nm]

Figure 5. (a) PL spectra of SRO multilayers of M-LECs. SRO mono- and multilayers were excited with A = 300 nm. EL
spectra of (b) M-LEC,, and (c) M-LEC, .. (d) EL emission of M-LEC, for different electric fields. Note that whole area
emission and localized bright spots can coexist.
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ID Si-nc size Si-nc density in CL  Si-nc size of Si-nc density in EmL  Nominal thickness
of CL'[nm] [cm?] EmL" [nm] [cm?] [nm]

M-LEC,, 4.0 1.06 x 10* 2.1 5.76 x 10" 131.1+£7.6

M-LEC,,, 3.6 1.30 x 10% 1.8 7.43 x 10" 116.7+1.6

"CL—conductive layer.

"EmL —emitting layer.

Table 2. Size and density of Si-nc in each layer, as well as nominal thickness of multilayered structure.

M-LECs with brightest blue emission at lower electric fields. Figure 5(d) shows digital pic-
tures of the EL emission of M-LEC,,, biased with different electric fields, where blue color is
predominant in the emission.

Figure 6 exhibits J-E characteristics of the M-LECs. In a first test, M-LECs present a LCS, but
once they reach a high electric field (E > 5 MV/cm), M-LECs change to a HCS and remain in
this regimen for the subsequent measurements, as previously reported in [39] and agreeing
with others works [34, 40]. During first current-voltage measurement, Si-ncs are ordered form-
ing conductive trajectories (electroforming) whereby electrons can be easily driven through
the SRO multilayers [22, 23]. Across their conductive path, they can impact other electrons
not only increasing the current density but also augmenting the number of electrons able to
decay at different trap levels, enhancing the emission intensity as well. In [39], it is reported
that thermionic emission, Poole-Frenkel, trap-assisted tunneling, and impact ionization con-
duction mechanisms are responsible for the charge transport. The first two dominate con-
duction in low (E <2 MV/cm) and medium (2 MV/cm < E <4 MV/cm) electric field regimes,
respectively. Meanwhile, TAT and impact ionization are responsible for charge transport in

Current density, J [A/em?]

—— First test

60M 40M -20M 00 20M 40M 60M
Electric Field, E [V/cm]

Figure 6. Current density as a function of electric field for M-LECs. In a first sweep, M-LECs present a LCS, but once they
achieve a HCS, LECs preserve this behavior maintaining EL emission.
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high-energy regime, which is also the region where brightest EL is observed. For E <6 MV/
cm, only TAT mechanism is presented, but once electric field overpass 6 MV/cm, impact ion-
ization takes place, increasing substantially the EL intensity.

4. Discussion

Figure 7(a) and (b) shows, respectively, the normalized PL spectra and the J-E curve for
S-LEC, S-LEC, M-LEC,,, and M-LEC . in order to compare single- and multilayer-based
LECs. Regarding PL response, multilayer of M-LEC, . records the highest intensity, followed
by M-LEC,,, and single SRO,, and SRO,, layers. The total PL emission in a multilayered struc-
ture has two contributions: emission of SRO,, layers, which is the main contribution, and
emission from the conductive SRO layers (SRO, or SRO, ), which have a smaller contribution
[37]. As reported in [26], SRO films with higher density of Si-ncs with size lower than 3 nm
have the brighter emission. In these films, defects are formed at the interface between SRO
and the Si-ncs, acting as localized states from where electrons decay through ground states,
emitting light in the process. Even though conductive SRO layers mainly enhance electrical
characteristics in M-LECs, the presence of Si-ncs into SiO_matrix propitiates a non-negligible
contribution to PL emission, and as can be observed in Table 2, the highest density with the

lowest size of Si-ncs is achieved in M-LEC, ., in agreement with PL response.

In Figure 7(b), J-E curves of LECs are presented. A substantial augment of current density in
M-LECs with respect to that one in S-LECs can be observed. M-LECs reach the HCS at lower
voltages. This improvement of carrier transport in M-LECs is ascribed to the high silicon
content in SRO conductive layers. In the electroforming process observed in these M-LECs,
which occurs in the first J-E measurement, Si-ncs are connected creating multiple preferential
conductive paths between the poly and Si-substrate. Electrons can easily flow through those
conductive trajectories in SRO MLs improving the current density. Regarding S-LECs, SRO
layer does not have Si-ncs to form conductive paths; however, it has a high density of defects.
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Figure 7. (a) PL spectra normalized with respect to thickness of the SRO single or multilayer. (b) Current density as a
function of electric field for S-LECs and M-LECs.
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This high content of defects allows that electron transit by a sequence of low energetic traps
through the SRO film, named as low resistive trajectories. Even though these trajectories are
low resistive, the charge-trapping effect still takes place, such that enhancement of current
density is limited and a HCS is not reached. Fabricating S-LECs on textured substrate allow
improvement of carrier injection to the SRO film; however, this technique also has results with
lower current density improvement than those in a multilayered structure.

Figure 8 displays the integrated EL intensity as a function of electric field for (a) S-LECs on
polished substrates and (b) S-LECs on textured substrate and M-LECs. These figures allow
comparing LECs by means of two figures of merit: turn-on electric field (E_ ) and the operation
range. The E__is the electric field needed for the EL intensity to overpass the noise level and
begin to rise; meanwhile, the operation range is the electric field range in which LECs emit light
without electrical damage, and it must go from E__ to an E value before dielectric breakdown.

As it can be seen in Figure 8(a), S-LEC, (devices that emit in red) operate on a greater range
(from 3.7 to 6 MV/cm) than S-LEC, (devices that emit in blue), which works from 7.0 to 8.3
MV/cm, approximately. The electric field range where it was possible to register EL spectra
for S-LEC,;is 7.1-8.3 MV/cm and for S-LEC, is 3.7-5.7 MV/cm. As can be noted, a larger elec-
tric field is required to obtain the blue emission as compared to the red one. In accordance,
the devices without Si-ncs into SRO films and emitting in blue wavelengths require a larger
electric field (E > 7MV/cm) to turn on. Additionally, a nearly linear fitting was done to the
experimental data. The slope found for each device is slightly different, suggesting that the
mechanisms responsible of the EL increase are not the same. A quite similar conclusion was
obtained in Section 3.1, where EL emission is observed when TAT and P-F mechanisms domi-
nate the charge transport in S-LEC,  and S-LEC,, respectively.

207

In Figure 8(b), it is found that the operation range of S-LEC, and S-LEC, is from 8.5 to 11.5
MV/cm and from 7 to 10 MV/cm, respectively. These operation ranges are lower than that one
of M-LECs, which have an operation range from 3 to 9 MV/cm, approximately. Thus, M-LECs
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Figure 8. Integrated EL intensity as a function of electric field for (a) single-layer LECS and (b) single-layer LECs on
textured substrate and M-LECs. Noise level is used as reference to evaluate EL emission of LECs. Intensities of graph
(a) are not comparable with graph (b) because of differences in setup and testing condition.
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ID Voltage [V] E [MV/cm] Current [pA] P [mW] P [uWI] 1, [10™ %]
S-LEC, 80 114 113 9.04 0.17 18.7
S-LEC,, 68 9.7 78 5.30 0.34 64.1
M-LEC,, 95 7.3 30 x 10° 2.85x10° 2.75 1.0
M-LEC 95 8.2 37 =103 3.52 x 10° 271 0.9

1025

Table 3. Voltage, electric field, electrical power, optical power, and conversion efficiency of LECs: single layer,
roughening substrate, and multilayers.

have twice higher operation range than S-LECs. Moreover, the E_ value of M-LECs is lower
than that one of S-LECs, and the EL intensity of M-LECs gradually increases as the electric
field becomes stronger. In contrast, S-LECs require a higher electric field to emit light, and their
transition from turn-off state to turn-on state is abrupt. Hence, M-LECs are better candidates to
be integrated in all-silicon photonic circuits due to the lower E_ and a wider operation range.

Finally, the conversion efficiency (n ) is analyzed for each device. The 1_is defined as the ratio of
the optical power (P_ ) with respect to the electrical power (P). The latter power is calculated as
P =V*1, where V is the voltage and I is the electrical current in which a specific P is measured.
Table 3 resumes values of voltage, electrical current, P, P, and conversion efficiency (n,) of
LECs with the different strategies used. These parameters were selected considering the best
electro-optical performance. As we can see, the S-LECs are more efficient but have lower values
of P, while M-LECs are less efficient but achieve a significantly higher P_ . Based only on
efficiency and without considering the application, S-LECs would be the best option; however,
as is aforementioned, M-LECs have other advantages over S-LECs. A higher operation range,
lower E_ values, an EL intensity that gradually increases, and a greater P are the features that
place M-LECs as the best option to be integrated in all-silicon photonic circuit. In [4], it has been
demonstrated that S-LECs are enough to guaranty the functionality of all-silicon photonic cir-
cuits; however, the LECs operate close to the noise level. Thus, the performance of such system
could be improved using M-LECs, which have enhanced electro-optical characteristics.

5. Conclusion(s)

This work was focused on the different strategies used to improve the performance of SRO-
based LECs fully compatible with the CMOS technology to be integrated in an all-silicon
photonic circuit. We reviewed the fabrication and characterization of LECs that use differ-
ent substrate treatments and a variety of SRO compositions and configurations. LECs were
fabricated with single SRO layers (5-LECs) deposited on polished and textured Si substrates.
LECs with SRO in a multilayered structure (M-LECs) involving a conductive SRO layer with
an emitting one were also fabricated.

It was found that M-LEC, . emits the highest PL intensity, followed by M-LEC, ; and finally

1025
those with single SRO,, and SRO, layers. An improved charge injection observed through
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an augment of current density was obtained in M-LECs with respect to S-LECs, even though
S-LECs use textured silicon substrate to improve carrier injection. M-LECs achieve high con-
duction state with lower voltages, which is ascribed to the high silicon content in SRO con-
ductive layers, forming conductive trajectories by means of electrons that are easily driven
through multilayers.

The electro-optical characterization of different LECs exhibited that M-LECs have twice
higher operation range than S-LECs. Moreover, M-LECs emit at lower electric fields and their
intensity gradually increases as the electric field becomes stronger. In the opposite, S-LECs
require a high electric field to emit light, and their transition from turn-off state to turn-on
state is abrupt. Hence, M-LECs perform a better behavior to be integrated in all-silicon pho-
tonic circuits based on a lower E__and wider operation range. A higher operation range, lower
E, EL emission that gradually increase, and a greater P are the features that place M-LEC
as the best option to be integrated in all-silicon photonic circuit.
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Abstract

Optoelectronic resistive switching devices, utilizing optical and electrical hybrid methods
to control the resistance states, offer several advantages of both photons and electrons for
high-performance information detecting, demodulating, processing, and memorizing. In
the past decades, optoelectronic resistive switching devices have been widely discussed
and studied due to the potential for parallel information transmission and processing. In
this chapter, recent progresses on the optoelectronic resistive switching mechanism, mate-
rials, and devices will be introduced. Then, their performance such as photoresponsivity,
on/off ratio, as well as retention will be investigated. Furthermore, possible applications of
the optoelectronic resistive switching considering logic, memory, neuromorphic, and
image-processing devices will be summarized. In the end, the challenges and possible
solutions of optoelectronic resistive switching devices for the next-generation information
technology will be discussed and prospected.

Keywords: optoelectronic, resistive switching, memristor, memory, logic, neuromorphic

1. Introduction

The great success of transistor-based integrated circuits for modern computing provided
exponential development of the way we live, work, and communicate. In the past decades,
device scaling-down was an effective approach to maintain the continuous development of
computing capabilities. However, the current semiconductor technology is facing the physical
scale limitation and bandwidth bottleneck between memory and central processing unit (CPU)
in modern-computing architectures, as shown in Figure 1a. Therefore, new devices, new
architectures, and even new computing principles are eagerly desired to further enhance
computing efficiency and capability in the post-Moore era.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Possible approaches to optimize computing architectures. (a) Modern von Neumann-computing architecture.
The separated memory and CPU are connected by data bus, which has frequency limitation. This architecture has low
efficiency in data processing between memory and CPU. (b) Optical communication between memory and CPU will
overcome the frequency limitation and increase its efficiency. (c) Parallel data processing and memory using memristor-
based architecture.

Optoelectronic interconnection is a feasible method to overcome the bottleneck by transmitting
data between memory and CPU via photons, which have a much faster transporting speed, a
higher bandwidth, no Joule heat, and no interference over electrons [1-10]. As shown in
Figure 1b, optical communication between CPU and memory will fully meet the demands of
modern-computing architecture in high-frequency data communicating and processing [1-10].
On the other hand, memristor (memory + resistor), a simple two-terminal electrical switch with
nonvolatile reconfigurable resistance states, has been considered as one of the promising appro-
aches to construct new architecture with the novel in-memory computing (Figure 1c) [11-20].
Due to the arbitrary nonvolatile resistance states, memristor-based architectures provide the
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high potential for integrating processor and memory together, which eliminates the bottleneck
between memory and processor in the modern von Neumann-computing architecture, thus
allowing high parallel data processing [21-26]. However, the electronic memristor-based archi-
tecture still has bandwidth limitation in high-frequency data communicating between different
modulators.

The combination of photons and memristor-based circuits will integrate the advantages of
photons in a high-speed data transmission and memristors in parallel in-memory computing
and may open up a new era for future computing owing to the high bandwidth and low-
power consumption. Moreover, the optoelectronic-based memristive system will extend the
application of memristor-based architecture to image or visual information processing. As
shown in Figure 2, with the increasing demands of mobile computing in human daily life,
wearable devices, health-care devices, and human-machine interacting devices including intel-
ligent image sensor, video monitor, invisible touch screen, electronic eyes, wearable heart or
blood monitoring and display devices, smart processor, and even brain-implantable devices
will be more and more important for an efficient and comfortable way for our better life, body
health, daily work, and communication [27-32]. The optoelectronic memristor-based architec-
ture, wherein both photons and electrons are used for parallel data processing and communi-
cating between input-output (I/O) devices and the in-memory processor, may provide such a
platform for the mobile computing.

In this chapter, recent developments on optoelectronic memristor materials and devices, and
applications including logic, memory, memristor, and neuromorphic devices will be summa-
rized, then their capability in future optoelectronic on-chip interconnection, in-memory com-
puting, brain-inspired computing, and visual information processing will be evaluated.

Optoelectronic memristor

Figure 2. Possible optoelectronic memristor-based-computing architecture. In the in-memory processing unit, a core has
the ability to process and store data in situ. Both photons and electrons can achieve the communication between the cores
and I/O devices.
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These optoelectronic approaches may help to overcome the limitations and bottleneck in the
current computing devices and architectures, as well as contribute to efficient data analysis,
cognitive computation, and artificial intelligence.

2. Optoelectronic resistive switching materials and devices

Resistive switching memory (memristor) is a simple two-terminal device with three-layered
structure—two electrode layers for electrical signals input and output, and a “memory” layer
in between. The resistance of the “memory” layer can be dynamically reconfigured by voltage-
or current-induced ion implantation, interfacial charge accumulation, and so on. Usually, the
electrodes are metal or oxide, such as Ag, Au, Pt, Ta, Ir, Cu, ITO, and so on, which will affect
the resistive switching behavior by their different work function, electron affinity, electrochem-
ical energy, and so on [33, 34]. For the “memory” layer, various kinds of materials have been
used, including binary oxide, nitride, perovskite, low-dimensional materials, and organic
materials [35-45]. Due to the simple structure and excellent performance including high-
density integration, high-speed, and low-cost fabrication for logic, memory, and neuromorphic
applications, memristor has been considered as one of the most promising next-generation
information technologies [19, 20, 46].

Meanwhile, optical interconnection with high data transmission speed and no Joule heat or
interference has proved to be another effective approach to overcome the data transmission
bottleneck between memory and processor. Moreover, combining the advantages of photons
and electrons in an optoelectronic memristor will allow highly parallel data transmission and
processing, as well as extending the application for image recognition and visual information
processing. In the optoelectronic memristor (Figure 3), both optical and electrical signals are
able to modulate the resistance states of a “memory” layer, which is sensitive to both electrical

Light input

Top electrode \

-

Inputs

B & &Y 4 4 \ ®

A ,Q et

Outputs Bottom electrode

Figure 3. Optoelectronic memristor structure and mechanism.
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and optical signals. Therefore, photosensitive semiconductor materials will meet the demands
of the “memory” layer, such as silicon, cerium oxide, zinc oxide, perovskite, low-dimensional
materials and organic materials, and so on [47-52].

In 2012, Ungureanu et al. reported a reversible light-controlled resistive switching memory in
metal/Al,O5/S5i0,/Si structure, with the photogenerated electrons injection from Si to AL, O5 at
sufficient positive bias and charge removal at negative bias [53]. In this work, the light pulses
with different wavelength and intensity were utilized to study the photoresponsive behavior
of the memory, as well as to achieve multilevel and multifunctional optoelectronic resistive
switching memory. This work proved that the metal/Al,O5/SiO,/Si-structured device can work
as a multifunctional optoelectronic device including information storage and light sensing,
meanwhile, offering the possibility for extra optical degree to be exploited in resistive
switching memory devices.

Besides Si, ZnO is another kind of typical photosensitive semiconductor and has been widely
studied for UV detectors, as well as resistive switching memories [35, 49]. Based on the
semiconducting and photosensing properties of ZnO, Bera et al. combined the resistive
switching and persistent photoconductivity (PPC) together in ZnO/NSTO Schottky junction
in 2013 [54]. The photo-induced interfacial positive oxygen vacancies movement under electric
field can lower the interfacial barrier and modulate the nonvolatile multilevel resistance states,
thus realizing persistent photoconductivity and resistive switching. Annealing process was
able to erase the PPC to its initial state. The results in this work provided a general route to
achieve multifunctional devices by integrating functional materials.

Most recently, two-dimensional materials, such as graphene and MoS,, have drawn much
more attention due to their promising properties for the next-generation information technol-
ogy. In 2014, Roy et al. reported a multifunctional photoresponsive memory based on
graphene-MoS, hybrid three-terminal structure, wherein a gate was used to maintain and
erase the trapped charges, thus achieving erasable persistent photoconductivity for optoelec-
tronic memory devices (Figure 4) [55]. In addition, different gate amplitudes and light intensi-
ties were used to achieve multilevel memory. This work showed that the novel two-
dimensional materials are promising for multifunctional optoelectronic memory:.

Besides, organic materials have many advantages including low-cost fabrication, flexibility,
and bandgap tunability, which are promising for optoelectronic memory devices. In 2012, Ye
reported an optoelectronic multilevel resistive switching memory shown in Figure 5 using a
metal-conjugated donor-bridge-acceptor (DBA) molecule, which is responsive to both optical
and electrical stimuli [56]. Under dark condition, the Al/metal-conjugated DBA/ITO-structured
devices showed a bi-stable resistive switching behavior. When illuminated by UV light, a
middle state was induced by the sub-step charge transfer process through the cooperation of
UV light and electric field. This work may open up new opportunities of organic materials for
designing multifunctional optoelectronic memory.

In a short summary, photo-induced charge trapping and detrapping play the key role in
optoelectronic resistive switching effect. Other than the materials stated earlier, carbon nano-
tube, complex oxide, perovskite, quantum dots, and so on, also show optoelectronic resistive
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switching effects [57-60]. The applications of optoelectronic memristor including logic, mem-
ory, neuromorphic devices, and their performance will be discussed in the following sections.

3. Multifunctional optoelectronic logic and memory

Optoelectronic memristors, allowing electrical and optical signals to modulate the states, are
capable of functioning as sensor, decoder, arithmetic unite, logic, and memory devices for data
communication, integrated photonics, in-memory computing, and brain-like computing. In
this section, optoelectronic logic and memory devices will be discussed and their performance
will be evaluated.

Logic is one of basic and most important functions in the integrated circuits [61-65]. Therefore,
the realization of optical and electrical-mixed logic is the first step for optoelectronic circuits.
For example, Kim et al. reported a series of optoelectronic logic devices based on single-walled
carbon nanotube (SWNTs)/silicon junctions [57]. As shown in Figure 6a, in the SWNTs/Si
junction, voltage and light pulse are inputs and currents are outputs. Due to the photoresponse
under voltage bias, the output current is much higher (logical “1”) when both voltage and light
are applied to the junction than the current when only one or neither is applied (logical “0”),
thus functioning as an “"AND” gate (Figure 6b). Similarly, “OR” gate and 2-bit adder functions
were also achieved using two junctions. Furthermore, utilizing four junctions with specialized
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Figure 6. Optoelectronic logic gates. (a) “AND” logic with one light input, one voltage input, and a current output. (b)
Output current value of the “AND” gate. (c) 4-bit digital-to-analog converter with light illuminating on four junctions
with different areas. (d) Output current value of the 4-bit digital-to-analog converter. Reproduced with permission from
Ref. [57]. Copyright 2014 Nature Publishing Group.
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active areas, a 4-bit digital-to-analog converter (DAC) was demonstrated, as shown in
Figure 6c and d.

Memory is another basic and important function in integrated circuits. If an optoelectronic
memory device can integrate other specific functions such as photo signal detection, demodu-
lation, arithmetic, and even logic in a single device, where the processed data can be stored in
situ, then it will lower the complexity of integrated circuits and allow highly parallel computa-
tion. To achieve this goal, in 2015, we studied the ITO/CeO,_,/AlO,/Al-structured
photoresponsible junction and designed a multifunctional optoelectronic resistive switching
memory (OE-memory) with integrated photodetection, demodulation, and arithmetic [66]. As
shown in Figure 7, CeO,_, works as a photon-absorbing layer, and the electrons trapped in the
defects in the CeO,_, layer near the interface can be excited by photons and leaving positively
charged oxygen vacancies, which will lower the effective barrier and decrease the resistance of
the junction persistently with a thinner barrier. At the CeO,_, and Al interfaces, a 5-nm native
oxide layer formed and acted as an insulating layer to decrease the dark current. ITO works as
a transparent and conductive top electrode and Al is the bottom electrode. In this simple two-
terminal structure, persistent photoconductivity was observed as shown in Figure 8. The
nonvolatile resistance states can be reversibly switched between high resistance state (HRS)
and low resistance state (LRS) by visible light pulse and voltage, thus acting as an optical-write
and electrical-erase memory.

Further study of this optoelectronic memory showed the wavelength and intensity-
dependent photoresponse, which was utilized to design an optical signal detector and
demodulator. As shown in Figure 9, with two-digit information (wavelength and intensity)
per light pulse, four pulses with blue or green and 4 or 6 pW/um? are capable of carrying

[ITO / CeO,,/ AlO,/ Al / Substrate | MIS junction

Light source
EE

Negative

CeO,., on AlO,/Al

Figure 7. Schematic illustration of the optoelectronic memory (OE-memory) based on the ITO/CeO,_,/AlO,/Al junction
and its operation principle. Reproduced with permission from Ref. [66]. Copyright 2015 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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Figure 8. Reversible nonvolatile optoelectronic resistive switching behavior. A visible light pulse switches the structure
from HRS to LRS and a voltage pulse switches the structure from LRS to HRS. Reproduced with permission from Ref.
[66]. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

8-digit information, which is one letter according to the ASCII code, and can be demodulated
and stored into four resistance states. Therefore, optical signal detecting and demodulating
functions have been achieved in this simple optoelectronic memory. Furthermore, the
photoconductance is increasing linearly with light pulse number (Figure 10a). Based on this
linear relationship between photocurrent and the number of light pulses, counter and adder
of the number of light pulses can be realized and the details are shown in Figure 10b.
Meanwhile, the output results after counting or adding the pulse number can be stored as
resistance states, thus allowing the integration of simple arithmetic and memory functions in
a single cell. To evaluate the memory retention performance, multilevel resistance states
were measured continuously, and after 10* s, the resistance states remain distinguishable
(Figure 11). Above all, the simple optoelectronic structure is capable of functioning as optical
signal detection, demodulation, arithmetic, and storage. These results demonstrate the pos-
sibility of using multifunctional optoelectronic devices for future integrated photonics, par-
allel processing, and in-memory computing [66].

In our recent work, to further exploit the integration of logic functions into the memory [67],
electrically resistive switching and the persistent photoconductivity are combined to modulate
the resistance states (Figure 12) [68].
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Using one light pulse and one voltage pulse as logical inputs and current as logical output, an
“AND” gate was achieved. Only when both a light pulse and a voltage pulse are present, the
output value is larger than 150 nA, which is logical “1,” otherwise, the output current is lower
than 150 nA, which is logical “0.” Furthermore, the “AND” gate can be reconfigured to “OR”
gate when a light-write pulse applied before logic operations, thus allowing the OE-memory
functioning as an optoelectronic nonvolatile reconfigurable logic gate (Figure 13). Besides the
reconfigurable “AND” and “OR” logic functions, “NOT” operation and a complicated logic
operation were achieved by introducing another electrical-erase pulse, as well as optical adder
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Reproduced with permission from Ref. [68]. Copyright 2017 American Chemical Society.

and digital-to-analog converter (DAC) functions were achieved by using two light pulses as
inputs. We name this nonvolatile reconfigurable logic gate as “memlogic,” memory of logic
operations and outputs.

Based on the optoelectronic reconfigurable logic functions, a proof-of-concept reconfigurable
image-processing and memorizing functions were demonstrated, as shown in Figure 14. Two
images with “X” and “Y” shapes of visible light pulses are used as inputs into a 5 by 5 memlogic
array and current map as output (Figure 14a). When all the cells were reset to “AND” logic state,
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Figure 13. Memlogic operation of reconfigurable “AND” and “OR” gates. (a) Reconfiguration operation of “AND” and
“OR” gates. (b) Output current value of the memlogic. (c) Truth table of the memlogic. Reproduced with permission from
Ref. [68]. Copyright 2017 American Chemical Society.

the processor can find the same part in different images and we named it SAME FINDER
(Figure 14b). When all the cells were set to “OR” states, the processor can find the parts either
in “X” or “Y” images and we named it as ALL FINDER (Figure 14c). Therefore, the single
memlogic array can realize two different image processing, as well as image storage functions.

Above all, the memlogic is capable of performing different reconfigurable logic functions and
nonvolatile memory and may provide a new method for reconfigurable in-memory comput-
ing, integrated photonics, and artificial intelligence [68].

In summary, for information technology application, these optoelectronic resistive switching
devices need to be optimized to improve their performance including the photoresponsivity,
speed, memory window, retention time, endurance, fabrication cost, reliability, yield, and so
on. Here, the summary of some basic parameters is shown in Table 1. The photoresponsivity
measures the input-output gain in a photoresponsive system and means the electrical output
per optical input. On/off means the memory window. Speed represents how fast the device can
work. For memory or logic applications, the speed needs to be at ns level. Here, the speed of
these optoelectronic resistive switching devices is not enough and needs to be improved
exponentially. Possible methods will be increasing the build-in electric field to accelerate the
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Figure 14. Proof-of-concept demonstration of reconfigurable image processing. (a) ‘X’ and “Y” shape of light image were
inputs and current map was the output. (b) Image same finding function when all the memlogic cells are at HRS and (c)
image all finding functions when all the memlogic cells are at LRS. Reproduced with permission from Ref. [68]. Copyright
2017 American Chemical Society.

Structure PPC/PC/PR Responsivity On/off Speed Retention References
Pd/AL,O5/Si0,/Si PC _ 10° _ _ [53]
Ti/ZnO/NSTO PPC N >10° ~100 s >10%s [54]
Al/Organic/ITO PR _ 10° _ 5% 10*s [56]
ITO/CeO,_,/AlO/Al PPC 1 A/W 10° ~10's ~10* [66, 68]

Notes: PPC, persistent photoconductivity; PC, photoconductivity; PR, photoresponse.

Table 1. Characteristics of the typical photoresponsive memristors.

photo-induced charge separation by using electrodes with a higher work function or increas-
ing the defects concentration. Retention means how long the state can maintain. From this
table, we can see that the performance especially the speed should be improved immediately.

4. Optoelectronic neuromorphic devices

Artificial neural network is one of the most promising ways to achieve brain-like computing and
has been an attractive area especially for memristors as the similar ionics-based mechanisms and
stochastic dynamics with neurons [69-87]. Optoelectronic memristors provide another degree of
freedom by light to control their states, which means light pulse can be utilized as stimuli to
control artificial synapse weight and proceed with synaptic behaviors simulation. Moreover,
optoelectronic memristor-based networks allow optical communications among nodes and will
reduce power consumption, increase communicating speed, and efficiency. Recently, several
research groups have proposed optoelectronic artificial synaptic devices based on persistent
photoconductivity for neuromorphic computing. In 2010, Agnus et al. reported an adaptive
architecture based on optically gated carbon nanotube transistors, which allow optical write
and electrical program processes to control the resistance states [88]. The programmed states
are nonvolatile and can be used to store synapse weight in adaptive architectures. More specific
synaptic behaviors simulation such as short-term memory (STM), long-term memory (LTM),
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facilitation, and spike-timing-dependent plasticity (STDP) have been achieved in IGZO-based
persistent photoconductive devices by Lee in 2017. They also showed the photoenergy and
frequency-dependent plasticity. These basic synaptic behaviors simulation will promote the
development of optoelectronic artificial neuro-network [88].

As we all know, human eyes are the most important media to receive visual information from
surroundings and provide humans with the ability to recognize objects. In human visual system,
the eyes receive light signal and convert it to electrical pulses signal, which can be detected by
visual neuron and analyzed or memorized by visual cortex in the brain. In general, two parts for
sensing and processing of visual information form the visual system. In recent years, inspired by
human visual system, several kinds of artificial visual systems have been proposed to simulate
eyes for visual information processing, retinopathy therapy, and reproduction of visual system
[27, 89-91]. Usually, photodetector array acts as the retina to sense the light that converts it to
electrical signal for image processor, visual neuron, and cortex. For example, as shown in
Figure 15, Mathieson et al. reported a photovoltaic retinal prosthesis, which is capable of
detecting light signal, imaging on silicon photodiode array, and processing the detected image.
The demonstration of fully integrated wireless implant may reproduce the vision to the patients
with retina diseases [27]. However, this photodiode-based system lacks the function of memo-
rizing of image information. Therefore, memristor may be applicable for image memory. In 2017,
Chen et al. reported an artificial visual memory system consisting of an imager and a memory.
The UV image can be detected by In,Os;-based imaging system and stored by Al,Os-based

Video camera

processor §

Subretinal
photodiode array

Image on
the retina

Figure 15. An artificial visual system based on silicon photodiode. Reproduced with permission from Ref. [27]. Copyright
2012 Nature Publishing Group.
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processing and memory system [92]. The design of this artificial visual system provides a novel
approach to integrate different devices to achieve more multifunctional bioinspired systems.

Thanks to the reported works, these novel promising optoelectronic synaptic devices have
been proposed and achieved and will be the first step for optoelectronic neural networks.
Optoelectronic artificial neural networks provide the additional advantage of optical commu-
nication into memristor-based neuromorphic architectures. Based on the previous research, the
next plan should focus on improving their performance, exploiting optoelectronic artificial
neural networks, and optogenetic neural networks.

5. Other approaches for multifunctional resistive switching

Besides the optical-based resistive switching memories, electrical- and magnetic-based resis-
tive switching devices are also interesting and attractive due to their important and promising
physical properties and applications [93].
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Figure 16. Nanochannel-based selector mechanism and its performance. (a) Transmission electron microscopic (TEM)
image proved the electric field-induced VO, nanochannel formation in V,0s matrix. (b) Threshold switching behavior.
(c) Resistive switching behavior of the 1SIR structure. Reproduced with permission from Ref. [94]. Copyright 2017
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Recently in our group, a nanochannel device was designed in V,0Os-based selector via electric
field-induced ion migration [94]. As shown in Figure 16, this electric field-induced nano-
channel demonstrates a sharp and reliable metal-insulator transition (MIT) with a 17 ns
switching speed, an 8 pJ energy consumption, and less than 4.3% variability. By combining
with one HfO,-based memristor, the 1S1R structure device can ensure the correct reading of
the memory states continuously for 10” cycles, therefore demonstrating its great possibility to
overcome the crosstalk problem in high-density crossbar memory. This work proved that

electric-field-induced ion migration at the nanoscale is an effective approach to optimize
device performance or design novel conceptual devices.
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Figure 17. Electric field-controlled magnetization reversal. (a) Magnetic force microscope (MFM) images of the CFO at
initial states and after voltage bias. (b) Evolution of the contrast change ratio after being subjected to various biased
voltages. Reproduced with permission from Ref. [95]. Copyright 2015 American Chemical Society.
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With the electric field-induced ion migration method, our group also achieved nanoscale
magnetization reversal in cobalt ferrite (CFO) thin film (Figure 17) [95, 96]. The electric field-
induced migration and redistribution of Co®" between Fe vacancies induced the unidirectional
magnetic anisotropy of the sample along the <110> directions. The reported magnetization
reversal is nonvolatile and reversible, which can be controlled by tuning the electric field
polarity and amplitude. Such a nanoscale magnetization modulation by nanoionics may pro-
vide a novel approach to manipulate the magnetization of magnetic materials for low-power
magnetic memory and spintronics.

6. Challenges and possible approaches

Thanks to the efforts of scientific researchers and engineers from all over the world, the
optoelectronic resistive switching has achieved great progress. However, there are still some
challenges in the way of further development of optoelectronic memristors currently as fol-
lows:

1. Mechanism: the widely accepted mechanism of PPC is the photo-induced charge trapping
and detrapping in defects. However, due to the technique limitation of directly mapping
photo-generated carriers” distribution under light illumination, it is hard to clarify the PPC
at electron scale.

2. Materials and performances: many materials are photoresponsive and resistance switch-
able. Therefore, finding a durable, reliable, and CMOS-compatible material with excellent
optoelectronic resistive switching performances is still a challenge, and the performance
especially the speed is more challenge due to defects-related process.

3. Spatial design of the optoelectronic neural networks: optoelectronic platform will need to
integrate light source to the integrated circuits. Therefore, the devices” surface and physical
position should be accessible for light source. Then the best way to route the light source to
devices’ surface is a critical issue.

Possible approaches include the following:

1. Mechanism: light-integrated TEM is a possible method to observe the light-controlled
physical properties. In my current group in Finland, an in situ TEM under external electric
field and light sources is ready, and there may be some promising results about optoelec-
tronics in the following years [97].

2. Materials and performance: the direct and effective way to find a suitable material is trying
and trying. One promising material has to be tested, optimized, and improved repeatedly
before the product, and what we can do is to just be patient. The performance requirement
depends on the application, so performance is negotiable [17].

3. Spatial design of the optoelectronic neural networks: with the development of nanophotonics
and nanolasers, in the near future, integrated photonics will provide efficient and feasible
approach to address the spatial design of optoelectronic artificial neural networks [6].
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7. Conclusions and prospects

In this chapter, recent progress on optoelectronic resistive switching are introduced and sum-
marized. Due to the photosensitive media in memristor, light can be used as another degree of
freedom to control the resistive switching behavior for multifunctional optoelectronic devices.
Here, the main mechanism is the photo-induced carriers trapping and de-trapping in defects in
the semiconductor “memory” layer. To further promote the development of the multi-
functional optoelectronic devices, their performance should be improved to meet different
applications considering image sensor, memory, logic, and neuromorphic devices.

Optoelectronic memristor-based neuromorphic devices, integrating the functions of informa-
tion storage, processing, image detection, and memory together, may provide high potential
for intelligent image sensor and optoelectronic in-memory computation. Based on the inte-
grated photonics [1-10], optoelectronics [47-60], and optogenetics [98-100], an optoelectronic
artificial neural network may play a key role in future human-machine interactive devices.
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