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ABSTRACT 

Owing to the chemical instability of ZnO nanowires and to its large surface area exhibiting a high density 

of traps, the use of a protective, passivating shell plays a major role on the performances of the related 

devices. We show that a conformal TiO2 shell can be grown on the ZnO nanowires by a double-step 

process using atomic layer deposition and post-deposition thermal treatment in air. An in situ analysis 

of the crystallisation process of the amorphous TiOx shell grown by atomic layer deposition is achieved 

in details by temperature-dependent Raman scattering and x-ray diffraction measurements, indicating 

that the crystallization starts around 280 °C in air and that only the anatase phase is formed. It is further 

revealed from transmission electron microscopy-based experiments that the TiO2 shell with the anatase 

phase is epitaxially grown on the ZnO nanowires with a range of orientation relationships. Interestingly, 

the epitaxial TiO2 shell has a beneficial passivating effect and results in the redistribution of the 

hydrogen-related defects in the center of ZnO nanowires following the post-deposition thermal treatment 

at 350 °C, as shown by steady-state and time-resolved photoluminescence measurements. These 

findings demonstrate that the atomic layer deposition technique coupled with a post-deposition thermal 

treatment is a powerful tool to form ZnO / TiO2 core-shell nanowire heterostructures with high structural 

and optical quality. They open the way for developing the present double-step process in other 

nanostructured material systems to master their related surface and interface properties. 
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1. INTRODUCTION 

ZnO nanowires (NWs) have received an overwhelming interest in the last decade for their 

integration into a large variety of nanoscale devices in the fields of piezoelectricity,1 

optoelectronics,2-3 photovoltaics,4 detection, and sensing.5 In most of these devices, the control 

of the surface properties of ZnO NWs exhibiting a high aspect ratio at nanoscale dimensions is 

a critical issue, because their performances are largely governed by the different interfaces in 

the system. Owing to the high density of surface traps lying in the range of 1012 - 5x1013 cm-2 

6-7 as well as to its chemical instability over a broad range of conditions in solution and gas 

phases, the covering of ZnO NWs by a TiO2 shell using atomic layer deposition (ALD) has 

been considered for many devices, specifically in the fields of photovoltaics and photo-

catalysis. The present combination is also favorable in these devices thanks to the type II band 

alignment between ZnO and TiO2.8 The insertion of a TiO2 shell by ALD in dye-sensitized solar 

cells made of ZnO NWs has been reported to drastically increase the open-circuit voltage and 

fill factor, enhancing the photo-conversion efficiency up to 7.0 % by improving the interface 

with the dye.9-16 Similarly, Parize et al. showed that the extremely thin absorber solar cells made 

of ZnO / Sb2S3 core-shell NW heterostructures have an enhanced performance when a TiO2 

shell deposited by ALD is inserted, leading to a photo-conversion efficiency of up to 2.3 %.17 

Cheng et al. showed that the insertion of a TiO2 shell deposited by ALD on ZnO NWs resulted 

in the increase in the short-circuit current density and photo-conversion efficiency in bulk 

heterojunction quantum dot solar cells incorporating PbS quantum dots, indicating the 

improvement of the charge carrier collection.18 The same enhancement has been reported in 

ZnO NW-based hybrid solar cells with P3HT19-21 and in ZnO NW-based halide perovskite solar 

cells to reach a photo-conversion efficiency of 14.35 % 22-23 by using a TiO2 shell. Additionally, 

the photocatalytic activity of ZnO / TiO2 core-shell NW heterostructures has been shown to 

outperform the one of bare ZnO NW arrays.24-25 Eventually, the much higher chemical stability 
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of TiO2 has been used to combine ZnO NWs with a large number of materials grown in acidic, 

corrosive conditions in order to benefit from their high aspect ratio.26 Overall, the TiO2 shell 

grown by ALD on ZnO NWs has been found to be polycrystalline with a varying degree of 

crystallinity with the purposes of passivating the surface traps together with improving their 

chemical stability. However, the comprehensive role of the TiO2 shell including the effects of 

its crystalline phase, its crystallization process, and the related interface properties with ZnO 

NWs is still under debate despite its primary importance in the performances of the devices.  

In order to address that issue, an in situ analysis of the crystallization process of the TiO2 

shell grown by ALD on ZnO NWs is achieved by temperature-dependent Raman scattering and 

x-ray diffraction (XRD) measurements. The interface properties of the resulting ZnO / TiO2 

core-shell NW heterostructures are investigated in details by transmission electron microscopy 

(TEM)-based experiments as well as steady-state and time-resolved photoluminescence (PL) 

measurements. It is shown that the TiO2 shell with the anatase phase can epitaxially be formed 

on ZnO NWs by combining ALD with post-deposition thermal treatment in air, resulting in the 

fabrication of high quality ZnO / TiO2 core-shell NW heterostructures with improved interface 

properties.          

2. EXPERIMENTAL SECTION 

ZnO NW arrays were grown on c-axis oriented polycrystalline ZnO seed layers deposited 

on (001) silicon wafers, using a two-step chemical synthesis process. First, the polycrystalline 

ZnO seed layers were deposited by the sol-gel process using dip coating. To form the sol, 375 

mM of zinc acetate dihydrate (Zn(CH3COO)2.2H2O, Sigma-Aldrich) and 375 mM of 

monoethanolamine (MEA, Sigma-Aldrich) were mixed in pure ethanol. The solution was 

heated and stirred at 60 °C for 12 hours, and then at room temperature for 12 more hours. To 

form the xerogel film, silicon wafers were dipped in the solution and withdrew at the speed of 

3.3 mm/s in ambient atmosphere with a hygrometry smaller than 15 %. The xerogel film was 
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annealed in air on a hot plate kept at 300 °C for 1 hour, and on another hot plate kept at 500 °C 

for 3 hours. Second, the ZnO seed layer-coated silicon wafers were immersed face down in a 

sealed beaker containing an equimolar mix of 30 mM of zinc nitrate hexahydrate 

(Zn(NO3)2.6H2O, Sigma-Aldrich) and HMTA (C6H12N4, Sigma-Aldrich) in deionized water. 

The sealed beaker containing the solution was placed in a regular oven heated at 90 °C for 3 

hours. 

The TiO2 shell was subsequently grown on ZnO NW arrays at 200 °C by atomic layer 

deposition (ALD) using a F200 Fiji reactor from Cambridge Nanotech. Tetrakis dimethylamino 

titanium (TDMAT) heated at 75°C as titanium precursor and H2O as oxygen precursor were 

carried in the chamber by argon gas. Sequential pulses of TDMAT and H2O of 0.1 second 

followed by a purge of 10 seconds after each pulse were achieved to alternately inject titanium 

and oxygen precursors, respectively. The chamber pressure was set to 110 mTorr and increased 

up to 210 mTorr as the pulse proceeded. A complete sequence of 150 cycles was carried out to 

form an amorphous TiOx shell on ZnO NW arrays. Post-deposition thermal treatment in air was 

performed using an annealing temperature of 250, 350, and 500 °C for 3 hours. 

The morphology of ZnO / TiO2 core-shell NW heterostructures was studied by top-view and 

cross-sectional view field-emission scanning electron microscopy (FESEM) imaging using a 

ZEISS Ultra FEG-SEM. TEM specimens were prepared by scratching the ZnO / TiO2 core-

shell NW heterostructures using a diamond tip and put on Holey Carbon copper grid. TEM and 

HRTEM images were recorded with a JEOL JEM 2010 LaB6 microscope operating at 200 kV 

with a 0.19 nm point-to-point resolution. EDS mapping was collected by STEM with a JEOL 

2100F FEG microscope operating at 200 kV with a 0.2 nm resolution in the scanning mode and 

equipped with a JEOL SDD Centurio detector with a large solid angle of up to 0.98 steradians. 

The local structural properties of the ZnO / TiO2 core-shell NW heterostructures were further 

investigated by using an automated crystal phase and orientation mapping (ACOM) with 
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precession (ASTAR) system implemented in the JEOL 2100F FEG microscope. The crystal 

phase and orientation maps were obtained by precession of the primary electron beam around 

the microscope’s optical axis at an angle of 1.16° while collecting the electron diffraction 

patterns at a rate of 100 frames per second with a step size of 1 nm. 

In situ and ex situ Raman scattering measurements were performed using a Jobin 

Yvon/Horiba Labram spectrometer equipped with a liquid nitrogen cooled charge-coupled 

device detector. The 488 nm excitation line of an Ar+ laser with a power around 2 mW at the 

sample surface was used. The light was focused to a spot size close to 1 µm2 using a 50x long 

working distance objective. Raman spectra were calibrated at room temperature using a silicon 

reference sample with a theoretical position of 520.7 cm-1. The annealing temperature was 

controlled using a commercial Linkam heating stage (THMS600) placed under the Raman 

microscope, and varied in the range of 20 – 600 °C. In situ and ex situ XRD measurements were 

performed with a Rigaku SmartLab diffractometer and a Bruker D8 Advance diffractometer, 

respectively, using the CuKα1 radiation according to the Bragg-Brentano configuration. The 

annealing temperature was controlled using an Anton Paar DHS 1100 chamber, and varied in 

the range of 20 – 600 °C. In situ Raman spectra and XRD patterns were recorded with an 

acquisition time varying from 5 to 10 min depending on the annealing temperature.  

Steady-state and time-resolved photoluminescence (PL) studies were carried out using an 

Edinburgh Instrument FLS980 spectrometer in front-face configuration. The steady-state PL 

spectra were measured with a continuous ozone-free xenon arc lamp (450 W) for excitation in 

a double grating Czerny-Turner monochromator for both excitation part and emission part to 

reach a total stray light rejection to less than 1:10-10. Both excitation / emission slits were opened 

to a bandwidth of 3 nm for steady state. The emission was detected at 90° from excitation by 

means of a high-gain Hamamatsu photomultiplier tube (PMT) detector mounted after the 

second emission monochromator. The time-resolved PL experiments were performed in single 
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photon counting mode using a picosecond 375 nm laser diode as an excitation source (2 MHz) 

and a microchannel plate PMT (MCP-PMT) Hamamatsu detector cooled at -20°C. This latter 

was settled after the first emission monochromator to minimize instrumental time resolution 

down to ca. 80 ps time scale. The slit opening of the excitation monochromator was 10 nm wide 

to maximize the photon counting. A long pass filter of 410 nm was used to avoid the counting 

of incident photons directly reflected by the samples without being rejected by the 

monochromator. The laser energy was ca. 100 nJ/cm2. 

3. RESULTS AND DISCUSSION 

3.1. Morphology and structural properties of ZnO / TiO2 core-shell nanowire 

heterostructures. The structural morphology of ZnO / TiO2 core-shell NW heterostructures 

annealed at 350 °C for 3 hours in air is presented in Figure 1. ZnO NWs grown by CBD on a 

c-axis oriented polycrystalline ZnO seed layer by sol-gel process27 exhibit a mean diameter and 

length of 81 ± 22 nm and 892 ± 102 nm, respectively, using an equimolar mix of zinc nitrate 

and HMTA.28 They retain the typical hexagonal facet on their top face following the ALD of 

the TiO2 shell. However, the surfaces on their c-plane top face and m-plane sidewalls have a 

granular morphology indicating the formation of the TiO2 shell. No change in the structural 

morphology of ZnO / TiO2 core-shell NW heterostructures before and after annealing has been 

revealed by FESEM imaging. 
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Figure 1. (a) Top-view and (b) cross-sectional view FESEM images of ZnO / TiO2 core-shell 

NW heterostructures annealed at 350 °C for 3 hours in air. The scale bars denote 100 and 200 

nm, respectively. 

3.2. In situ analysis of the crystallization process of TiO2 shell. In situ Raman scattering 

and XRD measurements were performed from room temperature (RT) to 600 °C to thoroughly 

investigate the transformation of the amorphous TiOx shell into the crystallized TiO2 shell 

during the crystallization process. The corresponding in situ Raman spectra and XRD patterns 

recorded in air from RT to 600 °C, and after cooling down, are presented in Figures 2 and 3, 

respectively. 
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Figure 2. In situ Raman spectra of ZnO / TiO2 core-shell NW heterostructures annealed from 

RT to 600 °C in air. 

Prior to post-deposition thermal treatment, several well-defined lines occur in the Raman 

spectrum and are typically attributed to the wurtzite phase of ZnO NWs. Two intense lines at 

100 and 438 cm-1 are assigned to the E2low and E2high modes, respectively, while the much 

weaker lines at 333 and 590 cm-1 are due to the E2high-E2low and E1(LO) modes, respectively.29 

Correlatively, the diffraction peak at 34.4° is mostly ascribed to the (002) plane of the wurtzite 

phase of ZnO NWs. The diffraction peaks at 31.8, 36.3, 56.8, and 62.9° entirely correspond to 

the (100), (101), (110), and (103) planes of the wurtzite phase of polycrystalline ZnO seed 

layer.27 The Raman spectra and XRD patterns recorded from RT to 260°C are very similar to 

each other, showing that no drastic change occurs in the amorphous TiOx shell and thus that the 

crystallization process has not started in that annealing temperature range.  

At the annealing temperature of 280 °C, an additional line at 149 cm-1 occurs in the Raman 

spectrum. It is assigned to the low-frequency Eg mode of the anatase phase of the TiO2 shell.30 

Correlatively, a small shoulder occurs in the XRD pattern with a diffraction peak around 37.9° 

corresponding to the (004) plane of the anatase phase of the TiO2 shell. The start of the 
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crystallization process of the TiOx shell thus proceeds at 280 °C through the formation of the 

anatase phase. In the range of 280 to 600 °C, the intensity of the Raman line at 149 cm-1 is much 

more pronounced and typically shifts towards higher wavenumbers while broadening, as 

expected from its temperature dependence.31 Also, the additional lines at 198, 398, 513, 519, 

and 638 cm-1 progressively occur in the Raman spectrum and are assigned to the Eg, B1g, A1g, 

B1g, and Eg modes, respectively, corresponding to the anatase phase of the TiO2 shell.30 

Correlatively, the intensity of the diffraction peak around 37.9° slightly increases in the range 

of 280 to 600 °C. This indicates that the crystallization process of the TiO2 shell is more active 

and that its crystallinity is improved in that annealing temperature range. After cooling down, 

all the phonon modes corresponding to the anatase phase of the TiO2 shell are clearly shown in 

the wavenumber range of 100 – 700 cm-1 while the diffraction peak around 37.9° occurs, 

revealing that the crystallization process has efficiently been proceeded. No sign for the 

presence of the rutile/rocksalt phases of TiO2 is indicated, showing that the shell has crystallized 

into the pure anatase phase.          

 

Figure 3. In situ XRD patterns of ZnO / TiO2 core-shell NW heterostructures annealed from 

RT to 600 °C in air. 
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An ex situ post-deposition thermal treatment of the amorphous TiOx shell on ZnO NWs was 

achieved at 250, 350, and 500 °C for 3 hours in air to corroborate the in situ analysis. The 

corresponding XRD patterns and Raman spectra are presented in Figure S1 and S2. The XRD 

pattern reveals that the TiOx shell is still amorphous following the post-deposition thermal 

treatment at 250 °C with no sign for the presence of diffraction peaks. In contrast, the Eg line at 

144 cm-1 of the anatase phase already occurs in the Raman spectrum, giving direct evidence of 

the crystallization onset that is likely localized highly. The longer annealing time as compared 

to the in situ analysis is thus sufficient to very locally activate the crystallization, showing the 

importance of kinetic phenomena in that process. After thermal treatments at 350 and 500 °C, 

both techniques show that the TiO2 shell is well crystallized into the anatase phase, as shown 

by the occurrence of the diffraction peaks at 25.3, 37.9, 38.6, and 48.1° that are assigned to the 

(101), (004), (112) and (200) planes, as well as of the Raman lines at 144, 198, 398, 513, 519, 

638 cm-1 that correspond to the Eg, Eg, B1g, A1g, B1g, Eg modes, respectively.30 It should be 

noted here that the post-deposition thermal treatment in the range of 280 – 350 °C is compatible 

with the use of glass covered with a transparent conductive oxide layer as a typical substrate in 

the field of photovoltaics. It is not the case for the post-deposition thermal heat treatment above 

500 °C. Also, the integration of an amorphous TiO2 shell is not favorable for the charge carrier 

separation in such nanostructured solar cells.4 In the following, the interface properties between 

the ZnO NWs and TiO2 shell are thus investigated in details for the most appropriate condition 

using the post-deposition thermal treatment at 350 °C.       

3.3. Interface properties between the ZnO nanowires and TiO2 shell. TEM and 

HRTEM images of a ZnO / TiO2 core-shell NW heterostructure annealed at 350 °C for 3 hours 

in air are presented in Figure 4. The deposition of the TiO2 shell on the m-plane sidewalls of 

ZnO NW is highly conformal with a constant thickness of 8.5 nm from its top to its bottom, as 

revealed in the TEM image of Figure 4a. The thickness of the TiO2 shell on the c-plane face 
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of ZnO NW is however slightly larger. The HRTEM image in Figure 4b collected close to the 

ZnO / TiO2 interface reveals the alignment of the (0002) plane of the ZnO NW with the (004) 

plane of the TiO2 shell. The related SAED pattern in Figure 4c confirms that the ZnO NW and 

TiO2 shell crystallize into the wurtzite and anatase phases, respectively. It further shows that 

the TiO2 shell has an orientation relationship with the ZnO NW, following the post-deposition 

thermal treatment at 350 °C in air.   

 

Figure 4. (a) TEM image of a ZnO / TiO2 core-shell NW heterostructure after annealing at 350 

°C for 3 hours in air (i.e., scale bar = 100 nm). (b) Corresponding TEM image of ZnO / TiO2 

core-shell NW heterostructure at higher magnification (i.e., scale bar = 25 nm). The inset on 

the right hand side shows a HRTEM image of the ZnO / TiO2 interface (i.e., scale bar = 5 nm). 

(c) Corresponding SAED pattern revealing the ZnO wurtzite and TiO2 anatase structures of 

both phases (i.e., scale bar = 5 nm-1). 

Owing to the inherent spatial localization of the HRTEM imaging on the nanometer scale, 

the structural properties of the TiO2 shell and the related ZnO / TiO2 interface properties were 

investigated on a larger scale by ASTAR measurements.32-33 In this technique, the incident 

electron beam had a few nanometers in size and was precessed to reduce dynamical effects and 

to enhance the indexing quality. The electron beam was simultaneously scanned over the area 

of interest to record an electron diffraction pattern at each location. The experimental electron 
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diffraction patterns were basically compared with the complete set of theoretical diffraction 

patterns, which were computed for every expected crystalline phases and for a large number of 

orientations. The best match between the experimental and theoretical electron diffraction 

patterns permitted to identify both crystalline phase and orientation with a high precision.34 The 

maps of the crystalline phases and orientations of ZnO / TiO2 core-shell NW heterostructures 

are presented in Figures 5 and 6, respectively.  

 

Figure 5. (a) ASTAR map representing the crystalline phases of ZnO / TiO2 core-shell NW 

heterostructures annealed at 350 °C for 3 hours in air (i.e., scale bar = 50 nm). The ZnO wurtzite 

and TiO2 anatase phases are shown in red and green, respectively. (b, c) Corresponding electron 

diffraction patterns collected at points (1) and (2), respectively. The red and green open circles 

represent the theoretical electron diffraction patterns of wurtzite ZnO and anatase TiO2, 

respectively. 

It is clearly shown in Figure 5 that the TiO2 shell on the m-plane sidewalls and c-plane face 

of ZnO NW exclusively crystallizes into the anatase phase, which is in agreement with the 

previous Raman scattering and XRD measurements. No sign for the presence of a residual 

amorphous phase or of rutile/rocksalt phases or of Zn2TiO4 spinel phase is indicated.35 Also, 

the orientation map in Figure 6 reveals that the TiO2 shell is epitaxially formed on the m-plane 

sidewalls and c-plane face of the ZnO NW located on the left. The orientation relationship 

between the TiO2 shell and c-plane face of ZnO NW is the following: the (001) and (0001) 
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planes as well as the (120) and (101ത0) planes are parallel to each other with only a very small 

misorientation. The orientation relationship between the TiO2 shell and m-plane sidewalls of 

the ZnO NW is identical and as follows: the (120) and (101ത0) planes as well as the (001) and 

(0001) planes are parallel to each other with only a very small misorientation also. It is worth 

noticing that the lattice mismatch between the TiO2 and ZnO materials lies in the range of 10 

% in both orientation configurations, indicating that the epitaxial strain has completely been 

relieved plastically during the post-deposition thermal treatment. In contrast, the TiO2 shell 

formed on the m-plane sidewalls and c-plane face of nearby ZnO NW located on the right is 

slightly more inhomogeneous and typically exhibits a local epitaxy with a large number of 

orientation relationships. Overall, the present finding shows that the epitaxial deposition of the 

TiO2 shell can be achieved by ALD followed by a post-deposition thermal treatment according 

to a double-step process, which is remarkable to get high quality ZnO / TiO2 core-shell NW 

heterostructures. The orientation relationships are however multiple and the local epitaxy is 

inevitably relieved totally. It should be noted here that the epitaxial deposition by ALD has only 

been reported a few times in the literature regarding a couple of dedicated materials systems in 

a thin film configuration including TiO2 / Al2O3.36 The structural quality of epitaxial TiO2 shell 

is nevertheless dependent to a small extent upon the considered ZnO NW because the deposit 

of the TiOx shell by ALD is likely affected by the varying free space between the nearby ZnO 

NWs.         



15 
 

 

Figure 6. ASTAR maps representing the crystalline orientations of the wurtzite ZnO and 

anatase TiO2 phases within the ZnO / TiO2 core-shell NW heterostructure annealed at 350 °C 

for 3 hours in air, plotted along the X, Y and Z axes. The color scales for the wurtzite ZnO and 

anatase TiO2 phases are given in the insets. 

Steady-state and time-resolved room temperature PL measurements of bare ZnO NWs and 

ZnO / TiO2 core-shell NW heterostructures annealed at 350 °C for 3 hours in air are presented 

in Figures 7 and 8. The PL mapping shows that, for both samples, the spectra are composed of 

a sharp near-band edge (NBE) emission centered at 375 nm (i.e., 3.31 eV) and of a broad and 

more intense visible emission band lying in the range of 500 - 750 nm (i.e., 1.65 – 2.48 eV). 

The NBE emission is related to radiative bimolecular recombination processes involving 

neutral donor bound A-excitons, typically through the I4 and I5 lines labeled in the I 

nomenclature37 that are assigned to substitutional hydrogen on the oxygen lattice site (HO)38 

and zinc vacancy – hydrogen (VZn-3H) defect complexes,39 respectively. The involvement of 

interstitial hydrogen in bond-centered sites (HBC) is also expected in the NBE emission.38 The 

present hydrogen-related defects originating from the crystallization process of bare ZnO NWs 

in aqueous solution act as shallow donors and thus are responsible for their high electrical 

conductivity.40 In contrast, the broad visible emission band from the red/orange to yellow/green 
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region stems from radiative processes involving electron-hole recombination mediated by 

deeper states in the bandgap of ZnO NWs. Its assignment has been a long debate over the last 

two decades and often attributed to oxygen vacancies for explaining the sensing properties of 

ZnO NWs.41 The most recent DFT calculations have however established that the emission 

energies related to oxygen vacancies are smaller than 1 eV and thus cannot account for the 

present visible emission band obtained by optical spectroscopy.42 Instead, zinc vacancies as 

well as (VZn-H) and (VZn-2H) defect complexes42-43 creating deeper states are involved both in 

the bulk of ZnO NWs and on their surfaces to account for the red/orange/yellow and green/blue 

emission bands, respectively. Additionally, zinc dangling bonds have recently been associated 

with an emission energy around 2.41 eV.42 They may thus contribute also to the visible emission 

band here through their location on the surfaces of bare ZnO NWs. Interestingly, these two 

different radiative processes taking place in ZnO NWs are drastically modified when their 

surfaces are protected by the epitaxial TiO2 shell grown by ALD and crystallized by post-

deposition thermal treatment in air. First, the intensity of the NBE emission is strongly 

enhanced. This is the result of a reduction of the monomolecular non-radiative recombination 

processes, which are in this case rather a surface-dominant mechanism than a bulk process 

owing to the high aspect ratio of ZnO NWs. Second, the broad visible emission band has almost 

vanished. This result is particularly insightful as it highlights that the hydrogen-related defects 

in the bulk of ZnO NWs are redistributed following the post-deposition thermal treatment in air 

while the one on their surfaces very likely get passivated by the epitaxial anatase-TiO2 shell. 

These results clarify the origin of the enhancements widely reported in the literature through 

ZnO/TiO2 core-shell NW heterostructures. In particular, the epitaxial TiO2 shell affords to 

reduce the energy losses from the excited states of ZnO NWs through the passivation of surface 

defects, thus enhancing cell photo-voltage and charge carrier collection efficiency in photo-

electrochemical devices.        
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Figure 7. Steady-state room temperature PL measurements of bare ZnO NWs (left) and ZnO / 

TiO2 core-shell NW heterostructure annealed at 350 °C for 3 hours in air (right) as a function 

of the  excitation wavelength. The black inset corresponds to a 5 times zoom-in in intensity of 

the portion below 450 nm to better show the weaker NBE emission for sake of clarity.  

The dynamic of these two radiative processes was investigated by time-correlated single photon 

counting (TCSPC) experiments. The two samples were excited at 375 nm and the PL decays 

were measured either in the end tail of the sharp NBE emission at 420 nm (Figure 8 a-b) or 

within the broad emission band in the visible range at 610 nm (Figure 8 c-d). The evolution of 

the PL intensity I(t) as a function of the delay time t systematically requires three simple 

exponential components to accurately account for the decays, as follows: 

I(t) =  ෍ f୩୬ୀଷ
୩ୀଵ eି( ୲தౡ)

 

where fk is the fraction of the kth process, and τk is the lifetime of the kth process.   

Although the origin of these three contributions can be debated, we favored such a mathematical 

function rather than a stretch bi-exponential for which the origin of lifetime distribution is also 

questionable. The two aforementioned radiative processes have a thoroughly different dynamic, 

as one could expect from their distinct origin. The decay from the NBE emission involving 

shallow donors is significantly faster than through the deeper traps in the visible emission band, 
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as reported in Table 1. A fast component of ca. 70 ps is deduced for the NBE emission, in 

addition to a second component at ca. 1 ns and a third component at ca. 8.3 ns, this latter 

representing the predominant contribution to the decay. The presence of the epitaxial TiO2 shell 

slightly accelerates the PL decay and significantly promotes the fast component with a fraction 

increasing from 11.4 % to 32.16 %. This suggests the possibility of a photon-induced electron 

transfer from the ZnO NW core towards the epitaxial TiO2 shell. The PL contribution from the 

TiO2 shell is however not detected in our case, thus suggesting a process faster than the time 

resolution offered by TCSPC. By probing the visible emission band at 610 nm, the faster 

component of ca. 1.4 ns to the decay is found to be much longer. The second and third 

components have a lifetime of ca. 7.4 ns and ca. 54.2 ns, respectively, this latter being the major 

contribution to the decay. In this case, the epitaxial TiO2 shell does not influence significantly 

the excited state dynamic of ZnO NWs. This can be anticipated since the deeper position of the 

states located in the bandgap of ZnO NWs cannot afford any electron transfer towards the TiO2 

shell. Overall, these optical measurements indicate that the epitaxial TiO2 shell grown by ALD 

leads to an efficient passivating effect of the surfaces of ZnO NWs as well as to a redistribution 

of hydrogen-related defects following the post-deposition thermal treatment.     

 Excitation at 375 nm / Emission at 420 nm 

 τ1 (ns) f1 (%) τ2 (ns) f2 (%) τ3 (ns) f3 (%) χ2 

ZnO 0.069 11.40 0.996 25.17 8.32 63.42 1.060 

ZnO/TiO2 0.067 32.16 0.724 27.85 6.70 39.98 1.149 

 Excitation at 375 nm / Emission at 610 nm 

 τ1 (ns) f1 (%) τ2 (ns) f2 (%) τ3 (ns) f3 (%) χ2 

ZnO 1.436 14.6 7.445 29.43 54.154 55.96 1.003 

ZnO/TiO2 1.552 5.70 8.852 26.03 53.543 68.27 1.026 

Table 1. Lifetime τk and fraction fk values of the kth processes obtained after reconvolution of 

the instrumental response function for bare ZnO NWs and ZnO / TiO2 core-shell NW 
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heterostructures annealed at 350 °C for 3 hours in air for an excitation wavelength at 375 nm 

and emission wavelengths at 420 nm or 610 nm. χ2 is the chi value of the fit. 

 

Figure 8. Time-resolved PL decay for (a,c) bare ZnO NWs and (b,d) ZnO / TiO2 core-shell 

NW heterostructures annealed at 350 °C for 3 hours in air for an excitation wavelength at 375 

nm and emission wavelengths at (a,b) 420 nm or (c,d) 610 nm (laser repetition of 2 MHz, energy 

of 100 nJ/cm2, long pass filter of 410 nm). The blue dots correspond to the experimental data 

and the red curve to the experimental fits after reconvolution of the instrumental response 

function. The residual is reported at the bottom of each decay.  

4. CONCLUSIONS 
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The chemical instability of ZnO NWs over a broad range of conditions in solution and gas 

phases as well as the high density of traps on their surfaces require the development of 

protective, passivating shells for improving their technological integration and maximizing the 

performances of the related devices. We have developed a double-step process using ALD and 

post-deposition thermal treatment in air to form a conformal, epitaxial TiO2 shell on the ZnO 

NWs with a range of orientation relationships, as shown by TEM-based experiments. The 

crystallization process has been found to start around 280 °C in air through the formation of the 

only anatase phase, using an in situ analysis combining temperature-dependent Raman 

scattering and XRD measurements. Furthermore, the epitaxial TiO2 shell has been revealed to 

induce a beneficial passivating effect and to redistribute the hydrogen-related defects in the 

center of ZnO NWs following the post-deposition thermal treatment at 350 °C in air. The 

optimal conditions for the double-step process are thus compatible with the use of glass covered 

with a transparent conductive oxide layer as a typical substrate in the field of photovoltaics. 

These findings report a powerful tool to form ZnO / TiO2 core-shell NW heterostructures with 

high structural and optical quality. They further open the way for developing the double-step 

process in other nanostructured material systems to master the related surface and interface 

properties.         

ASSOCIATED CONTENT 

XRD pattern of as-deposited ZnO / TiOx core-shell NW heterostructures and corresponding 

XRD patterns obtained after annealing at 250, 350 and 500 °C for 3 hours in air (Figure S1); 

Raman spectrum of as-deposited ZnO / TiOx core-shell NW heterostructures and corresponding 

Raman spectra collected after annealing at 250, 350 and 500 °C for 3 hours in air (Figure S2).  
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