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Abstract

This Perspective Article describes recent advancements in studies of nanocrystalline metal 

oxides using novel ultra-high resolution method, solid-state synchronous luminescence 

spectroscopy (SS-SLS). Semiconductors notably include titanium dioxide and these studies shed 

light on detailed electronic structure, composition, and their reactions. First, we critically discuss 

limitations of major existing non-spectroscopic and spectroscopic methods of characterization of 

electronic structure of nanocrystalline semiconductors and insulators. Second, we describe the 

foundations and the setup of SS-SLS as an enhanced-resolution, facile, non-contact, non-

destructive, and highly capable method of studies of nanomaterials. Third, the following insights 

are featured which are obtained by SS-SLS, but are not available by other methods: a) detection 

of traps of electric charge (specific mid-gap states); b) discrimination between “surface” and 

“bulk” sites; c) in-situ studies of composite nanomaterials and mechanisms of reactions, d) the 

derivative SS-SLS for accurate determination of energies of absorption and emission. The 

specific advantages of SS-SLS versus other methods and in direct comparison with 

“conventional” photoluminescence spectroscopy are highlighted. Finally, new opportunities and 

challenges of SS-SLS are presented. The SS-SLS is an advanced spectroscopic method with 

significant potential to aid academia and industry in studies in chemo-sensing, photocatalysis, 

optoelectronic materials, applied surface science, development of instrumental analysis, and 

studies of mechanisms of surface and “bulk” chemical reactions.

Keywords: semiconductor; synchronous luminescence spectroscopy; nanocrystal; surface; 

mid-gap state; adsorption
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1) Introduction
Absorption and emission of light by solid-state nanomaterials reveal their optical and 

electronic structure and properties. Here, “optical properties” and “electronic properties” 
describe the similar items, and refer to absorption and emission of light by matter with 
concomitant excitation and relaxation of electrons. Absorption and emission allow to determine 
the structure of solids, since its change during reaction is accompanied by changes in electronic 
properties. Indeed, reactions are routinely monitored via changes in optical properties of 
reactants and/or products, which reflect changes in bonding.

Optical absorption, emission and the associated energy levels in solids are studied by several 
instrumental methods, notably including absorption and emission (luminescence) spectroscopy. 
Also, certain non-optical spectroscopic and non-spectroscopic methods are used. In 
determination of electronic structure of materials, photoluminescence (PL) spectroscopy and its 
varieties find significant interest. Unfortunately, the most solids and particularly solid-state 
nanomaterials yield very broad PL spectra, which do not allow detection of specific wavelengths 
(energies) of photons absorbed and emitted by the given material. This drawback is particularly 
severe at ambient and elevated temperatures, and the full widths at the half maxima (FWHMs) of 
spectral peaks commonly exceed 100 nm or even 200 nm. The solid-state synchronous 
luminescence spectroscopy (SS-SLS) offers unprecedented resolution and significant 
improvement in detection of several absorption/emission transitions in one experiment. Below, a 
brief review of electronic structure of solids is followed by critical assessment of existing 
spectroscopic and non-spectroscopic methods, and specific advantages of the SS-SLS.

2) Existing methods to study electronic structure of solids and absorption/emission of light 
2.1) Basic electronic structure of solids: energy bands, mid-gap levels, and transitions

Semiconductors and insulators have a direct and/or indirect bandgap with energy Eg between 
the valence band VB (equivalent of the HOMO) and conduction band CB (equivalent of the 
LUMO). The Eg is defined as energy difference between the conduction band minimum (CBM) 
and valence band maximum (VBM), Figure 1. For direct bandgap materials, excitation of an 
electron from the VB to the CB occurs without lattice vibration, while for indirect bandgap the 
excitation of phonon is required.

Upon photoexcitation, photon emission proceeds from the CB to the VB and between the CB 
or VB and mid-gap states. Mid-gap states can be described as impurities and they are extensively 
studied by experiments 1 and simulations 2. Mid-gap states are also termed “trapping states” 
since they attract and retain charge carriers (electrons or holes), or react with molecules as 
electron donors or acceptors. This drives significant attention to mid-gap states in semiconductor 
science and technology, opto-electronic materials e.g. photovoltaics 3, photocatalysis, sensing, 
and so on.

Mid-gap state are present in crystalline and amorphous nanomaterials 4 and are referred to as 
local defects, since they are distinctly different from delocalized energy bands. They are 
classified as intrinsic (in pure materials) and extrinsic, which are formed because of chemical 
reaction or physical impact (temperature, the ionizing radiation, etc.).
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Figure 1. (a) Scheme of a charge localization caused by non-periodic disorder and defect in a 
semiconductor lattice (top), which introduce new energetic levels (bottom). (b) Scheme of charge 
trapping kinetics, where trap slow down charge carrier transport through trapping and detrapping 
events, as described by eqn (1). (c) Schematic representation of state density in a disordered 
semiconductor, whereby both band-to-band radiative (rad.) and non-band-to-band non-radiative 
(non-rad.) recombination (vertical arrows) can occur.
From Ref. 5. H. Jin, E. Debroye, M. Keshavarz, I. G. Scheblykin, M. B. J. Roeffaers, J. Hofkens 
and J. A. Steele, It's a trap! On the nature of localised states and charge trapping in lead halide 
perovskites, Mater. Horiz., 2020, 7, 397. Published by The Royal Society of Chemistry. This 
article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported 
Licence. 

In materials characterization, it is often desired to study the “entire” electronic structure: energy 
bands and mid-gap states. Advantages and limitations of pertinent instrumental methods are 
discussed below.

2.2) Non-optical spectroscopic, non-spectroscopic methods, and their combinations
Herein, the solid is probed by a) photon with energy much higher than that of transition of 
interest, b) an electron, or c) other particle such as neutron.

The ultraviolet photoemission spectroscopy, UPS
The UPS is conducted by illuminating the sample with a beam of photons of energy in the 

UV range ca. 0.5 - 100 eV. The photoelectrons are ejected from the VB and their energy E(VB) 
is determined. The UPS uses photons and as such can be considered optical method. However, in 
the context of this discussion, “optical” means optical range of spectrum, i.e. ca. 200-800 nm 
where the materials of interest absorb photons, across or within optical bandgap. Here, the UPS 
which mainly uses high energy ultraviolet photons, in most cases with energy well in excess of 
optical bandgap of most materials, and which generates free electrons (photoelectrons), is not 
classified as “optical spectroscopic method”. To determine E(CB), inverse photoemission 
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spectroscopy, IPES is used where beam of electrons with constant kinetic energy probes the 
sample. Hence, one has to combine the UPS and IPES to determine Eg for example for TiO2 as in 
Figure 2.

Figure 2. (a) Normalized secondary electron cutoff of low-intensity XP-spectra on a 
nanocrystalline TiO2 thin-film before and after UPS measurements. Bottom spectra allow the 
determination of the WF before UV exposure. The shift of the secondary edge is due to the 
exposure to UV light during the UPS measurements which resulted in a WF reduction. (b) The 
combined UPS and IPES spectra of the TiO2 nanoparticles. The left spectrum refers to the 
valence region measured, using UPS after background subtraction. The right spectrum represents 
the conduction band above the Fermi level, measured using IPES with 20 scans.
From Ref. 6. H. Yaghoubi, Z. Li, Y. Chen, H.T. Ngo, V.R. Bhethanabotla, B. Joseph, S. Ma, R. 
Schlaf and A. Takshi, Toward a visible light-driven photocatalyst: The effect of midgap-states-
induced energy gap of undoped TiO2 nanoparticles, ACS Catal., 2015, 5, 327-335. 
https://pubs.acs.org/doi/10.1021/cs501539q. Further permissions related to the material 
excerpted should be directed to the ACS.

Or, one can combine UPS and absorption spectroscopy as demonstrated by measurements of Eg 
in titanium dioxide nanopowder 7. However, the UPS signal due to mid-gap states appears as a 
featureless edge (Figure 2b) and is poorly resolved so analysis of individual mid-gap states is not 
possible. Other combinations include scanning tunneling microscopy (STM) plus scanning 
tunneling spectroscopy (STS) e.g. to determine bandgap in 2D insulator molybdenum disulfide 8. 
However, one needs to use high vacuum or the ultrahigh vacuum chambers since electrons are 
scattered in air. This creates challenges in studies of highly porous materials such as sorbents and 
catalysts which require a long time to “outgas” adsorbed air, water etc.

Electron energy loss spectroscopy EELS
In EELS, specimen is illuminated with electron beam of kinetic energy Ek and on impact, 

electrons transfer ΔEk to excite transitions between the VB and CB, and the maximum signal is 
at ΔEk = Eg. EELS and reflection electron energy loss spectroscopy (REELS) were used to 
determine Eg in “simple” semiconductors e.g. titanium dioxide 9 and composite nanomaterials 10. 
However, the energy resolution in EELS spectra is normally limited by about 1 eV, see Figure 3.
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Figure 3. Valence electron energy-loss spectra (a) acquired from the stack of platelets shown in 
the ADF image in (b). The intensity profile in (c) was taken along the dotted line in (b), in the 
direction indicated by the arrow. The enhancement of the bulk feature with respect to the surface 
features occurs in agreement with the increment of thickness, given by the overlap between 
platelets. The spectra were acquired with a probe step of 4 nm, an energy resolution of 0.7 eV, a 
collection semi-angle of 4.5 mrad, an energy dispersion of 0.05 eV/pixel, and a dwell time of 1 
s/pixel.
From Ref. 11. Republished with permission of The Royal Society of Chemistry, from Probing the 
size dependence on the optical modes of anatase nanoplatelets using STEM-EELS, E. Liberti, R. 
Menzel, M.S.P. Shaffer and D.W. McComb, Nanoscale, vol. 8, pp. 9727-9735, Copyright 2016. 
Permission conveyed through Copyright Clearance Center, Inc. Order license ID1087055-1.

Resolution of EELS is often not sufficient to resolve individual mid-gap states, and significant 
efforts are needed to improve resolution 12 to 0.2-0.3 eV. Only very recently, using sophisticated 
apparatus allowed improvement of resolution down to millielectron volts 13. The more common 
approach is to combine EELS with scanning transmission electron microscope via STEM-EELS 
14, or scanning electron microscope via SEM-EELS 15. Unfortunately, radiation damage is 
common in EELS, TEM-EELS and STEM-EELS 16 and mid-gap surface states are particularly 
sensitive to it. Another obvious drawback is the need of the sophisticated instruments.

Neutron scattering
This is non-spectroscopic technique of nanomaterials characterization 17 and there are reports 

on determination of Eg in semiconductors by neutron scattering 18. However, this is an indirect 
approach which has limitations. First, as any scattering technique, neutron scattering is most 
useful in determination of atomic arrangement, rather than electronic transitions. We are not 
aware of studies of mid-gap states in semiconductors by neutron scattering. Second, one needs 
access to an off-campus facility such as a national research lab.

2.3) The UV-Visible diffuse reflectance spectroscopy, UV-Vis DRS
The UV-Vis DRS is the most common method to learn about absorption of light in solids and 

changes in optical properties. In the literature, it is common to use absorbance aka absorption 
spectra to present the data collected by UV-Vis spectrometer with diffuse reflectance (DR) 
accessory and with light reflected from solid-state sample upon absorption. In nanocrystalline 
semiconductors and insulators, the energy Eg of optical transition across the bandgap is 
determined by processing the UV-Vis DR spectra; an example 19 is in Figure 4. Inset of Figure 4 
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shows a “defect related hump” due to light absorbing mid-gap states, aka the Urbach tail which 
is explained below.

Figure 4. UV–Vis absorption study annealed at different temperatures.
From Ref. 19. S. Paul, A. Choudhury, Investigation of the optical property and photocatalytic 
activity of mixed phase nanocrystalline titania, Appl. Nanosci., 4 (2014) 839-847.
This is an open access article distributed under the terms of the Creative Commons CC 
BY license, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Often, UV-Vis DRS can be represented through Kubelka-Munk (KM) function describing 
optical absorbance corrected for scattering. It is F(R) = (1 – R)2/2R = k/s where k is the KM 
absorption coefficient and s is optical scattering constant 20. Or, Eg is determined from the Tauc 
plot (α E)1/n = E – Eg where E is photon energy, α is absorption coefficient, and n is Tauc 
constant 21. The Tauc plot and F(R) function can be combined 22 resulting in (F(R) E)1/n = E – Eg. 
For direct bandgap materials n = ½ while for an indirect bandgap n = 2.

In Figure 5, bandgap of TiO2 nanoparticles is calculated from the extrapolated “blue edge”. 
The extrapolation procedure results in error; the bigger disadvantage of UV-Vis DRS is lack of 
information about transitions other than the bandgap. First, they include the extrabandgap 
transitions with E>Eg since these peaks are very wide and obscured by the bandgap transition. 
Second, UV-Vis DRS is very limited in analysis of individual subbandgap transitions at E<Eg 
which form the Urbach edge 23.
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Figure 5. Plot of transformed Kubelka−Munk function vs the energy of the excitation source 
absorbed. The optical bandgap (narrow green line) and the Urbach tail (bold red line) are shown. 
From Ref. 6. H. Yaghoubi, Z. Li, Y. Chen, H.T. Ngo, V.R. Bhethanabotla, B. Joseph, S. Ma, R. 
Schlaf and A. Takshi, Toward a visible light-driven photocatalyst: The effect of midgap-states-
induced energy gap of undoped TiO2 nanoparticles, ACS Catal., 2015, 5, 327-335. 
https://pubs.acs.org/doi/10.1021/cs501539q. Further permissions related to the material 
excerpted should be directed to the ACS.

The Urbach tail is of interest in studies of major nanocrystalline semiconductors titanium dioxide 
24, silicon 25, gallium nitride 26, and midgap states affect performance of optoelectronic e.g. 
photovoltaic nanomaterials 27 and photocatalysts 28. Other limitations of UV-Vis DRS are large 
full widths at the half maxima (FWHMs) of peaks due to mid-gap states, and low sensitivity of 
detector in the spectrophotometer.

2.4) “Conventional” photoluminescence (PL) spectroscopy
In “conventional” PL or fluorescence emission spectroscopy, the photoexcitation wavelength 

λexc is constant, while photoemission wavelength λemiss is scanned producing emission spectrum. 
In the complementary excitation spectroscopy, the desired λemiss is kept constant while λexc is 
varied forming the excitation spectrum. The term “PL spectroscopy” is used when the lifetime of 
the photoexcited charge is unknown, while “fluorescence spectroscopy” means the lifetime from 
picoseconds to nanoseconds. Optical emission spectrometer (fluorimeter) is available in virtually 
every chemistry or materials science lab, this experiment can be facilely conducted under 
ambient conditions, and it is applicable to broad range of nanocrystalline materials.

For decades, “conventional” PL spectroscopy was used in analysis of solids, and it remains 
major tool for characterization of insulators and semiconductors of major interest 29 including 
microcrystalline and porous silicon 30. More recent reports cover pure and doped nanocrystalline 
silicon 31, other semiconductors and semiconductor arrays 32. Unfortunately, “conventional” PL 
spectra are usually quite wide and featureless, especially at ambient and elevated temperatures. 
Peaks due to specific transitions are strongly overlapped and their interpretation is tentative. This 
is illustrated by Figure 6 with “conventional” PL spectra of TiO2 nanorods 33.
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Figure 6. (a) Typical PL spectra of TiO2 NRs on Si pyramids (i.e., S0) in the temperature range of 
15−300 K where the upward arrows indicate the existence of various defect-related emissions. 
The PL spectrum at 300 K is deconvoluted in (b), where the fitting components (marked by 
dashed lines) and the cumulative fitting profile (solid curve) are superimposed on the 
experimental data for clarity. The corresponding energy scale is also shown in the top abscissa.
From Ref. 33. Reprinted with permission from C.P. Saini, A. Barman, D. Banerjee, O. Grynko, S. 
Prucnal, M. Gupta, D.M. Phase, A.K. Sinha, D. Kanjilal, W. Skorupa and A. Kanjilal, Impact of 
self-trapped excitons on blue photoluminescence in TiO2 nanorods on chemically etched Si 
pyramids, J. Phys. Chem. C, 2017, 121, 11448-11454. Copyright (2017) American Chemical 
Society.

In Figure 6b, spectral band measured at 300 K is de-convoluted into as many as five distinct 
peaks by multi-peak curve fitting. While some fitted components are plausible, others may be 
hard to observe and justify. Figure 6a illustrates the limitations of using cryo-temperature in 
“conventional” PL spectroscopy: while signal increases drastically, the resolution is barely 
improved.

The PL spectroscopy is of significant interest for characterization of broad bandgap 
semiconductors and insulators, notably including diamond which is used, for example, in 
micro/nano-electromechanical systems 34. Further, “conventional” PL spectroscopy can be 
accomplished in several advanced variants, such as circularly polarized luminescence (CPL) 35. 
However, they have the same limitations due to wide featureless spectra, especially at room and 
the elevated temperatures.

It is desired to review how the novel method of solid-state synchronous luminescence 
spectroscopy, SS-SLS aids in studies of semiconductors. This is convenient to start with the 
benchmark nanocrystaline semiconductors of simple composition “metal+oxygen” and 
specifically titanium dioxide.

3) The SS-SLS. Experimental setup
Optical setup for the SS-SLS experiment is an adaptation of geometry common for 

“conventional” PL and fluorescence spectra of concentrated solutions and solids 36. However, it 
is important to briefly review the basics. In the overwhelming majority of studies of diluted 
solutions (ca <1x10-3 mol/liter), the right-angle (RA) geometry is used, Scheme 1a. Such 
solution in the standard or reduced-volume cuvette of 1 mm – 10 mm thick absorbs very small 
fraction of incident light. Even for thicker specialty cuvettes up to few cm, absorption is low for 
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both incident and emitted light across the UV, visible and near-infrared (NIR) range, due to the 
typical numeric values of molar extinction coefficient ε(λ) in the Beer law.

However, the RA geometry in studies of concentrated solutions and solids results in severe 
artifacts in spectra 37. One common artifact is an increase of emission wavelength aka “red-shift 
artifact”, and another is a decrease of signal intensity, which makes analysis of spectra difficult. 
These artifacts originate in re-absorption of emitted fluorescence, aka the inner-filter effect IFE 
38.

Scheme 1. Typical optical geometries in optical emission spectroscopy. a) The right angle (RA) 
for diluted solutions. The front-face (FF) with: b) standard cuvette; c) triangular cuvette.

To minimize IFE, the front-face (FF) geometry, Scheme 1b and 1c has been developed using the 
standard 3.7 cc cuvette made of quartz or Suprasil. Triangular cuvettes (Scheme 1c) are 
commercially available e.g. from Hellma Analytics, but seldom used. In the FF geometry, both 
excitation and emission light penetrate very short distance through the sample thus minimizing 
IFE 39. The excitation beam is usually directed at 30 to 60 deg. to the front surface of cuvette; the 
45 deg. is not recommended 36. Most commercial fluorimeters have manual knob for facile 
change from the RA to the FF mode. The FF fluorescence finds a widespread use in diverse 
applications from analysis of liquids including water 40 to semi-solid matter e.g. food 41.

The SS-SLS experiment requires the FF geometry, and in it both λexc and λemiss are 
simultaneously (“synchronously”) varied at a constant difference Δλ; this is referred to as 
constant wavelength (CW) synchronous fluorescence spectroscopy. The software packages of 
commercial fluorimeters contain built-in routines for collection of synchronous luminescence 
spectra in the CW mode. Authors of this paper have utilized the built-in software capabilities of 
several instruments. At one end, it is basic fluorimeter Cary Eclipse with a single 
monochromator on the excitation and emission paths. On the opposite end, it is a research-grade 
instrument Fluorolog3-22 from HORIBA Scientific with dual monochromators on both paths.

The SS-SLS experiment is straightforward even for novice researcher with some background 
in fluorescence spectroscopy. The capabilities and advantages of SS-SLS in studies of solid-state 
nanomaterials are explained below.

4) Capabilities of SS-SLS in characterization of semiconductors 
4.1) Detection of charge trapping midgap states

Understanding charge-trapping states is of importance to industry of semiconductor devices 
42. In most semiconductors, there are several different mid-gap states which are intrinsic (present 
in pure material) or extrinsic (due to impurities). Mid-gap states can be located inside the 
nanocrystal or on surface. Hence, the energy of specific midgap state is difficult to determine, 
since many different states may contribute to the peak of interest. As noted above, peaks in 
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“conventional” PL spectra of semiconductors are usually broad, featureless, and cannot be 
satisfactorily resolved into contributions from the individual midgap states of similar energy, and 
referenced to the CB, VB, or the vacuum level 43. One example is mid-gap states above the 
Fermi level which are not populated with electrons 44, but can be transiently populated upon 
absorption of photon.

Alkaline earth metal titanates MTiO3 (M = Mg, Ca, Sr, Ba) are the broad bandgap 
semiconductors of significant interest to science and technology. They find use in electronic 
devices 45, solid-state chemo-sensors 46, superconductors 47 and as sorbents 48, catalysts 49 and 
photocatalysts 50. Specifically, in photocatalytic hydrogen generation it is important that the 
conduction band minimum (CBM) of a photocatalyst is at higher energy 51 (more negative 
electrode potential) than the CBM of the benchmark photocatalyst TiO2. Amongst alkaline earth 
metal titanates, calcium titanate CaTiO3 has the most negative CBM potential, and it was studied 
for photocatalytic hydrogen generation by several groups worldwide: in Japan 52, China 53, U.S. 
54, Brazil 55 and covered in the review 56.

In 2016, our group pioneered 57 the SS-SLS studies of electronic structure of nanocrystalline 
inorganic semiconductors, Table 1.

Table 1. The SS-SLS studies of absorption and emission of light in nanocrystalline 
semiconductors 
Material Physical properties Band gap and mid-gap states involved /

/ wavelength of transition, nm
Ref.

calcium titanate 
CaTiO3

nanopowder, 100 nm, 
surface area 6.7 m2/g

mid-gap state below CBM / 400 nm;
STE* / 470 nm; exciton–like mid-gap state 
/ 520 nm

57

calcium titanate 
CaTiO3

mesoporous powder, 
surface area 10.4 m2/g, 
pore volume 0.023 cm3/g

only subbandgap transitions / excitation 
420 nm; emission 440 nm, 465 nm, 490 nm

58

strontium 
titanate SrTiO3

nanopowder, 100 nm from mid-gap state below CBM / 430 nm; 
to mid-gap state / 460 nm; between mid-
gap states / 500 nm

59

rutile TiO2 nanopowder, 30 nm, 
surface area 50 m2/g

bandgap / 413 nm; free exciton / 430 nm;
mid-gap states / 520 nm, 560 nm

60

anatase TiO2 nanopowder, 15 nm mid-gap states / 420 nm, 450 nm;
STE / 500 nm

61

* STE = strongly trapped exciton

To achieve a cryo-temperature of 77 K, a quartz cuvette filled with CaTiO3 nanopowder was 
immersed into a mini-Dewar with liquid nitrogen (LN2). An optically transparent, low-cost mini-
Dewar is located directly in the sample compartment 57 of spectrometer Fluorolog3-22. The SS-
SLS peaks are substantially narrower and better resolved 57 than peaks in “conventional” PL 
spectra at 77 K, Figure 7. The “R” is a Raman artifact due to LN2 in a mini-Dewar.
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Figure 7. PL spectra of nanocrystalline CaTiO3 at 77 K with Gaussian fitting. A) ”Conventional” 
PL spectrum at λexc = 320 nm. B) Synchronous luminescence spectrum at Δλ = 60 nm.
From Ref. 57. Reprinted from Journal of Luminescence, Vol. 178, Azzah Alzahrani and 
Alexander Samokhvalov, “Conventional and cryo-synchronous luminescence spectra of 
orthorhombic calcium titanate”, pages 430–436, Copyright (2016), with permission from 
Elsevier. License Number 4977830876089.

Namely, “conventional” PL spectrum (Figure 7a) contains one very broad band with FWHM ca. 
150 nm, which permits no conclusion about specific optical transitions excited in experiment. 
Further, Raman peak of LN2 is a shoulder of the PL spectrum, along with other shoulders due to 
transitions, which compromises multi-peak fitting. In contrast, the SS-SLS (Figure 7b) shows the 
significant peak narrowing, with two clear peaks and a well-defined Raman artifact. The energy 
of each peak was successfully determined by fitting with a multi-Gaussian function. Peak 
assignments include three individual mid-gap states as in the energy diagram of transitions 
“absorption/emission” in CaTiO3 in Scheme 2.

Importantly, transitions in CaTiO3 have been excited by photons with energy higher and 
lower than Eg which are commonly referred to as extrabandgap E ≥ Eg and the subbandgap 
transitions E ≤ Eg, respectively. The exciton in CaTiO3 is quantum quasi-particle – the 
delocalized electron-hole pair, and it is interpreted as intrinsic mid-gap state.
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Scheme 2. Energy diagram of relaxation of photoexcited charge in the nanocrystalline CaTiO3. 
A) At the extrabandgap excitation at 320 nm. B) At the subbandgap excitation at 410 nm.
From Ref. 57. Reprinted from Journal of Luminescence, Vol. 178, Azzah Alzahrani and 
Alexander Samokhvalov, “Conventional and cryo-synchronous luminescence spectra of 
orthorhombic calcium titanate”, pages 430–436, Copyright (2016), with permission from 
Elsevier. License Number 4977830876089.

The SS-SLS of CaTiO3 in Ref. 57 was conducted at 77 K because this material has very weak 
luminescence at 25 °C. Further, Alzahrani et al. reported porous hierarchically meso/micro 
structured CaTiO3 prepared with organic structure-building template 58 which shows strong 
visible luminescence at 25 °C due to lattice defects (extrinsic mid-gap states), including oxygen 
vacancies. Again, its SS-SLS are much better resolved 58 than “conventional” PL spectra, which 
allows assignments of the subbandgap transitions (Table 1). This is likely that the extrabandgap 
transitions occur on a very short time scale so they are not observed in the steady-state SS-SLS. 
Taylor et al. 59 reported that the SS-SLS of nanocrystalline strontium titanate SrTiO3 at 25 °C 
reveal both excitation and emission transitions due to specific mid-gap states.

Alkaline earth metal titanates are composite semiconductors, as they contain two metal 
cations. The energy level diagrams of semiconductors of simpler composition e.g. titanium 
dioxide TiO2 have been reported by SS-SLS. Specifically, charge-trapping mid-gap states have 
been identified by the SS-SLS in anatase 61 and rutile 60 nanopowder. Simpler composition 
allows more detailed studies as described below.

4.2) Accurate determination of energies of absorption and emission: derivative SS-SLS
In numeric analysis of “conventional” PL spectra, peak maximum is the highest intensity of 

emission function I(emiss) at the respective maximum emission wavelength λemiss. At peak 
maximum, the derivative dI(emiss) / dλemiss is zero. The so obtained “derivative conventional PL 
spectra” plotted as dI(emiss) / dλemiss versus λemiss are significantly narrower and better resolved 
than PL spectra 62, and yield better accuracy of λemiss and Eemiss energies than the PL spectra. This 
approach is commonly used in the 1-st derivative spectroscopic analysis of “conventional” 
luminescence 62, fluorescence 63, and phosphorescence 64 spectra.
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In turn, the derivative SLS spectra can be plotted as dS(emiss) / dλemiss where S(emiss) is the 
maximum intensity of synchronous signal. The derivative SS-SLS offers a “double advantage” 
vs. “conventional” PL spectra: a) due to synchronous scanning and b) signal narrowing by digital 
derivative. Indeed, multiple studies in aqueous and non-aqueous solutions highlight specific 
advantages of derivative SLS: the significantly improved resolution of minor features, an 
enhanced selectivity of detection of multiple fluorophores in the same sample, the improved 
correction for background 65, and substantial lowering of detection limit. One would expect, that 
the derivative SLS is applied to studies of absorption and emission of light in solid-state 
nanomaterials; such studies were pioneered in 2017.

In photocatalysis and photovoltaics 66, it is important to know the accurate values of energies 
of absorption and emission. Titanium dioxide (titania) TiO2 is the benchmark photocatalyst still 
of significant interest, which is extensively studied by spectroscopic methods 67. To improve 
photocatalytic performance, anatase is doped with non-metals 68, metals 69, combinations 
“metal/metal” 70, “non-metal/non-metal” 71, “metal/non-metal” 72, and “defect engineered” e.g. 
by chemical reduction 73. These synthetic routes result in new charge-trapping mid-gap states 
which can decrease or increase photocatalytic yield. Mid-gap states in anatase include “bulk” 
oxygen vacancies 74, surface oxygen vacancies 75, and self-trapped exciton (STE). The STE in 
anatase was reported for single crystals and films 76, nanorods 33 and nanoparticles 77. Usually, 
STE is studied by “conventional” PL spectroscopy at cryo-temperatures when it has strong 
visible emission. Studies of STE using PL spectra at room temperature are difficult, due to weak 
emission and strong interference with other light-emitting mid-gap states.

Recently, we utilized the 1-st derivative SS-SLS 61 for accurate determination of energy of 
both absorption and emission of light by STE in nanocrystalline anatase at 25 °C. The STE is 
photoexcited indirectly by a photon of the extrabandgap energy (Scheme 3a) or directly at the 
subbandgap energy (Scheme 3b).

Scheme 3. The energy level diagram of transitions in dried nanocrystalline anatase. a) 
Extrabandgap photoexcitation. b) Subbandgap photoexcitation.
From Ref. 61. Reprinted from Journal of Luminescence, Vol 192, Alexander Samokhvalov, Trap 
emission by nanocrystalline anatase in visible range studied by conventional and synchronous 
luminescence spectroscopy: Adsorption and desorption of water vapor, pages 388-396, 
Copyright (2017), with permission from Elsevier. License Number 4978280875192.
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Direct photoexcitation allows much more accurate value of excitation energy E(STE) via 
determination of its absorption wavelength λ(STE). This requires an enhanced spectroscopic 
resolution, which is one of major advantages of derivative SS-SLS. Figure 8a shows the SS-SLS 
of anatase at variable Δλ where the X axis is the emission wavelength λemiss.

Figure 8. Synchronous luminescence spectra of drAnatase at 25 °C. a) Spectra at variable Δλ. b) 
The first derivative of spectrum at Δλ = 110 nm.
From Ref. 61. Reprinted from Journal of Luminescence, Vol 192, Alexander Samokhvalov, Trap 
emission by nanocrystalline anatase in visible range studied by conventional and synchronous 
luminescence spectroscopy: Adsorption and desorption of water vapor, pages 388-396, 
Copyright (2017), with permission from Elsevier. License Number 4978280875192.

In Figure 8a, weak shoulder at smaller λemiss reflects transition across the bandgap. For example, 
with Δλ = 100 nm, the shoulder at ca. λemiss = 470 nm corresponds to λexc = λemiss - Δλ = 470 nm - 
100 nm = 370 nm, consistently with Eg of anatase at 3.2 eV or 1240 / 3.2 = 388 nm.

In contrast, the only peak in the derivative SS-SLS in Figure 8b is due to the STE. An 
example is for Δλ = 110 nm where peak maximum dS(λemiss) / dλemiss = 0 is at λemiss = 524 nm. 
For the STE peak with λemiss = 524 nm, the absorption wavelength λexc(STE) = λemiss - Δλ = 524 
nm - 110 nm = 414 nm, which corresponds to energy E(STE) = 1240 / 414 nm = 3.0 eV. Indeed, 
the STE has the subbandgap transition of lower energy than Eg = 3.2 eV. The ability of the 
derivative SS-SLS to detect a small difference ΔE = Eg - E(STE) = 3.2 eV – 3.0 eV = 0.2 eV is a 
significant advantage.

Further, this is of practical interest to investigate whether numeric values λexc obtained by the 
1-st derivative SS-SLS are “robust” i.e. only slightly depend on choice of Δλ, Table 2. Indeed, 
when Δλ is varied within 90 nm - 150 nm, the λexc is only changed from 418 nm to 414 nm. An 
uncertainty of 4 nm is within the accuracy of most commercial fluorimeters with a single 
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monochromator, and even instruments with dual monochromators, when optical resolution 
(bandwidth) is set at 5 nm or 10 nm.

Table 2. The wavelengths λexc to excite the STE in drAnatase determined from synchronous 
luminescence spectra.
Δλ, nm The λemiss at a maximum, nm The λexc = λemiss - Δλ, nm
90 508 418
100 518 418
110 524 414
120 536 416
130 544 414
140 547 417
150 564 414
From Ref. 61. Reprinted from Journal of Luminescence, Vol 192, Alexander Samokhvalov, Trap 
emission by nanocrystalline anatase in visible range studied by conventional and synchronous 
luminescence spectroscopy: Adsorption and desorption of water vapor, pages 388-396, 
Copyright (2017), with permission from Elsevier. License Number 4978280875192.

Another advantage of the derivative SS-SLS is that a desired λexc is obtained upon numeric 
analysis of just one spectrum. In contrast, obtaining λexc from broad “conventional” PL spectra 
requires (a) the multiple spectra, and (b) a not very reliable numeric multi-peak curve fitting.

An approach of the 1-st derivative SS-SLS was recently utilized 60 to study nanocrystalline 
rutile TiO2 at 25 °C. Rutile has absorption and emission of light by free exciton, which is 
quantum quasi-particle delocalized outside of lattice unit of nanocrystal, in contrast to STE in 
anatase. In the 1-st derivative SS-SLS of rutile, the Δλ represents the Stokes shift i.e. the best 
match between the wavelengths of absorption and emission, and Δλ = 180 nm. The larger Δλ in 
rutile than in anatase represents larger loss of energy emitted as a photon by free exciton, 
consistently with larger delocalization of free exciton versus STE.

To our knowledge, the 2-nd derivative SS-SLS spectra of semiconductors were not reported; 
this is a promising research direction. Another avenue of interest is the 1-st or 2-nd derivative 
SS-SLS at the cryogenic temperatures when luminescence intensity is higher. Yet another 
emerging capability is to study how energy Eg of bandgap (or of other optical transition) is 
affected upon chemical reaction of solid-state nanomaterial in the “bulk” or on surface.

4.3) Discrimination between surface and “bulk” sites, and studies of surface reactions
Many reactions of solids are accompanied by change in intensity and/or wavelength (energy) 

of photoluminescence. Nanomaterials feature very high surface area and surface/volume ratio, 
therefore photoluminescence can be highly sensitive to reactions. The penetration depth of near-
UV and visible light through most solid-state materials, including semiconductors is few 
micrometers. This is significantly larger than the nanocrystal size, so SS-SLS spectra provide a 
valuable information on electronic states in the “bulk” and on surface.

In spectroscopic studies, it is highly desired that only one reactant (or product) is strongly 
luminescent. In spectroscopic mechanistic studies, water is often used as a “probe molecule”, 
because it has no optical absorption and emission, and thus serves as “dark probe”. If 
luminescence (fluorescence) of a solid is affected by sorption/desorption of water, the SS-SLS 
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aids in identification of active site(s). Observations and conclusions from the SS-SLS are 
compared to those from “conventional” PL spectra.

One of the benchmark metal-oxide semiconductors is titanium dioxide TiO2 (titania). It can 
be present in three crystalline forms: a) anatase; b) rutile and c) a much less abundant brookite 78. 
Rutile is the most thermodynamically stable phase of “bulk” TiO2 and its naturally abundant 
form. Anatase is more stable than rutile as small nanoparticles 79 which are of significant interest. 
Namely, nanocrystalline titania containing anatase was studied for sorption in aqueous 80 and 
non-aqueous 81 media, heterogeneous photocatalysis in aqueous 82 and non-aqueous 83 solutions, 
and as photocatalyst 84 of gas phase reactions. Other major research interests to nano-anatase and 
anatase quantum dots 85 are in photovoltaics 86 and specifically solar cells 87, chemo-sensors 88 
e.g. humidity sensors 89, in electronic 90 and biomedical 91 devices. Mid-gap states in nano-
anatase affect selectivity and yield of photocatalytic reactions and performance of opto-
electronic (nano)devices. Mid-gap states were studied by several methods, including steady-state 
PL spectroscopy 92 and the nanosecond transient infrared absorption spectroscopy 93.

Recently, we reported an SS-SLS study 61 of reversible sorption and desorption of water 
vapor on nano-anatase in air under ambient conditions. After sorption, visible luminescence is 
strongly and reversibly decreased (“quenched”), and is increased after water desorption by 
heating. In the “quenched” sample, “conventional” PL signal is very weak and masked by strong 
Raman and Rayleigh peaks of adsorbed water, Figure 9a (Raman peaks are “R”). The artifacts 
dominate in the PL spectra, even when λexc is systematically varied.

Figure 9. Emission spectra of hyd-drAnatase at 25 °C. a) “Conventional” PL emission spectra. b) 
Synchronous luminescence spectra.
From Ref. 61. Reprinted from Journal of Luminescence, Vol 192, Alexander Samokhvalov, Trap 
emission by nanocrystalline anatase in visible range studied by conventional and synchronous 
luminescence spectroscopy: Adsorption and desorption of water vapor, pages 388-396, 
Copyright (2017), with permission from Elsevier. License Number 4978280875192.
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In contrast, the proper selection of Δλ in SS-SLS spectra (Figure 9b) allow avoiding both 
artifacts, and observing three distinct transitions in “hydrated” nano-anatase, despite the strongly 
quenched emission of light. Luminescence from intrinsic mid-gap state STE at 500 nm is 
preferentially quenched by water vs. “bulk” charge-trapping states 61 which emit at 450 nm. 
Further, the SS-SLS with water as “probe molecule” was applied to nanopowders of rutile 60 and 
strontium titanate 59. Beyond nanopowders, visible luminescence of micro-crystalline 
hierarchically structured micro/mesoporous CaTiO3 is strongly decreased (quenched) upon 
sorption of water, and reversibly increased upon water desorption 58. The SS-SLS has potential 
of the quantitative determination of adsorbed water which needs further studies, and may lead to 
novel optical humidity sensors.

4.4) Studies of composite nanomaterials and mechanisms of heterogeneous reactions
The in-situ spectroscopic methods are widely used in mechanistic studies of catalysts 94 and 

photocatalysts 95. In “one-pot” photocatalysis with composite nanocrystalline photocatalyst 
“metal/semiconductor”, the latter is in-situ photo-synthesized and tested in the same suspension 
96, 97. Recently, we extended applications of SS-SLS to studies of reactions involving composite 
nanomaterials 54. The nanocrystalline photocatalyst Ag(0)/CaTiO3 was synthesized by facile 
“one-pot” photochemically assisted route under UV-visible light, directly in aqueous suspension 
at 25 °C, and in-situ tested for hydrogen generation, Scheme 4.

Scheme 4. Scheme of “one-pot” synthesis and in situ photocatalysis with Ag(0)/CaTiO3.
From Ref. 54. Reprinted with permission from A. Alzahrani, D. Barbash and A. Samokhvalov, 
“One-pot” synthesis, photocatalytic hydrogen generation with nanocrystalline Ag(0)/CaTiO3 and 
in-situ mechanistic studies, J. Phys. Chem. C, 2016, 120, 19970–19979. Copyright (2016) 
American Chemical Society.

To observe luminescence from CaTiO3 which emits very weakly 57 at 25 °C but strongly at 77 K, 
photocatalytic suspension was prepared in a sealed quartz cuvette 54 followed by flash-freezing at 
77 K by pouring liquid nitrogen directly on the cuvette. The SS-SLS spectra of flash-frozen 
suspension reveal strong luminescence quenching osf CaTiO3 in Ag(0)/CaTiO3, Figure 10.
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Figure 10. In situ synchronous luminescence spectra in glycerol/water matrix at 77 K after 
illumination. (a) CaTiO3 with numeric fitting. (b) CaTiO3, AgNO3 precursor, and a mixture of 
CaTiO3 and AgNO3.
From Ref. 54. Reprinted with permission from A. Alzahrani, D. Barbash and A. Samokhvalov, 
“One-pot” synthesis, photocatalytic hydrogen generation with nanocrystalline Ag(0)/CaTiO3 and 
in-situ mechanistic studies, J. Phys. Chem. C, 2016, 120, 19970–19979. Copyright (2016) 
American Chemical Society.

PL quenching is due to bonding of CaTiO3 nanocrystals to metallic Ag(0) NPs, and transfer of 
photoexcited electron from the CB of CaTiO3 to electronic states of metal, Scheme 5.

Scheme 5. Energy diagram for relaxation of photoexcited charge. (a) CaTiO3. (b) Ag(0)/CaTiO3 
photocatalyst.
From Ref. 54. Reprinted with permission from A. Alzahrani, D. Barbash and A. Samokhvalov, 
“One-pot” synthesis, photocatalytic hydrogen generation with nanocrystalline Ag(0)/CaTiO3 and 
in-situ mechanistic studies, J. Phys. Chem. C, 2016, 120, 19970–19979. Copyright (2016) 
American Chemical Society.
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In experiment in ref. 54, the specimen had to be removed from the photocatalytic reactor and 
inserted to the sample compartment of fluorescence spectrometer. In contrast, in-situ spectra 
track progress of reaction with specimen in the sample compartment. The in-situ spectroscopy 
has been developed for studies of heterogeneous catalysis 98 and applied to mechanistic studies 
of sorption 99. The Operando approach is a “combination of in-situ spectroscopy and 
simultaneous activity measurements under catalytic reaction conditions” 100. The Operando is not 
limited by catalysis, and it has been utilized in studies of sorption 101, 102. In our opinion, in-situ 
and Operando SS-SLS has strong potential to contribute to studies of kinetics and mechanism of 
consumption of reactants in reactions “solid/liquid”, selective monitoring of formation and 
consumption of solid-state nanomaterials, and their quantitative analysis. Importantly, the SS-
SLS has potential in kinetic studies of solid-state materials as their reactions are often slow, with 
half-times much larger than the typical scanning time of optical monochromators in the 
fluorescence spectrometer.

5) Outlook, challenges and opportunities
The SS-SLS is a novel, powerful, high-resolution method of studies of nanocrystalline 

semiconductors and their reactions. In our opinion, SS-SLS has the significant potential in 
studies of semiconductors and insulators beyond metal oxides, and beyond studies of sorption. In 
industry, PL spectroscopy finds use in quality control of devices and films with hetero-structures 
including silicon and other major materials e.g. gallium nitride 103. Imaging based on 
“conventional” PL spectra is a routine tool of quality control in manufacturing silicon wafers 104. 
The opportunities of the SS-SLS beyond research lab are where PL spectra and imaging are used, 
but with a significantly improved resolution. Certain metal oxides studied by SS-SLS 57-61 are 
minerals used as pigments. The SS-SLS is capable of accurate determination of energy of 
absorption and emission of light, so spectra of characteristic impurities can be used in forensic 
analysis. Another avenue is the quantitative SS-SLS for detection of the amount of adsorbate 
based on luminescence quenching, which could find use in optical humidity and other sensors.

In applied surface science, the SS-SLS can be used for accurate characterization of dopants 
in semiconductors and insulators. An exciting opportunity is detection of metal-induced gap 
states (MIGS) at semiconductor/metal junction 105 of moderate- to wide-bandgap 
semiconductors, as these studies can be facilely conducted in visible range without costly 
upgrades to the NIR optics. For optoelectronics, a moderately large penetration depth of near-UV 
and visible light at few micrometers would allow depth profiling, which is promising for 
determination of band gaps of nanomaterials in sandwich-like quantum devices e.g. light-
emitting diodes 106 and staggered gap quantum wells 107. Studies of 2D materials such as MoS2 
by PL 108 are very common and are of significant interest. However, “conventional” PL spectra 
of such materials are quite wide and often have structured shoulders, e.g. spectra of MoS2 
nanoflakes with and without Au support in ref. 109. Spectral shoulders A1 and B1 in Figure 2 in 
ref. 109 are due to exciton peaks, which are not included in energy band diagram and their 
accurate energy cannot be determined. The SS-SLS would have the significantly narrowed peaks 
with well-defined maxima, so that these excitonic states can be included and the energy diagram 
completed. Plasmon-enhanced fluorescence from metal-semiconductor nanostructures 110 can be 
better resolved using SS-SLS and contributions by interfacial states to plasmonic phenomena can 
be understood. The contemporary instrumental science can benefit from developing the second 
derivative SS-SLS, which was not yet reported for inorganic compounds. The potential indirect 
cost advantages of the SS-SLS vs. “conventional” PL spectroscopy include the more 
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comprehensive analysis by the single method, thus avoiding use of the complementary 
instruments which may be expensive, such as UPS etc.

Yet another possibility is in-situ and Operando SS-SLS where studies of sorption and 
catalysis of gases are straightforward. On the other hand, adapting in-situ SS-SLS for studies of 
suspensions is challenging due to optical scattering, but potentially rewarding due to the large 
number of industrial processes involving liquids. We believe that an enhanced-resolution, facile, 
non-contact and non-destructive instrumental method of solid-state synchronous luminescence 
spectroscopy has significant potential to contribute to solid-state, inorganic and coordination 
chemistry, catalysis and photocatalysis, sensing, optoelectronic materials and devices, and more 
in the years to come.
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