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Luminescent Silver Nanoclusters Decorated on ZnO Tetrapods: 
Detailed Understanding of Their Role on Photoluminescence 
Features  

Joana Rodrigues†a*, Charline Becker†b, Nabiha Ben Sedrinea, Marius Kampc, Lorenz Kienlec, Rainer 
Adelungd, Yogendra Kumar Mishrae, Wolfgang J. Parakb, Indranath Chakrabortyb*, Maria Rosário 
Correiaa, Teresa Monteiroa* 

Optical spectroscopic measurements are conducted on luminescent silver nanocluster (AgNCs) decorated ZnO tetrapods 

(ZnO Tp), AgNC@ZnO Tp, synthesized via a colloidal route. Their properties are compared with the corresponding AgNCs 

and ZnO Tp to understand their impact on photoluminescence (PL). Raman spectroscopy reveals high structural integrity of 

the ZnO structure in the AgNC@ZnO Tp. PL analysis of the ZnO Tp shows a well-resolved near band edge emission and a 

green band comprised of overlap of at least three emitting optical centres. The addition of AgNCs to ZnO Tp in the hybrid 

material enhances the emission from ZnO surface states. In the case of the recombination of the AgNCs in water solution, it 

is dominated by a red emission band peaked at ~1.9 eV. The PL excitation spectra monitored at the band maximum reveal 

that the red PL of AgNCs is preferentially populated by well-defined excitation bands corresponding to discrete electronic 

transitions. A shift to lower energies of the AgNCs’ emission occurs in the AgNC@ZnO Tp hybrids when excited with energies 

below the ZnO bandgap. A gradual loss in PL intensity of the AgNCs is observed in the hybrids with increasing time, which is 

consistent with their coalescence to transform on larger Ag nanoparticles (NPs) on the tetrapod surface, as revealed in 

confocal microscopy.

 

1 Introduction 

Ultra-small atomically precise metal nanoclusters (NCs) are emerging 

materials with unique optical and photo-physical properties 1,2. They 

are composed of few atoms (namely Au, Ag, Cu, etc.) and protected 

by some ligands (thiols, phosphine, selenols, etc.) with the chemical 

formula Mx(L)y
Z, where x, y, and z are the number of metal (M) atoms, 

the number of ligands (L) and overall charge of the system (z), 

respectively 1. A great variety of such NCs comprised of different M 

and L have been synthesized and characterized, among which Au has 

been primarily studied owing to its high stability 3. Yet, reports on 

AgNCs 4–7 have also been attracting attention in the scientific 

community, and many new AgNCs with precise crystal structures are 

established nowadays (for example, Ag25(SR)18 
8, Ag29(S2R)12 

9, 

Ag44(SR)30 
10,11, etc., where SR stands for thiolates). 

Indeed, these metal NCs exhibit extraordinary features that hold 

enormous potential to modify the properties of other material 

systems in the desired manner, strongly depending on how they have 

been integrated into other materials. For instance, when combined 

with other nanostructures, noble metal NCs often show distinctive 

properties. Som et al. 12 reported that the incorporation of 

Ag44(MBA)30 NCs (MBA: 4-mercaptobenzoic acid) on Te nanowires 

(NWs) creates a unique bilayer assembly of the resultant hybrid 

material at the liquid-air interface, which is induced by the inter 

nanocluster hydrogen bonding through the MBA ligands. However, 

glutathione (GSH) protected Ag32(SG)19 reacts with the Te NWs' 

surface to form silver islands at different positions on the NWs that, 

upon annealing, are transformed to dumbbell-shaped silver-tipped 

Te NWs 13. Ghosh et al. 14 have reported the coalescence of 

atomically precise NCs on the graphene surface, which transforms 

smaller NCs to bigger NCs. From all these reports, it is quite clear that 

these metal NCs react differently with different material surfaces, 

which are determined mostly by the physicochemical properties of 

both the NCs' and foreign materials' surfaces.  

In general, under wet chemical conditions, these ultra-small metal 

NCs exhibit a strong tendency towards agglomeration, which is often 

undesired 15,16. Therefore, to access their unique properties, suitable 

material backbones would be needed, having the capability to 

localize them on the surface. It gets more interesting when the 

underneath backbones also exhibit attractive properties desirable 

for many applications. Such a system may be very advantageous in 
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several senses. These very active NCs sitting on the surface introduce 

many exciting features in the underneath backbone, resulting in an 

advanced hybrid system 17–20. In this way, the properties of these NCs 

and the underneath backbone are simultaneously accessible for the 

desired application.  

Zinc oxide (ZnO) is a semiconductor that has been thoroughly studied 

by the scientific community for several decades, and its interest 

remains intensely active. This is not just only due to being 

environmentally friendly, low production cost, easiness of synthesis, 

enabling simple control of the size, morphology and, subsequently, 

the surface area of its nanostructures, but also in virtue of properties 

like its wide bandgap energy (3.4 eV at low temperature), physical 

and chemical stability, intense PL signal, among others 21–26. 

Therefore, countless reports can be found in the literature 

concerning the production, characterization, and application of this 

semiconductor, especially when produced at the nanoscale 19,25,27–32. 

More recently, the formation of hybrids between ZnO and other 

materials, namely metal nanoparticles (NPs) 33–35, metal oxides 20,36–

39 or carbon-based materials 17,18,40–42, have been continually 

attracting attention, since the synergetic combination of the 

different materials is expected to give rise to enhanced and even 

tailored properties 20,37. For instance, previous PL studies conducted 

on ZnO tetrapodal structures produced by flame transport synthesis 

(FTS) and mixed with different metal oxide compounds (MxOy and 

ZnxM1−xOy with M = Fe, Cu, Al, Sn, Bi) 20,37 showed that the PL 

outcome was strongly dependent on the compound used to form the 

hybrid network. Moreover, it was demonstrated that their gas 

sensing properties, particularly selectivity, could also be tuned as a 

function of the type of M element and its content ratio on the ZnO-

based networks, evidencing an enhanced performance when 

compared with the ones containing only ZnO tetrapods (ZnO Tp) 20,37. 

Similar tetrapodal networks were also used to form hybrids with C60 

molecules 17, resulting in changes in the PL outcome of the hybrids 

depending on the amount of C60 covering the ZnO_Tp, namely in the 

near band edge (NBE) region. The relative intensity of the transitions 

in this spectral range increases (when compared to the visible 

spectral region) with the amount of C60 at the surface of ZnO Tp, with 

particular emphasis on the 3.31 eV emission, which has been 

assigned to the presence of surface defects in the ZnO structures 17. 

A similar trend was also found in microrod samples produced by the 

same technique (FTS) 18. Moreover, an enhancement in the relative 

intensity of the free exciton (FX) recombination was also identified, 

suggesting that an increase of the free carrier concentration is 

favoured rather than being captured through the shallow donors 

under the used conditions. Besides, PL excitation (PLE) 

measurements revealed that a steeper absorption and a slight shift 

towards the expected bandgap of pure ZnO was recorded with 

increasing C60 amount, up to a certain threshold where 

agglomeration of the C60 molecules was seen to occur. This reduction 

in the band tail states is an indication that the population of those 

electronic states is being reduced, pointing to charge transfer from 

ZnO to C60. Charge transfer in the opposite direction (C60 to ZnO) was 

also corroborated either by the increase in the NBE intensity and the 

appearance of other visible (2.77 eV, 448 nm) and near-infrared 

absorption bands in the samples with C60 on the surface. Indeed, by 

exciting the hybrid samples with such energy, the ZnO Tp's green 

luminescence (GL) could be identified.  

Atomically precise NCs present several similarities to molecules like 

C60, namely the discreteness of the energy levels. In this work, 

tetrapod shaped ZnO structures have been selected as appropriate 

three-dimensional (3D) backbone to integrate luminescent AgNCs on 

their surface, and the structure-property relationship of the hybrid 

3D nanosystems is investigated in detail. We report a thorough 

spectroscopic analysis on the produced samples by using room 

temperature (RT) Raman spectroscopy, optical extinction, PLE, 

excitation-energy and excitation-density dependent PL, time-

resolved PL (TRPL), and temperature-dependent PL to investigate the 

changes in the optical features of both components when placed 

together. 

2 Experimental Details 

2.1 Ag29(DHLA)12 NCs synthesis 

DHLA protected Ag29 NCs were prepared according to Van der Linden 

et al. 43,44. In brief, lipoic acid (LA) was dissolved in water in the 

presence of NaBH4. Then silver precursor, AgNO3, was added, 

followed by NaBH4, and the mixture was kept stirring for 4.5 h at RT. 

The details of the NCs synthesis and characterization can be found in 

the Electronic Supplementary Information (ESI) file. 

 
2.2 ZnO tetrapod synthesis 

ZnO Tp were synthesized via FTS, as described by Smazna et al. 17. In 

brief, Zn metal particles (average diameter around 5 µm) in powder 

form were mixed with polyvinyl butyral powder (PVB) in the weight 

ratio of 1:2 as the primary precursor material. The precursor mixture 

was filled in a ceramic crucible and then mounted in a muffle furnace 

heated to 900 °C for 30 minutes. The transformation of Zn metallic 

particles into ZnO tetrapods directly occurred in the flame inside the 

furnace via the solid-vapour-solid process (details are mentioned in 

the ESI). A detailed description of the FTS process and its modified 

variant has been reported in previous works 17,18,45,46. After the 

growth process, the furnace is left for natural cooling and a white 

snow-like powder, which is tetrapod shaped ZnO micro- and 

nanostructures, is carefully harvested from and accordingly used as 

backbones for decoration of ultrasmall Ag nanoclusters. 
 

2.3 Synthesis of AgNC@ZnO Tp 

The AgNCs were integrated with the ZnO Tp via a solution-based 

incubation approach. First, 4 mL of the as-synthesized AgNCs 

solution was concentrated through centrifuge 3 kDa filtration 

(final concentration of Ag in the NCs is CAg=0.159 mg mL-1 

measured by inductively coupled plasma mass spectrometry). 

Then, ZnO Tp (5 mg) were incubated in 0.5 mL of concentrated 

AgNCs solution for 5 h under constant shaking. After this time, 

unreacted AgNCs were removed from the ZnO Tp surface 

through centrifugation (1000 rpm, 1 min). The precipitate was 

collected, rewashed with deionized water, dried at RT, and 

stored for further experiments. 
 

2.4 Materials’ characterization 

The produced materials were morphologically, structurally, and 

optically characterized by transmission electron microscopy 

(TEM), scanning transmission electron microscopy (STEM), 
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Raman spectroscopy, optical extinction, RT PLE, excitation-

energy and excitation-density dependent PL, TRPL, and 

temperature-dependent PL. Details on the used techniques are 

fully described in the supporting information. 

3 Results and Discussion 

A scheme of the dihydrolipoic acid (DHLA) protected Ag29 NCs 

decorated ZnO Tp (AgNC@ZnO Tp) synthesis is represented in Figure 

1A, and corresponding photographs are shown in the insets. The ZnO 

Tp have a white colour appearance under visible light and evidence 

ultraviolet and green emissions using UV excitation at RT, 

respectively (Figure 1A, inset). At the same time, AgNCs in water 

solution show an intense red emission under the same excitation 

conditions (Figure 1A, inset). Upon visible light observation, the 

white colour of the dispersion containing the ZnO Tp transforms to 

orange due to AgNCs incorporation into the hybrid material, i.e. the 

formation of AgNC@ZnO Tp, which also shows a faint yellow-orange 

luminescence under UV excitation (Figure 1A, inset). 

 

 

 

 
Figure 1 - (A) Scheme of the AgNC@ZnO Tp synthesis. The insets show the ZnO Tp (in water) (I), AgNCs (synthesis solution) (II), and 
AgNC@ZnO Tp hybrid (dry) (III) under visible light (i) and UV light excitation (ii). (B)  TEM and (C) High-angle annular dark-field (HAADF)-STEM 
images of the AgNC@ZnO Tp hybrid at different magnifications (I-III). (D) Confocal laser scanning microscopy (CLSM) images of the 
AgNC@ZnO Tp excited at 3.06 eV/405 nm; (I) showing the PL below/above 2.0 eV/615 nm, (II) bright-field image, and (III) the overlay of 
bright-field and PL intensity image. (E) HAADF-STEM image (I) with EDX elemental mapping for the elements Zn (II), Ag (III), and S (IV). (F) 
HRTEM micrograph (I), a magnified HRTEM micrograph of an AgNC (II), and the respective FFT (III) are shown.  
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The morphology of these materials was investigated by TEM and 

STEM, as shown in Figures 1B and 1C. The highly magnified images 

(cf. 1B (III) and 1C (III)) of the AgNC@ZnO Tp surface show the 

presence of NPs with larger diameters than expected for the AgNCs. 

These investigations indicate the agglomeration of AgNCs in the high-

energy electron beam that might be supported by the decomposition 

of DHLA linker molecules. Consequently, TEM investigations 

represent decomposed AgNCs, however, a homogeneous 

distribution of decomposed AgNCs on the ZnO Tp surface is verified 

(Figures 1B and 1C). Furthermore, STEM-Energy Dispersive X-ray 

spectroscopy (EDX) elemental mapping confirms the presence of zinc 

(Zn), silver (Ag), and sulfur (S), whereby the S signal might 

predominantly arise from the decomposed linker molecules (DHLA) 

located at Ag and ZnO surfaces (Figure 1E). A high-resolution TEM 

(HRTEM) micrograph depicted in Figure 1F, shows crystalline 

decomposed AgNCs. Investigation of the fast Fourier transformation 

(FFT) (Figure 1F(III)) shows intensities on concentric rings from 

metallic Ag (Fm-3m space group and lattice parameter a=4.09 Å), 

however, additional reflection intensities of Ag2S (Im-3m space 

group and lattice parameter a=4.89 Å) indicate the partial formation 

of Ag2S phase in the electron beam caused by in situ reactions of Ag 

with S from decomposed linker molecules. Since AgNCs are 

photoluminescent in nature (this will be further discussed in the 

following section), the spatial distribution of the emitting AgNCs on 

the ZnO Tp surface can be observed using confocal laser scanning 

microscopy (CLSM) as represented in Figure 1D. 

Raman spectroscopy measurements were carried out to evaluate the 

change in ZnO Tp lattice vibrational modes due to the hybrid 

formation. Figure 2 (see also Figure S1 in ESI) depicts the Raman 

spectra of ZnO Tp and AgNC@ZnO Tp acquired in different points of 

the samples obtained with 2.8 eV/442 nm excitation, which is 

resonant with the AgNCs' absorption energy, as shown in Figure S3. 

Both cases evidence the typical lattice vibrational modes of the ZnO 

hexagonal wurtzite structure that are active in Raman: A1, E1, and E2, 

as well as its overtones and combined modes related with second-

order Raman scattering processes, as reported by Cuscó et al. 47. The 

more intense second-order features occur in the high frequency 

(1000 cm-1 - 1200 cm-1) and involve longitudinal optical (LO) phonon 

modes. The presence of second-order and/or first-order symmetry 

forbidden Raman features 48,49 are due to the relaxation 𝑘⃗ = 0⃗  

moment first-order selection rules, meaning that infinite correlation 

length is lost and the phonon eigenstates are no longer described by 

plane waves. To the breakdown of the translation symmetry lattice, 

beyond the occurrence of defects or impurities, the size of the ZnO 

Tp crystallites can contribute as well 50. The differences observed in 

the relative intensity of the ZnO Tp related vibrational modes for the 

same sample may arise from polarization effects caused by the 

different orientations between the ZnO Tp and the incidence 

wavevector of the laser beam 47,51–53. 

 
 

 
Figure 2 - RT Raman spectra obtained with 2.8 eV/442 nm laser 

excitation (using a 0.3 neutral density filter (ND0.3)) for both ZnO Tp 

and AgNC@ZnO Tp hybrids, probing different points of the samples. 

Vibrational modes indexation is according to reference 47. The 

spectra were shifted vertically for clarity. Inset: enlarged view of the 

𝐸2
ℎ𝑖𝑔ℎ

 mode spectral region. 
 

In the case of the AgNC@ZnO Tp hybrid, besides the polarization 

effects, also the high absorption of the incident and scattered light 

by the AgNCs (Figure S2) contributes to the reduction in the relative 

intensity of the ZnO Tp Raman bands. Indeed, in this case, the 

𝐸2
ℎ𝑖𝑔ℎ

/LO overtone ratio was found to be lower than the one 

identified in the ZnO Tp (1 vs 1.5). Nevertheless, it is worth noting 

that for the same sample, this ratio is similar for the distinct spots 

probed. The increase in the relative intensity of the LO overtone in 

the AgNC@ZnO Tp hybrid is likely to be related to the different 

resonance profiles in the two samples upon 442 nm (2.8 eV) photon 

excitation owning to the presence of the AgNCs, affecting the 

outgoing resonance process, translated into an increase of the LO 

overtone contribution. Besides,, additional broad Raman bands 

appear in the 1400–1700 cm-1 region, which should be associated 

also with those ligands 54,55. Excitation density-dependent studies 

were also conducted for ZnO Tp and AgNC@ZnO Tp hybrids (Figure 

S1) and no change in the frequency or broadening of the Raman 

signal was observed by increasing the excitation density, suggesting 

that the diffusion of local heating is very efficient. Furthermore, the 

overall shape of the Raman spectrum is maintained, indicating high 

stability of the surface. 

PL spectroscopy is an important tool for characterizing 

AgNC@ZnO Tp hybrids considering their visible PL nature. 

Particularly, it constitutes an excellent mean to assess the presence 

of both surface and bulk emitting ZnO defects, charge transfer 

processes and other physical interactions that may occur in the 

hybrids 25,56. As mentioned, the size distribution of the here studied 

AgNCs in water solution gives rise to an extinction spectrum involving 

molecular-like discrete energy levels, as shown in Figure S2. Well-

resolved absorption bands with maxima at 3.70 eV/335 nm, 

2.85 eV/435 nm, and 2.48 eV/500 nm occur, in line with previously 

reported works 43,57. As such, exciting the samples close to these 

energies should lead, upon relaxation, to the AgNCs' PL. This is 
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displayed in Figure 3, where the normalized RT PL/PLE spectra are 

presented for AgNCs (in water solution), ZnO Tp, and AgNC@ZnO Tp. 

For the case of the AgNCs in water solution (Figure 3A), an intense 

red emission peaked at 1.9 eV/652 nm and with a full width at half 

maximum (FWHM) of 250 meV is identified when the samples are 

excited with a wide range of high energy photons, in accordance with 

the results presented in Figure 1. As shown by the PLE spectra 

monitored at the emission band maximum, and in agreement with 

the measured optical extinction (Figure S2), the excitation bands 

responsible for the population of the emitting states spread over the 

region 2.0 - 3.7 eV/620 - 335 nm. Three main excitation maxima 

located at 2.48 eV/500 nm, 2.79 eV/446 nm, and 3.07 eV/403 nm 

can be distinguished. The spectral shape of the measured PL and PLE 

spectra of the AgNCs in water solution are similar to the ones 

reported in the literature 43,57–60. Additionally, it should be 

emphasized that the PLE and optical extinction spectra evidence the 

same spectral features, meaning that the observed red PL from the 

AgNCs in water solution is indeed preferentially populated through 

discrete-like excited levels of the silver nanoclusters. Figure 3B shows 

the RT PL and PLE spectra of the ZnO Tp, while Figure 3C displays the 

spectra of the AgNC@ZnO Tp hybrids. Upon above bandgap 

excitation, the ZnO Tp exhibit a commonly reported PL 17,22,23,25,61 

characterized by shallow levels recombination corresponding to the 

UV NBE emission band and, at lower energies, a deep level 

recombination dominated by a broad GL. At this temperature, the 

relative intensity of the GL is higher than the NBE. The PLE monitored 

at the GL band maximum (2.43 eV/510 nm) indicates that the ZnO 

Tp luminescence is mainly populated by photons with energy equal 

to or higher than the ZnO bandgap. For the case of the 

AgNC@ZnO Tp hybrid (Figure 3 C), the combination of the two 

materials results in noticed changes in the measured PL. On the one 

hand, the spectral shape of the ZnO emission is unchanged under UV 

excitation and the PLE spectra taken at the GL of the hybrid evidence 

the same steeper ZnO bandgap absorption, indicating that the ZnO 

emission is populated by photons with energy equal or higher than 

the semiconductor bandgap. On the other hand, by exciting the 

samples with such high-energy photons, we were unable to observe 

the red light from the AgNCs, as previously detected in water 

solution. Indeed, for the AgNC@ZnO Tp hybrid, the emission of the 

AgNCs shifts to lower energies and the PLE monitored on the 

emission band maximum evidences significant changes when 

compared with the one in water solution. Particularly, a FWHM 

increase of the discrete and size-tunable electronic excitation bands 

is detected, which is accompanied by a decrease of the bands' 

relative intensity and by the absence of the high-energy electronic 

excitations. Consequently, the red/near-infrared PL from the AgNCs 

on the hybrid is only observed by using low-energy photons as the 

excitation source, namely the ones with energy in the blue/green 

region at 2.8 eV/442 nm and 2.44 eV/508 nm, matching the 

AgNCs' absorption/excitation bands, as shown in Figure 3C. This is 

likely related to the interaction between the AgNCs and the ZnO Tp, 

promoting charge transfer processes between their electronic 

levels/bands. A more detailed discussion on the subject is presented 

below including the PL data collected at low temperature.  

By comparing the PL spectra measured under the same lower 

excitation density (using a Xe lamp) and energy (2.8 eV/442 nm) 

conditions for AgNCs in water solution and AgNC@ZnO Tp hybrids, 

the maximum of the red band shifts from 1.9 eV/652 nm to 

1.73 eV/717 nm, respectively (Figures 3A and 3B). 
 

 

  
Figure 3 -  Normalized RT PL/PLE spectra obtained for AgNCs in water 
solution (A), ZnO Tp (B), and AgNC@ZnO Tp hybrid (C). The asterisk 
denotes an artefact of the system. Solid lines correspond to PLE 
spectra, while dashed lines denote PL spectra. 
 

In the latter case, the FWHM of the clusters' PL corresponds to 

360 meV, which is higher than the 250 meV measured for the 

emission of the AgNCs in water solution 59,62. Such behaviour may 

originate from the AgNCs' particle-particle interplay with the 

environment, whose dielectric properties resulted in changes in the 

energy separation of the electronic levels 59,62,63.  

Additional excitation-density dependent PL was performed for ZnO 

Tp and AgNC@ZnO Tp, as shown in Figure 4 (see also Figure S3), by 

applying neutral density filters to the 3.81 eV/325 nm He-Cd laser 

line. For the case of the ZnO recombination, it is well established that 

broad emission bands can be due to the spectral overlapping of 

several emitting defects 22,25,64,65. This is the case of the here studied 

GL observed either in the ZnO Tp or in the AgNC@ZnO Tp hybrids, 

showing a similar spectral shape and FWHM in both cases. The 

excitation-density dependent PL studies evidence that the GL shifts 

to lower energies with increasing excitation density, with a more 

pronounced effect on the hybrid (Figure S3A). Indeed, while in the 

case of the ZnO Tp sample (Figure 4A), barely any shift of the peak 

position was observed within the excitation density range used, for 

the AgNC@ZnO Tp hybrids (Figure 4B) the peak position of the GL 

was seen to shift. This shift can be justified by the presence of several 

recombination channels, whose relative intensity depends on the 
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excitation density. Indeed, when excited by the laser, the GL of the 

AgNC@ZnO Tp hybrids shows a noticed asymmetry, evidencing more 

than one recombination channel contributing to the overall observed 

emission. By reducing the laser excitation density to 1% of the 

nominal one (Figure S3B), one can plainly see that the spectral shape 

of the emission bands of the ZnO Tp and AgNC@ZnO Tp samples 

became coincident.  Nevertheless, even excited with only 1% of the 

nominal laser power, the peak position of the GL still appears at 

lower energy than the one recorded when excited with the Xe lamp 

(2.36 eV/525 nm vs 2.46 eV/504 nm), as a reduced power 

excitation is provided by the lamp. Therefore, we can conclude that 

under low excitation density the high-energy components of the GL 

dominate, while increasing the excitation density favours the 

recombination of the lower energy component.  
 

 

 
Figure 4 - Density excitation-dependent PL spectra acquired at RT for ZnO Tp (A) and the AgNC@ZnO Tp hybrids (B) under 3.81 eV/325 nm 

excitation. Graphical representation of the increase of the normalized intensity as a function of the excitation density for PL bands peaked 

at 2.6 eV, 2.4 eV and 2.2 eV for ZnO Tp (C) and AgNC@ZnO Tp hybrids (D). 
 
 

As the peak positions and spectral shape found for the GL in both 

samples are different at high excitation density and become 

coincident for low excitation density (Figure S3B), it was assumed 

that the same recombination channels are present in both samples. 

Therefore, the spectra were deconvoluted into Gaussian 

components, allowing to gain more insight regarding the optical 

centres present in the here reported samples. As such, an adequate 

fit was obtained considering three components contributing to the 

overall visible GL. Indeed, Figure S4A and B evidence the presence of 

these components, peaked at2.6 eV/477 nm, 2.4 eV/517 nm, and 

2.2 eV/564 nm in both ZnO Tp and AgNC@ZnO Tp hybrids, however 

with different relative intensities, resulting in the observed shift of 

the peak position for the GL in the two samples. Moreover, Figure 

S4C and D reveals that under 1% of the initial excitation intensity (I0) 

the component peaked at 2.4 eV/517 nm becomes the dominant 

one in both samples, thus resulting in a similar spectral shape and 

peak position, as observed under excitation with the Xe lamp. 

Regarding the integrated PL intensity of the GL components as a 

function of the excitation density of the here studied samples, the 

data can be fitted to a power law, 𝐼 ∝ 𝑃𝑚, where I is the 

luminescence intensity, P is the excitation power and m is a 

parameter that represents the slope in a log-log representation of I 

and P 66. This relationship gives information regarding the type of 

transition involved. When m < 1, and according to the rate equations, 

it is proposed that the nature of the radiative transitions involves 

donor-acceptor pairs (DAPs) or free-to-bound carrier recombination, 

while when 1 < m < 2 an exciton-like transition should be involved 66. 

All the components exhibit a slope close to 1 (Figure 4C and 4D), 

meaning that a DAP, free-to-bound or excitonic-like nature for the 

observed recombination channels should be considered. However, 

the fact that no shift in the peak position was observed by reducing 

the excitation density points to a free-to-bound recombination or 

excitonic-like type 67,68. 
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RT time-resolved PL (TRPL) studies (Figure S5) revealed that once 

again no shift in the peak position was identified with increasing 

delay times. The TRPL measurements were conducted under 325 nm 

(3.81 eV) excitation for increasing time delays up to 1 ms and using 

a time window of 10 ms. For both ZnO Tp and AgNC@ZnO Tp 

samples, the visible band was seen to nearly disappear after a time 

delay of 0.2 ms, indicating a lifetime in the range of tens of µs. 

Additionally, the spectral shape and the peak position of the 

observed band do not change significantly with increasing delays in 

either case. The fact that both samples exhibit PL signals with similar 

spectral shape and lifetime corroborates the assumption of having 

similar recombination channels contributing to this GL. As previously 

mentioned, it should be emphasized that the GL is very common in 

ZnO, either in bulk, layers, or nanostructures 25,64. Although other 

broad emission bands in the blue, yellow, and orange/red spectral 

region have also been reported 65,69,70, the GL is the most described 

and debated one. However, there is still some controversy regarding 

the chemical nature of distinct defect emissions and different 

hypotheses have been proposed to explain them. It is known that 

several types of defects are responsible for the emissions in the 

different spectral ranges, but the association between such defects 

and the observed blue/green/orange/red luminescence have not 

been yet conclusively established 25,65. The defect-related 

luminescence in the green region is frequently ascribed to intrinsic 

defects in the ZnO matrix, namely oxygen/zinc vacancies (VO/VZn), Zn 

antisites (ZnO), interstitial Zn atoms, transitions from Zn interstitials 

to Zn vacancies, and also to extrinsic impurities, as is the case of Cu 
71,72. However, some reports presented convincing evidence that 

defects located at the surface may also give rise to luminescence 

bands in the same spectral region 65, which becomes particularly 

relevant in structures with a high surface area, as is the present case. 

Thus, despite having similar peak positions and width, the origin of 

the observed GL may be rather different from sample to sample 22,64 

and a single sample can exhibit an overlapped of several of the 

mentioned contributions. 

To get a deeper insight on the mechanisms involved in the different 

luminescence processes, the samples were cooled down to 11 K. 

Figure 5A shows a comparison of the 11 K PL spectra of ZnO Tp and 

AgNC@ZnO Tp hybrids acquired with above ZnO bandgap laser 

excitation (3.81 eV/325 nm). In both cases, the NBE emission 

dominates over the visible band. While for the ZnO Tp sample the 

NBE intensity is around one order of magnitude higher than the GL 

one, for the hybrid the intensities of the NBE and deep luminescence 

are comparable. Additionally, the broad unstructured GL band is 

centred at 2.43 eV/510 nm in the case of the ZnO Tp samples and 

at 2.39 eV/519 nm for the AgNC@ZnO Tp hybrids, likely related 

with the above discussed distinct contribution of the defects that 

originate the different recombination channels spectrally 

overlapped. It should be emphasized that the observed GL at 11 K 

corresponds to the so-called unstructured GL22,64.  

For the ZnO Tp and AgNC@ZnO Tp hybrids, a well-resolved NBE 

composed of different recombination channels was recorded, 

enabling to identify the presence of free exciton (FX), donor bound 

excitons (D0X), as well as the 3.31 eV-line and their LO phonon 

replicas, with an energy separation of 70 meV 64,73. An enlargement 

of the NBE region can be better seen in Figure 5B.  
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Figure 5 - (A) 11 K PL spectra of ZnO Tp and AgNC@ZnO Tp hybrids under the same alignment conditions. (B) Enlargement of the area marked 

with a grey dashed line in (A). Temperature-dependent PL study performed with high-resolution steps in the NBE region for ZnO Tp (C) and 

AgNC@ZnO Tp (D). All spectra were collected with 325 nm (3.81 eV) excitation. 

 

 

When a comparison of the NBE recombination for ZnO Tp and 

AgNC@ZnO Tp hybrids is made, it is straightforward that the relative 

intensity of the 3.31 eV line regarding the D0X recombination strongly 

increased in the hybrid. In the case of the ZnO Tp, the intensity of the 

FX and D0X transitions plainly dominate the NBE spectrum, with an 

intensity of an order of magnitude higher than the one evidenced for 

the 3.31 eV line. For the hybrid, and similarly to what was observed 

for the GL vs NBE relative intensities, the 3.31 eV has an intensity in 

the same order of magnitude as the one recorded for the D0X 

transition. This 3.31 eV line has been associated with distinct 

recombination mechanisms. Among them, the most accepted 

hypotheses for the nature of the centres involved are the presence 

of surface states and excitons bounded to surface defects 74,75, as 

well as structural defects-related transitions 76–79. A work performed 

by  some of the present authors in ZnO microrods grown by laser-

assisted flow deposition (LAFD) 23 indicates a strong correlation of 

this 3.31 eV emission line with the presence of surface states, as 

identified by the influence of distinct plasma treatments on the 

recombination line intensity 80. Thus, even though the chemical 

nature of the defects that give rise to this transition is unknown, the 

addition of the AgNCs to ZnO Tp seems to promote a pronounced 

modification of the metal/semiconductor interface's electric 

potential. As such, a band bending of the energy bands develops near 

the material surface together with a depletion region that will 

influence the ZnO Tp PL by enhancing the population of the existent 

surface-emitting state(s). Therefore, with the used excitation 

conditions all the absorbed carriers relax to the ZnO band structure 

in the hybrid material, improving the surface-related emitting 

defects, like the ones related to the 3.31 eV emission and the GL, 

justifying the observed differences in the ZnO Tp and hybrids. A 

schematic representation of these processes is depicted in Figure 6. 

Figure 6 (a) displays the proposed energy level diagram for the AgNCs 

in aqueous solution, based both on the absorbance (Figure S2) and 

PLE/PL (Figure 3A) data. After the formation of the AgNC@ZnO Tp 

hybrid, the AgNCs' particle-particle interplay with the environment 

and with the ZnO Tp surface leads to the changes in the AgNCs 

electronic levels. PL analysis evidenced that upon 325 nm (3.81 eV) 

excitation of the hybrids, only the emission features related to ZnO. 

Moreover, 14 K PL revealed that the contribution from the surface-

related defects (3.31 eV emission line and GL) are enhanced in this 

case. Therefore, we proposed that when the AgNC@ZnO Tp hybrids 

are excited with 325 nm (3.81 eV), charge transfer occurs from the 
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AgNCs to ZnO, as illustrated in Figure 6b, similarly to what was 

previously reported for the C60 case already discussed in the 

introduction 17,18. This means that with energy 3.81 eV, electrons 

from the highest occupied molecular orbital (HOMO) of the AgNCs 

can be excited to the higher energetic states of the lowest 

unoccupied molecular orbital (LUMO), which energetically placed 

above the ZnO conduction band (CB) and, afterwards, instead of 

recombining radiatively inside the NCs, they are transferred for the 

ZnO Tp energy levels, leading an increase in the population of  the 

ones induced by the surface defects, and subsequently to the 

intensity of the surface-related radiative recombinations, as is the 

case the 3.31 eV emission line and some of the defects contributing 

to the GL. Such phenomenon can also justify the differences in the 

peak position of the GL observed for the ZnO Tp and AgNC@ZnO Tp 

hybrids either at RT (Figure 3) and 11 K (Figure 5A) since the 

preferential population of different defect levels is expected to occur 

due to the charge transfer when compared to the direct band-to-

band excitation of ZnO. The band alignment between the energy 

levels of the two materials represented in Figure 6b was proposed 

considering the present electron transfer hypothesis, as these 

processes can only be efficient if the electronic alignment is 

favourable. i.e. with the upper LUMO above the CB of ZnO. Hence, 

when photons with energy in the visible range are employed (e.g. 

442 nm), the electrons of the AgNCs are excited to the lower LUMO, 

whose energies are below the one of the ZnO CB,  thus do not 

participate in the charge transfer processes. As so, the radiative 

recombination between the AgNCs energy levels takes place, leading 

to the red emission band peaked at 1.73 eV. The low-temperature 

PL enables the deconvolution of recombination centres that appear 

overlapped at RT, which are of particular importance for the 

identification of the ZnO NBE at higher temperatures. As so, the 

temperature-dependent PL spectra on the UV-visible spectral range 

(Figures S6 and S7), as well as high-resolution spectra in the NBE 

region (Figure 5C and 5D) were collected for the ZnO Tp and the 

AgNC@ZnO Tp hybrids. As expected, with increasing temperatures, 

the D0X dissociates, causing a decrease in the PL intensity due to 

nonradiative relaxation, accompanied by a redshift due to the 

bandgap shrinkage. At RT, the NBE is dominated by the FX 

recombination, typically at 3.28 eV/378 nm overlapped with the 

3.31 eV line (and its replicas) related to the surface-states. A slight 

shift of the GL peak position towards lower energies is also observed, 

likely due to the bandgap reduction and/or different relative 

intensity of the centres that composed this emission.  

The PL stability and dynamics of the structural change of AgNCs over 

time was studied by measuring the PL spectra under 2.8 eV/442 nm 

excitation and recording time-dependent CLSM images at 

3.06 eV/405 nm, as shown in Figure 7. In both cases, the used 

excitation corresponds to the absorption between discrete levels of 

AgNCs into the hybrids (see the PLE spectra of Figure 3C). The results 

show a constant decrease in the PL intensity over 10 days.  

 
Figure 6 -  Schematic representation of the (a) energy level diagram of electronic excitation and emission transitions in the AgNCs and 

(b)charge transfer processes that may occur between the ZnO Tp and AgNCs upon the hybrid formation. Note that the spacing of the levels 

is not at scale. CB stands for conduction band, while CV denotes the valence band. 
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Figure 7 - (A) Intensity change of the AgNCs' PL on a ZnO Tp detected in CLSM ((I) bright-field image) from day 1 (II) to day 4 (III), to day 10 

(IV). (B) Graphical representation of the PL intensity change over time. Arrow in (A ) shows the axis along which the intensity change was 

collected. (C) RT PL spectra acquired at 2.8 eV/442 nm excitation for the AgNC@ZnO Tp hybrids after 1, 2 and 7 days of sample’s preparation.  

 

The PL intensity profile (Figure 7B) collected along one of the 

tetrapod arms (Figure 7A red arrow) confirms such change in the NCs' 

PL over time. Additional support is given by Figure 7C, which displays 

the PL spectra acquired at different times for the AgNC@ZnO Tp 

sample. The spectra were acquired under the same measurement 

conditions and in the same sample (the one used for all the PL 

studies). As can be seen, the spectral shape is preserved while the 

overall intensity decreases with increasing time. In fact, after 7 days 

of sample’s preparation, the red PL band exhibits a very low intensity. 

The decrease of PL intensity in both experiments suggests that the 

AgNCs' structures changed over time.  

ZnO has been used as a platform for several hybrid structures, 

namely to connect gold nanoparticles (AuNPs) onto their surface via 

a dithiol linker 81–8>. This possibility to directly connect thiols to a ZnO 

surface opens up the possibility of lipoic acid diffusing from the 

AgNCs to the tetrapod surface. 

Conclusions 

In summary, AgNCs, ZnO Tp, and AgNC@ZnO Tp samples were 

analysed in detail by optical spectroscopy techniques. In the 

first case and by exciting the sample into the higher excited 

levels of the AgNCs in water solution, a broad red emission band 

peaked at 1.9 eV/652 nm was identified. In this case, the 

photoluminescence excitation spectra monitored at the band 

maximum reveals that the emission band is preferentially 

populated by well-defined excitation bands corresponding to 

discrete electronic transitions with main maxima 2.48 eV/500 

nm, 2.8 eV/443 nm, 3.0 eV/413 nm, and 3.33 eV/372 nm. A 

similar observation was found in the optical extinction 

spectrum. For ZnO Tp and AgNC@ZnO Tp samples, and by 

exciting the samples with photon energy equal or higher than 

the ZnO bandgap, the typical spectra of ZnO was observed, 

presenting, at RT, the NBE emission in the UV region and a 

visible broad band peaked in the green spectral region. The 

peak position of the green band was seen to be dependent on 

the excitation density, shifting towards lower energies for 

higher excitation density, especially in the case of the hybrid. 

This phenomenon was explained considering the presence of 

different recombination channels contributing to the overall 

green emission band, as corroborated by the deconvolution of 

the band, which revealed the presence of similar optical centres 

in both samples, but with a distinct response to the excitation 

density. The presence of the AgNCs in the hybrids promotes a 

noticed population of the emitting states in the ZnO host, 

namely the ones related to surface states recombination. This 

was particularly evident when the samples were excited with 

the 3.81 eV/325 nm laser line and analysed at low temperature. 

In that case, the relative intensity of the green luminescence 

was seen to increase regarding the NBE after hybrid formation, 

together with an increase of the surface-related 3.31 eV 
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emission line intensity when compared to the ZnO free and 

bound exciton recombination. 

For the AgNC@ZnO Tp hybrids, the metallic nanoclusters' 

emission is shifted to lower energies when compared with the 

emission in an aqueous solution, showing a peak position at 

1.73 eV/717 nm, likely due to the influence of the surrounding 

medium. In this case, the emission is no longer observed with 

photon excitation higher than 3.27 eV/379 nm, as identified by 

the photoluminescence excitation spectra. Indeed, the 

widening and low-energy shift of the excitation bands indicate 

noticed changes in the energy location of the discrete levels of 

metallic clusters when placed on ZnO Tp. Finally, analysing the 

hybrid sample during different days after its preparation 

demonstrates its degradation over time, with the red/NIR 

emission associated with the AgNCs almost vanishing after one 

week, possibly related to cluster aggregation into nanoparticles 

and/or Ag oxidation or sulfidation.  The AgNC@ZnO Tp hybrids 

can be a potential material for sensing, anti-microbial, and 

photocatalysis-related applications. However, further work on 

improving the stability would be needed for their efficient 

applicability. 
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22 U. Özgür, Y. I. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. 
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