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Abstract: In this work, we aim to highlight the increasing interest in semiconductors, particularly
ZnO. A revision of the evolution of the scientific production on three selected topics has been
conducted. As an indicator of scientific production, the number of publications indexed in the Web of
Science Data Base has been used. The search terms selected range from the general to the particular:
semiconductors, oxide semiconductors, and ZnO. The period considered is from 1 January 1900
to 6 June 2023. The importance of doping processes in tailoring the properties of these materials,
and the relevance of the most recently derived applications are also revised. Since many of the
most recent applications that have been developed or are under development refer to optoelecronic
properties, doping with rare earth elements has a central role. This was the reason behind choosing
the system ZnO doped with Rare Earth elements (Eu, Gd, and Ce) and codoped with Ru to illustrate
the materials’ tuning potential of doping processes. Morphology, crystal structure, and luminescent
properties have been investigated. Upon doping, both the Near Band Edge and the Deep Level
emissions show a remarkable difference due to the change in the relative weight of the components
constituting these bands. The spectra in all cases extend over the whole visible range, with a main
emission in the violet-blue region corresponding to the Near Band Edge, and a broad band extending
from the blue-green to orange-red region associated with the presence of different defects.

Keywords: semiconductors; oxides; ZnO

1. Introduction

In 1931, Wolfgang Ernst Pauli said to Rudolf Peirerls:
“Über Halbleiter sollte man nicht arbeiten, das ist eine Schweinerei, wer weiss, ob es

überhaupt Halbleiter gibt!”
That could be translated into “Nobody should work on semiconductors. It is a

nonsense, who knows even if they exist!”. Some years later, Georg Busch was told by
his colleagues that “working on semiconductors was a scientific suicide” and “what are
they good for? They are erratic and non-reproducible.” Since these times, semiconductors
have been revealed as key materials for most of the current technologies, but they remain
among the most challenging materials. A non-exhaustive search in the Web of Science Data
Base (Web of Science, June 2023) will confirm this idea about the role of semiconductors
during the first half of the XXth century. Figure 1a shows the evolution of the number
of publications produced since 1900 on the “Topic: Semiconductor” (the search has been
completed with the single tag: semiconductor). According to the records recovered from
this search, the first publications on semiconductors appeared between 1920 and 1940.
From the 41 papers published in this period, only 5 appeared between 1928 and 1930
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(1928, Annalen der Physik; 1929 Annalen der Physik; 1930 Annalen der Physik (2) and
Zeitschrift für Physik (1)). Also very significant is the distribution of papers per category.
In terms of the papers published between 1928 and 1940, the main category is “Physics
Multidisciplinary” (Figure 1b), and in the last periods, the dispersion among categories is
very large, with many of them being related to technology and applications (Figure 1c).
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Besides “traditional” semiconductors such as Si, Ge, or II-V compounds and their
alloys, in recent decades, much interest has been shown in the study of semiconductor
oxides. Metal oxides, either in bulk or as thin films or at the nanoscale, have a variety of
properties that make them very multifunctional materials. The complexity of these materials
may be seen simultaneously as a drawback or as an advantage. The drawbacks include
how their properties depend strongly on crystal structure, stoichiometry, the presence of
native defects, and doping, which are extremely difficult to control. The advantage is that
if we learn how to control the main factors influencing the properties, we will be able to
tune them over broad ranges, ensuring that the materials are suitable for applications in
solar cells, gas sensors, photocatalysis, optoelectronic devices, and energy storage [1–11].
Figure 2 shows the results of refining the above search. If the search term “semiconductor
oxides” is used, as expected, very few results are found before 1980. Between 1980 and
1999, only 6301 are reported by the Web of Science search engine, and over the next 20 years,
55,799 results are reported, almost a factor of 9, and the estimation for the current 20-year
period is circa 130,000 publications.

Among semiconductor oxides, ZnO plays a central role and has been the focus of
a great number of works. It is very difficult to pinpoint the first paper published on
ZnO, but probably the first paper on ZnO that could be considered seminal is the work
of Parsons and Crowther, published in 1917 in the Journal of American Chemical Society,
entitled “Preparation and Properties of Zinc Oxide and Cadmium Oxide” [12]. In this
paper, different synthesis routes for ZnO and CdO are described, and the physical and
chemical properties (relevant at that time) were studied. In 1922, a work that could be
considered the first paper to focus on the luminescent properties of ZnO was published.
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The authors, Yoshio Haga and Eichi Haga, characterized the blue and green luminescence
and designed some of the pioneering experiments to elucidate the origin of these emissions.
The paper entitled “Über die Lumineszenz des Zynkoxyds” was published in Physikalische
Zeitschrift [13]. For decades, the main applications of ZnO were related to phosphorescence.
However, in the late 1960s, the non-linear electrical behavior of this material was first
described. The authors, Cooper and Rhoderick, reported a voltage-dependent resistor
(VARiable resISTOR) based on Cu-doped ZnO. This work [14] marked the beginning of
the extensive study of ZnO-based varistors, and for about 30 years, this was one of the
most relevant applications. However, during the last years of the XXth century, with
the development of nanotechnology and optoelectronics, a bunch of ever-increasing new
applications came into play, and the enormous potential of this material as a gas sensor,
photocatalyzer, or as part of optoelectronic devices is being increasingly fostered every
day [1,15–23]. This range of new applications is evident in Figure 3b, where areas such
as “Energy fuels” (EF), “Environmental Sciences” (ES), and “Engineering Chemical” (EC)
accumulate circa 6000 publications in the period 1 January 2020–6 June 2023.
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ZnO has excellent properties in many different aspects, including the synergy between
a wide band gap (3.37 eV), and a high concentration of native donor defects that makes ZnO
one of the most widely studied Transparent Conductive Oxides (TCO). Another outstand-
ing property is the large exciton binding energy (60 meV), which enables exciton-related
transitions even at room temperature. Along with the above-mentioned properties, its
chemical stability and some properties associated with the wurtzite structure (lack of a
symmetry center) open the range of applications to technological fields as different as
optoelectronics, gas sensing, photocatalysis, or piezoelectricity [24–29]. As observed in the
distribution of publications per area, during the last decades, a new area, “Nanotechnol-
ogy”, arises and accumulates a large number of publications (Figures 1c, 2b and 3b). Then,
it is worthy to have a look at the main factors present at the nano- and microscale, which
further widen the scope for new applications [19,30–32]. Some of these factors include the
enhancement of electroconductivity, a high specific area, and hence the role of surface and
surface defect structure. On the other hand, the morphology of the structures plays a key
role, and many of the properties of the material, for instance, luminescent properties, are
strongly dependent on morphology [33–35].

One of the most relevant points in the field of semiconductors, particularly for semi-
conductor oxides, is the role of dopants to improve their properties. In fact, it is the primary
route to modify and control most of their properties, especially, but not exclusively, their
electrical and optical properties. The effect of dopants on the semiconductor material may
be the direct supply of carriers, but also the modification of the defect structure, either
native defects or impurities. On the other hand, the necessity to accommodate the dopant
atoms into the host lattice may lead to the presence of extra stresses and/or relaxation
phenomena that strongly influence the final defect structure. This not only includes point
defects, but also extended defects such as dislocations, that may behave additionally as
charge sinks or suppliers, due to the core disorder and the presence of broken or dangling
bonds. For instance, in our focus material, ZnO, the conductivity increases up to 10 orders
of magnitude due to the presence of impurities and native defects. An important drawback,
in the particular case of ZnO, is the difficulty to obtain p-type material mainly due to
self-compensation mechanisms [36–40]. A very good review on the p-type doping of ZnO
can be found in [41].

Focusing on doped ZnO, Rare-Earth (RE) elements occupy a prominent position, and
the number of studies of RE-doped ZnO-based systems with good luminescent proper-
ties has increased considerably [33,42–45]. Not all RE elements are used with the same
purpose; for instance, in the case of Er, one major interest is in the telecom field due to
the enhancement of the 1.54 µm emission [46–48]. However, the technological interest of
RE doping goes beyond this field [49,50]. Lanthanides elements are characterized by an
electronic structure of the form [Xe]4fn6s2. This means that they have a partially filled
4f shell shielded by the 5s25p6 electrons. Optical transitions become then of the utmost
importance. Three basic types of optical transitions may be observed: 4f–4f, 5d–4f, and the
charge transfer between the host and the dopant. The 4f–5d transitions are allowed and
have short lifetimes (in the order of ns). In addition, 5d orbitals are strongly affected by
the crystal field and polarizability of the host material, which allows easy tuning in the
visible region by changing some characteristics of the host ([22] and references therein). On
the other hand, the f orbitals are shielded by the 5s and 5p; hence, they are not strongly
influenced by the crystal field. Typically, they are responsible for very sharp transitions that
extend over the whole wavelength range (from UV to IR). Nevertheless, the 4f-4f transitions
are forbidden by the quantum selection rules, which give much longer lifetimes (in the
order of µs). At first sight, this is a drawback if one of the main applications is the field of
optoelectronics. However, by choosing the proper host (as ZnO for instance), the influence
of the ligand field or non-centrosymmetric interactions may lead to a relaxation of the
parity rule, and hence, to sharp emission lines that otherwise would not appear [51,52].
Having this in mind, it is clear that a major goal is the enhancement of the intensity of the
luminescence emission.
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Many efforts have been made to improve luminescent properties without deleterious
sideband effects. We will only refer briefly to two of the basic approaches: the use of
a sensitizer and the modification of the host lattice. In the first case, a suit sensitizer,
i.e., a very effective radiation absorber that can transfer energy to the lanthanide ion, is
introduced in the material, typically as a codopant. The second approach focuses on
the modification of the host lattice so that, as previously mentioned, the parity rules are
relaxed, favoring the transitions at lanthanide ions. For this purpose, Li+ is commonly
used [42,52,53]. Nevertheless, one of the main problems that we can face when doping with
lanthanides is the mismatch between ionic radii (see Table 2) and the charge unbalance (the
most frequently used are the RE trivalent ions). For these reasons, the effective doping of
ZnO with rare elements is still challenging, although codoping strategies are a very good
option [52,54–57].

Nevertheless, the main goal of this paper is to highlight the relevance gained in the
last years by semiconductor oxides. Since many of the most recent applications that have
been developed or are under development refer to optoelecronic properties, doping with
rare earth elements has a central role. This was the reason behind choosing the system
ZnO doped with Rare Earth elements (Eu, Gd, and Ce) and codoped with Ru to illustrate
the materials’ tuning potential of doping processes. In the following sections, we will
describe the experimental details and the most remarkable aspects of the morphology,
crystal structure, and luminescent properties of the systems studied. In Supplementary
Information, files can be found concerning the revision of the works of the research group
on ZnO-based systems.

2. Experimental

The synthesis of the samples has been carried out by the polyol method. It is a simple
low-temperature liquid synthesis method that allows the synthesis of nanostructured
particles of both a ceramic and metallic nature or a core-shell type. It allows good control
in shape, size, composition, and crystallinity. In the conventional synthesis process, an EG
(ethylene glycol)/DEG (diethylene glycol) medium, to which the controlling agents of the
growth process (PVP-polyvinylpyrrolidone or urea) are added, is used. To ensure solubility
in the reaction medium, acetates or nitrates of the desired metals are used.

Zinc acetate dihydrate (Zn(CH3COO)2•2H2O, purity > 98%, Sigma-Aldrich, Merck
Life Science S.L.U., Madrid Spain) was used as a zinc precursor. The precursors used for
the different dopants are indicated in Table 2.

Polyvinylpyrrolidone-PVP ((C6H9NO)n, Mw = 40,000 g/mol, Sigma-Aldrich, Merck
Life Science S.L.U., Madrid, Spain) and Ethylene glycol-EG (C2H6O2, purity > 99.9%,
Sigma-Aldrich, Merck Life Science S.L.U., Madrid, Spain) were added as a capping agent
and solvent, respectively. All the precursor chemicals were reagent grade, and therefore,
no further purifications were applied.

The reaction medium is heated up to 190 ◦C (for EG) in a controlled manner, avoiding
any partial precipitation or change in the transparency of the solution. When tempera-
tures close to the corresponding boiling points are reached, a change occurs in the liquid
reaction medium, passing from a transparent to milky solution, after which the reaction
is maintained for 1 h. The mixture is then allowed to cool to room temperature under
constant stirring and the white precipitated solid is separated from the liquid medium.
The nanoparticles are subjected to a centrifugation process to separate them from the
medium by centrifugation (6000 rpm) and subjected to successive washes with ethanol
and water mixtures. The powder was then dried in an oven at 90 ◦C for 12 h in air. A
post-thermal treatment at 500 ◦C for 3 h was also used to increase the crystallinity of
as-prepared powders.

With this synthesis mechanism, different samples with a fixed percentage of a rare
earth element as the main dopant (2% wt) and a transition metal (Ru) as the codopant
(0.25% wt) have been synthesized. Tables 1 and 2 summarize the composition/notation of
the samples and dopant precursors used, respectively.
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Table 1. Composition and notation of the samples.

Main Dopant (2% wt) Codopant (0.25% wt) Name

Ce

None

1CE

Gd 1GD

Eu 1EU

Ce

Ru

1CERU

Gd 1GDRU

Eu 1EURU

Table 2. Precursors.

Cation Precursor Supplier CAS Number

Ce Ce(CH3CO2)3•H2O Sigma-Aldrich 206996-60-3

Gd Gd(NO3)3•6H2O Sigma-Aldrich 19598-90-4

Eu Eu(NO3)3•5H2O Sigma-Aldrich 63026-01-7

Ru RuCl3•xH2O Sigma-Aldrich 14898-67-0

Table 3 collects the ionic radii of the different cations in VI coordination (the most
likely for the wurtzite structure), and the radii are expressed in Angstroms.

Table 3. Ionic radii for the cations in VI coordination.

Cation Charge Crystal Radius Ionic Radius

Host Zn 2 0.88 0.74

TM Ru

3 0.82 0.68

4 0.76 0.62

5 0.705 0.565

RE

Ce
3 1.15 1.01

4 1.01 0.87

Eu
2 1.31 1.17

3 1.087 0.947

Gd 3 1.078 0.938

The morphology, crystal structure, and luminescent properties of the samples have
been investigated by Scanning Electron Microscopy (SEM), X-ray diffraction (XRD), Raman
spectroscopy (RS), and µ-photoluminescence (µ-PL).

Scanning Electron Microscopy (SEM) has been carried out by means of an FEI Inspect
S microscope (FEI Company, Hillsboro, OR, USA) operating at 15 kV.

X-ray diffraction experiments have been performed in a Philips X’Pert (Philips, Eind-
hoven, Netherlands), (40 kV, 40 mA) at the Cu Kα line (1.540598 Å). The maximum
measurement range (2θ) was 20–80◦ with a scan step size of 0.02◦/s.

Photoluminescence (PL) and Raman spectroscopy (RS) measurements have been
performed in a confocal microscope (Horiba Jobin Yvon LabRAM HR800, Villeneuve
d’Ascq, France) equipped with a He-Cd laser (λ = 325 nm) for PL measurements and a
He-Ne laser (λ = 632.8 nm) for RS experiments. Both RS and PL measurements have been
performed at room temperature.
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3. Results and Discussion

The set of samples has been described in the experimental section in Tables 1 and 2. It
consists of six samples, three of which are singly doped with 2% in weight of a rare earth
(Ce, Eu, or Gd). This dopant content corresponds to the weight of the precursor (hydrated
nitrates for Eu and Gd and hydrated carbonate for Ce). The other three samples in the
set maintain the content in the rare earth element, but incorporate ruthenium as a second
dopant. The precursor for Ru is hydrated chloride, and its weight percentage is 0.25%.

Referring to the singly doped samples, their morphology is very similar in all cases.
Spherical or quasi-spherical nanoparticles that are quite homogeneous in size are observed.
The particle sizes are between 12 and 15 nm, although in the case of the samples doped
with Ce, a higher dispersion, with particles reaching up to 25 nm, and larger agglomerates
are found.

Figure 4 shows Scanning Electron Microscopy images of typical samples in this set.
As mentioned, only the Ce-doped samples (Figure 4a) show an appreciable size dispersion,
and larger particles or agglomerates have been encircled to make this effect more visible.
Figure 4b,c correspond to Eu- and Gd-doped samples, respectively. Similar areas to that in
Figure 4a do not show agglomerates nor large particles. The addition of ruthenium as a
codopant does not influence the morphology, although in the samples doped with Ce and
Ru, a more homogeneous size distribution is observed in comparison to the samples doped
with Ce only (Figure 4d). In Figure 4d, only a couple of larger agglomerates are observed
in an area similar to that shown in Figure 4a.
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To investigate this point further, a zoom of the three most intense peaks is shown in
Figure 6. These peaks correspond to the (100), (002), and (101) family planes.

As shown in Figure 5, X-ray diffraction experiments do not reveal the presence of
second phases, hence suggesting that in all cases, the dopants are incorporated into the
ZnO host lattice. As indicated in Figure 5, all the peaks may be indexed as corresponding
to the wurtzite phase of ZnO (JCPDS-01-089-7102).
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Considering the ionic radii of Zn and dopant ions (Table 3), slight shifts towards lower
angles would be expected, since all three ions, Ce+3, Eu+3, and Gd+3 (the most common
valence state), in VI coordination (expected for the cations in the wurtzite structure) are
larger than Zn+2 (see Table 3). Figure 6a,b show, respectively, the comparison among the
singly doped samples (ZnO:RE) and the codoped samples (ZnO:RE:Ru). However, from
this figure a shift towards larger angles is observed in all the samples, although it seems to
be smaller upon Ru codoping. The black dotted line in this figure indicates the theoretical
position of the diffraction peak according to the reference JCPDS card. From Bragg’s law

2dhklsin θ = λ

we can determine the interplanar distance corresponding to each plane family and then
calculate the lattice parameters and the lattice volume (Figure 7). For a hexagonal lattice,
the interplanar distance is written as

1
d2

hkl
=

4
3

h2 + hk + k2

a2 +
l2

c2

which by selecting the data corresponding to the (100) and (002) peaks, lets us determine
the lattice parameters a and c
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and the cell volume may be determined from the expression

V =

√
3

2
a2c
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As observed in Figure 7, the main differences occur along the z axis, although a
decrease in the lattice parameter a is also appreciated. As mentioned according to the ionic
radii difference, the behavior should be the opposite, however the charge difference could
also play an important role. The most common charge state for the RE elements used in
this work is +3, while that for Zn is +2, and hence, the electrostatic potential between the
RE cation and the O anion would be higher than that between Zn and O. This could give
rise to a decrease in the bond length and then a reduction in the cell volume that would
compete with the expected increase associated with the larger ionic radius. As seen in the
plots in Figure 7, the difference between the different dopants is within the error interval,
which on the other hand is not surprising since the charge state of all three RE dopants is
the same and the ionic radii are not very different. The introduction of Ru as a codopant
seems to be the opposite, i.e., a very slight increase in the lattice parameters in respect to
the singly doped samples. However, as previously mentioned, the differences fall within
the calculation error and should not be taken into account.

On the other hand, the Raman spectra do not indicate the presence of high stresses,
and no appreciable shifts or a remarkable broadening are observed in the Raman peaks. As
an example, in Figure 8, the Raman spectra of the samples 1GD and 1GDRU are shown.
The most intense peaks correspond to those of ZnO, which again is an indication that no
second phases associated with doping are present. They are ascribed to the Elow

2 (97 cm−1)

and Ehigh
2 (436 cm−1), in agreement with the values usually reported [58].
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Finally, we present some results on photoluminescence. In all the samples, the pho-
toluminescence spectra consist of the two main bands typically observed in ZnO: Near
Band Edge (NBE), including band-to-band and shallow level related transitions, peaking
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around 390nm, and a broad band in the visible region that results from the contributions of
the different Deep Level transitions associated with defects and in the RE-doped samples,
intraionic emissions. However, important differences among the samples are encountered
(Figure 9). A deconvolution of this broad band has been made assuming gaussian pro-
files, and the NBE emission may be decomposed in three components: 380 nm (3.26 eV),
397 nm (3.12 eV), and 418 nm (2.97 eV). All three components are present in all the samples;
however, its relative intensity is different, causing the apparent shift of the emission. This
effect is much clearer when comparing each sample with the corresponding codoping
with Ru, as we will discuss later. The structure of the DL emission is very complex. At
least five components are involved, giving a very broad band that extends practically over
the whole visible range: 520 nm (2.38 eV), 540 nm (2.30 eV), 560 nm (2.21 eV), 606 nm
(2.05 eV), and 636 nm (1.95 eV). These components are related to several defects as OZn,
oxygen vacancy-related (VoZni, VO, and V+

O ) or oxygen interstitials [59–61]. Regardless
of the defects present, in the Eu-doped samples, intraionic transitions fall into the range
from 420 to 656 nm (1.89−2.96 eV) [43]. The photoluminescence spectra show that in all
cases, a decrease in emission intensity is observed upon Ru introduction (Figure 9b–d).
As mentioned above, besides the reduction in the emission intensity, the most remarkable
changes refer to the shifts observed in the Near Band Edge and in the relative intensities
of the NBE and DL bands. It should be noted that the band edge emission in the sam-
ples containing Ce and Gd is shifted towards the blue zone due to the greater weight of
the longer wavelength components. This effect is clearer in the sample doped with Ce
(Figure 9b), as the emission maximum of the sample codoped with Ce and Ru coincides
with the position of the shoulder observed in the sample doped with Ce. In the sample
doped with europium, the most intense component is the one with the longest wavelength
(approx. 420 nm), which as mentioned above, could have a contribution of the intraionic
emissions 5D3→7F0, with several lines in the range 2.79–2.96 eV [43].
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4. Conclusions

ZnO has demonstrated to be one of the most versatile systems. According to the
data presented in this work (extracted from the Web of Science Data Base), in the period
1920–1939, the works published on ZnO appeared to be categorized in six different areas,
already with the next period considered (1940–1959) and ten areas listed. The number of
categories and the categories themselves are a clear indication of the potential and versatility
of this material, and may serve to follow the rise of new applications. In Supplementary
Information, Files S2 include graphs with the distribution of published papers from 1900
to date. Besides those that could be considered basic areas such as Physics of Condensed
Matter, Materials Science, or Chemistry Physical, in the period 1940–1979, areas such as
Materials Science Ceramics accumulate a good number of publications. This is the period
in which many of the basic studies on varistors were conducted. In the last two periods
considered, Physics Applied and Materials Science Multidisciplinary accumulate the largest
number of publications, however, Nanoscience and Nanotechnology (always restricted to
ZnO) reaches more than 15,000 papers, and the areas more closely related to technological
applications and Electrical Engineering and Electronics of Fuel Energy are also relevant. It
is interesting to observe that during the first periods considered, the areas accumulating
the largest number of papers were closer to Chemistry (Chemistry Multidisciplinary and
Chemistry Physical), but evolved to areas closer to Physics (Physics Applied or Physics
Condensed Matter) to finally observe Materials Science Multidisciplinary as the most
prominent area, reflecting the ever more diffuse frontier between Physics and Chemistry.

The experimental results on the system ZnO:RE and ZnO:RE:Ru are only an example
of the possibilities that ZnO offers to modify its properties with small amounts of dopant
elements, and the influence on defect structure and the possible effects on the lattice have
been described. In Supplementary Information, Files S1 purely research works of this group
and in them, a good literature revision may be found.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/photonics10101106/s1, Supplementary Information: Literature
revision and full set of bibliometric figures.
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