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ABSTRACT. Nanolaminates are new class of promising nanomaterials with outstanding 

properties. Here we explored on the tuning of structural properties and the enhancement of 

electronic and optical properties of 1D PAN ZnO/Al2O3 nanolaminates designed by Atomic 

Layer Deposition (ALD) and electrospinning. The influence of ZnO/Al2O3 bilayer thicknesses 

on the fundamental properties of 1D PAN ZnO/Al2O3 nanolaminates has been investigated. Due 

to the quantum confinement effect, the shift of XPS peaks to higher energies has been observed. 

Work function of Al2O3 was mostly independent of the bilayers number whereas the ZnO work 



function decreased with an increase of the bilayer number. Photoluminescence of the 1D PAN 

ZnO/Al2O3 nanolaminates corresponded to emission bands in ZnO nanolayers. Due to quantum 

confinement and surface band bending, no excitonic peaks were observed. The defect emission 

band was affected by the band bending and defect concentration. The enhanced 

photoluminescence of the 1D PAN ZnO/Al2O3 nanolaminates allows applications in optical 

(bio)sensing field. 

 

KEYWORDS. Nanolaminates, atomic layer deposition, electrospinning, Work function, 

photoluminescence 

 

INTRODUCTION 

Nanolaminates are new class of promising nanomaterials with well-tailored properties. 

These materials are obtained by alternating layers with an individual thickness on the nanometer 

scale of different materials.1 They manifest outstanding advanced mechanical,2 electrical and 

optical properties1 which depend from the constituent materials forming these nanolaminates. 

Zinc Oxide (ZnO) which can be incorporated in the nanolaminate material is a n-type 

semiconductor with wide band gap value (3.3 eV) and high exciton binding energy (0.06 eV). It 

also exhibited room temperature photoluminescence in UV-Vis region.1, 3 Among the different 

techniques to elaborate oxides based nanolaminates, Atomic Layer Deposition (ALD) is a 

powerful tool to fabricate different oxide materials.4-5 It is based on two self-limiting surface 

reactions which allow growing continuous, smooth, and conformal ultrathin film on high aspect 

ratio and complex substrates such as the 1D nanotructures with a precise dimensional control. 

This paper deals with the investigation of electronic and optical Properties of ZnO/Al2O3 

Nanolaminate Coated Electrospun Nanofibers. 

The design of Al2O3/ZnO nanolaminates as well as ZnO thin film doped with Al was widely 

investigated by ALD.2, 6-9 The ZnO deposited on Al2O3 thin films in the Al2O3/ZnO 



nanolaminates demonstrated a different growth direction in comparison to single ZnO thin 

film.10 ZnO demonstrates as well a change from amorphous to nanocrystalline with the increase 

of the bilayers thickness where Al2O3 layer remains amorphous.2 The change of the growth 

direction, the crystallinity and the Al doping influence the optical,1, 11 electrical12 and mechanical 

properties2 of the deposited thin films. Recently we investigated the optical and the structure 

properties of ZnO/Al2O3 nanolaminates deposited on Si substrates by Atomic Layer Deposition 

(ALD).1 We demonstrated the amorphous-to-crystalline phase transitions of ZnO in ZnO/Al2O3 

nanolaminates as well as the quantum confinement and size dependent room temperature 

photoluminescence.1 It was shown a correlation between structure (grain size and layer 

thickness) and optical (extinction coefficient and refractive index), pointing to the influence of 

growth conditions on the fundamental properties of the nanolaminates.1 

Different 1D nanostructures such as Carbon Nanotubes (CNTs) and polymer fibers have 

been investigated in order to design core/shell nanostructures using ALD of metal oxides.13-17 

Different studies were performed for the growth of oxides of Carbon nanotubes. Stafona et al. 

reported the influence of CNTs type and the defect concentration on the ALD coating.17 For low 

defect concentration, ALD coating cannot be realized. The functionalization of CNTs surface is 

needed to promote the nucleation of the oxide film. Carboxyl and hydroxyl groups are formed on 

the CNTs surface to initiate the ALD growth. Kemnade et al. showed that conformal growth of 

ALD ZnO layer on CNTs requested the modification of the CNTs with aromatic linking agents.14 

Lin et al. reported on the importance of CNT functionalization before deposition of ZnO 

nanolayers by ALD.15 Kayaci et al. reported that ALD ZnO layers provided a conformal coating 

of nylon fibers.13 However, Oldham et al. demonstrated that TMA and DEZ precursors could 

chemically react with polyamide-6 (PA-6) nylon nanofibers destroying their physical 

properties.16 Therefore, the conformal and uniform ALD coating on 1D nanostructures could be 

achieved by the right choice of the core chemical composition and surface state of the 1D 

nanostructures. PAN nanofibers are good chemically stable material for 1D core/shell 



nanostructure design.18 PAN nanofibers have been successfully used for chemical deposition of 

different metal nanoparticles on their surface. It was shown that PAN nanofibers have good 

mechanical and thermal stability. The adsorption sites present on the surface of the PAN fibers 

would facilitate the nucleation of the metal oxide layers by ALD. Thus, integration of metal 

oxide ALD technique and PAN nanofibers has a good perspective.  

Previously, we have reported on the fabrication of three-dimensional polyacrylonitrile 

/ZnO material prepared by the combination of electrospinning and atomic layer deposition 

(ALD) as new material with large surface area to enhance the optical properties.19-20. The study 

of room temperature photoluminescence (PL) spectrum exhibits peak intensity which enhance by 

a factor of 2000 compared to a flat Si substrate.20 In the present work, we report on the 

enhancement of electronic and optical properties of 1D organic core with ZnO/Al2O3 

nanolaminates shell nanostructures. The influence of structure parameters of ZnO/Al2O3 

nanolaminates (thickness, grain size, number of bilayers, defect concentration) on the main 

electronic (Work Function) and optical (photoluminescence and band gap) properties will be 

discussed. The enhancement of electronic and optical properties will allow application in 

different fields such sensors and biosensors. 

 

MATERIALS AND METHODS 

Polyacrylonitrile (PAN) nanofibers have been elaborated by electrospinning technique to 

be a template for the nanolaminates design by Atomic Layer Deposition (ALD). 

 

1. Electrospinning of PAN nanofibers 

Polyacrylonitrile PAN (Mw = 150000) and Dimethylformamide (ACS reagent, ≥ 99.8% ) 

were purchased from Sigma Aldrich. Polyacrylonitrile (10 wt% PAN) was dissolved in 

dimethylformamide (DMF). The electrospinning solution was maintained under agitation for 1 

hour and then heated in an oil bath at 80°C for 10 min. The used electrospinning machine was a 



home-made device using an HPx 600 605 generator (physical instruments) and a KDS 100 

syringe pump. The polymer solution was electrospuned in ambient air atmosphere under an 

applied voltage of 25 kV with a flow rate of 3 mL h-1 using a 0.7 mm diameter syringe connected 

to the positive output of the generator. A fix collector was placed 25 cm from the tip of the 

syringe and was related to the negative output of the generator. The droplet was transformed to a 

Taylor cone due to the electrostatic field applied between the syringe and the collector. The 

evaporation of the solvent during the process induces the formation of a net of submicron fiber. 

 

2. ALD deposition of nanolaminates 

Diethyl Zinc (DEZ) (Zn(CH2CH3)2, 95% purity, CAS: 557-20-0) and Trimethylaluminum 

(TMA) ((CH3)3Al) 98% purity, CAS: 75-24-1) were purchased from Sigma Aldrich. A custom 

made ALD reactor was used for the synthesis of ultrathin Al2O3/ZnO nanolaminates. ALD was 

performed using sequential exposures of TMA (DEZ) and H2O separated by a purge of Argon 

with a flow rate of 100 sccm. The deposition regime for ZnO and Al2O3 consisted of 0.2 s pulse 

of TMA (DEZ), 30 s of exposure to TMA (DEZ), 30 s of purge with Argon followed by 2 s 

pulse of H2O, 30 s of exposure to H2O and finally 40 s purge with Argon. Al2O3/ZnO ultrathin 

nanolaminates with different numbers of cycles were deposited on electrospun PAN nanofibers 

(Table 1). The deposition temperature was fixed to 100 °C. We note here that in contrast to the 

deposition of thin films on flat surfaces, the reactants had to diffuse into the high-aspect-ratio 

structures. Therefore an exposure time should be added and adapted in order to assure the 

conformal coating of the PAN nanofibers. GPC of ~0.2 nm/cycle has been observed for Al2O3 

and ZnO. These values are consistent with what has been reported elsewhere by Karvonen et al.9 

on ZnO/Al2O3 nanolaminates. The difference between the GPC of Al2O3 reported on single 

Al2O3 layers and the ZnO/Al2O3 nanolaminates has been attributed to the higher surface area of 

the rough crystalline ZnO interfaces.9 

 



3. Structural, chemical and Optical characterizations 

Structural and chemical compositions of all PAN-nanolaminates were analyzed by 

transmission electron microscopy (TEM). Images were obtained with a JEOL ARM 200F high-

resolution transmission electron microscope (200 kV) with an EDX analyzer (JED2300, at least 

30 accumulations, matrix 512x512 points in STEM mode). Dark and bright field detectors were 

used. 

FTIR spectra were obtained with the Bruker VERTEX 70v vacuum spectrometer using the 

RT-DLaTGS detector (spectral resolution of 4 cm-1). X-Ray diffraction measurements were 

performed with PANAlytical Xpert-PRO diffractometer equipped with a X’celerator detector 

using Ni-filtered Cu-radiation. Surface structural and chemical properties of PAN-nanolaminates 

were analyzed by means of the XPS/UPS technique mounted within the Omicron 

Nanotechnology multiprobe UHV system, using a monochromatized Al-Kα X-ray as the 

excitation source (hν = 1486.6 eV) and choosing C 1s (284.6 eV) as the reference line. XPS was 

conducted under ultrahigh vacuum (10-7 Pa). CasaXPS software was used to analyze the XPS 

data. Optical properties of ultrathin nanolaminates have been studied by photoluminescence 

spectroscopy (in the spectral range of 370-800 nm). The excitation of luminescence was 

performed by a solid state laser source (Nd:YAG, 355 nm, 13 mW cm-2). The registration of the 

emitted spectra was provided by an experimental setup described elsewhere.1, 3, 20 

 

RESULTS AND DISCUSSION 

1. Chemical and structural characterizations 

TEM images of PAN - Al2O3/ZnO nanostructures are presented in Figure 1 (TEM image 

of the end face of PAN fiber and TEM/EDX mapping in Supporting Information (Figure SI1 and 

SI2)). The TEM images confirm the conformal coating of the PAN nanofibers by ALD. It is 

clearly seen the nanolaminates formation (ZnO (dark stripes) and Al2O3 (light stripes)). The total 

thickness of nanolaminates layer is 25 nm (Figure 1d). Lattice fringes seen in high-resolution 



TEM images reveal ZnO nanocrystals with (101) and (002) planes (Figure 1a and 1b insets). 

Using ImageJ software, the grain size and the interplane distances for (101) and (002) lattice 

planes were calculated (Insets of Figure 1 a, b, c). The grain size was calculated using elliptical 

shape fitting and the longer axis was used as the grain size. The average grain size for 20 nm, 10 

nm and 5.2 nm bilayer thicknesses were 9.8±2.5 nm, 6.5±1.5 nm and 5.3±2.1 nm, respectively. 

For 2 and 1.2 bilayer thicknesses, the grain size was not determined due to the quality of the 

image and the resolution of TEM. We suppose that the in case of 20 nm, 10 nm and 5.2 nm 

bilayer thicknesses, the grains were elongated and limited by the layer thickness. The TEM 

analysis provided evidence that the Al2O3 layers are amorphous for all samples. The ZnO layers 

are in a polycrystalline phase. The TEM images demonstrate the ability to produce highly 

uniform layers of nanolaminates covered PAN fibers by the ALD processes. 

The Fourier-transform infrared (FTIR) absorbance spectrum is presented in Figure 2a. 

The FTIR data reveals a presence of the main vibration bands of polyacrylonitrile (PAN) in 

investigated samples. The bands manifest themselves in the ranges of 2260 – 2240 cm-1 (C≡N 

stretch) and 1485 – 1035 cm-1 (C-O and C-C stretch and aliphatic CH-group vibrations of 

different modes in CH, CH2 and CH3). Very sharp and strong peak at 2243 cm-1 is assigned to 

nitrile band. After deposition of Al2O3/ZnO nanolaminates, two new bands appears in the 1670 – 

1600 cm-1 spectral range which are attributed to carbonyl group vibrations.21 In the spectral 

range 600 – 380 cm-1, the peak at 407 cm-1 is visible, which is related to ZnO E1,TO phonon 

mode. With a decrease of the nanolaminate thickness, the ZnO phonon related absorption 

decreases, and at the 1.2 nm bilayer thickness it is undetectable. This tendency implies the 

transition from the polycrystalline to amorphous phase of the nanolaminates with low bilayer 

thicknesses. Similar tendency is show by XRD spectra recorded from nanolaminates with the 

same bilayer thicknesses (Figure 2b). The ZnO related XRD peaks essentially decrease with a 

decrease of bilayer thickness. It is reasonable to assume that amorphous nature of ultrathin 

nanolaminates required minimum thickness to allow crystallization in a thin film.11 The proposed 



crystallization model for ultrathin layers and superlattices is taking into account the interface 

energies, the thickness of the layers, the melting point of the system, and the bulk amorphous 

crystallization temperature.22 It was shown that exponential increase of the crystallization 

temperature leads to the decrease of the minimal thickness at which crystallization occurs. From 

XRD (Figure 2b), HRTEM and previous studies,2, 11 this bilayer thickness value was shown to be 

2.5 nm for Al2O3/ZnO nanolaminates. So, we assume that close to this value is the point at which 

the crystallization process starts in Al2O3/ZnO nanolaminates. The ZnO grain size decreases with 

decreasing the bilayer thickness. The amorphous Al2O3 layer play the role of stopping layer for 

ZnO growth. The ZnO layer is forced to renucleate on the underlying amorphous Al2O3 layer 

inducing the decrease of the grain size when the bilayer thickness decreases. 

The surface composition and chemical state polymer fiber coated with different bilayers 

thicknesses of ZnO/Al2O3 nanolaminates were studied by XPS (Figure 3). Samples depict zinc 

(Zn), aluminum (Al), oxygen (O) and carbon (C) components. It is worth to say that no peaks, 

related to Al were observed for nanolaminates with 10 and 20 nm bilayer thicknesses (Figure 3 d 

and e ). It is related to the limit of the penetration depth of the excitation X-ray photons. As was 

shown in our previous work, the Auger parameter is a useful tool to determine the stoichiometry 

and the phase of obtained structures.23 The main peak of the Zn (LMM) Auger series occurs at 

kinetic energy of 988±0.5 eV. From this values and Zn 2p3/2 binding energy, we calculated the 

modified Auger parameter α’ (α’=BE(Zn 2p3/2)+KE(Zn LMM), where BE and KE are a binding 

energy of the core level 2p3/2 and a kinetic energy of the Auger transition involving electrons 

from L3, M45 and M45 core levels) as defined by Wagner. For all samples, our calculations lead 

to a value of 2009.9±0.5 eV corresponding to ZnO (Wurtzite).24 This indicates the formation of 

stoichiometric ZnO in all samples. 

As the studied samples had a single ZnO layer thickness from 0.6 to 10 nm, their 

fundamental properties would change from the bulk materials to nanoscale.25 In order to 

understand the surface role and quantum confinement effects, the energy ranges related to Zn 



and O lines were rescaled and analyzed. Figure 4 shows the core level of the Zn 2p spectra. The 

core level binding energies of Zn 2p3/2 and Zn 2p1/2 are about 1022.5 ± 0.1 eV and 1045.6 ± 0.1 

eV (20 nm bilayer thickness). These peaks indicate the presence of ZnO phase.26-29 The binding 

energy difference (duplet) between these components is about 23.1±0.1 eV which could be 

attributed to the Zn2+ ions in ZnO. From Figure 4 we can see the shift of peak positions to higher 

energies with the decrease of bilayer thickness. However, the difference of 23.1 eV in all 

samples indicates the presence of the normal state of Zn2+ in the ZnO. The oxygen core level 

peak behaves similarly (Figure 4 bottom image). The observed phenomenon of XPS size shift 

can be explained, by growth of surface to volume atoms relation and correspondingly relative 

increase of dangling bonds on the surface. This leads to change of electronic structure in 

nanocrystals, resulted in increase of binding energies.23, 25, 30 

The XPS peaks were analyzed by de-convolution of peaks using CasaXPS software 

(Supporting information; Figure SI3). It was found, that Zn 2p1/2 peak of 1.2 nm bilayer 

thickness sample was well fitted with one peak, centered at 1045 eV, whereas other samples 

showed 2 peaks fitting of the corresponding Zn 2p1/2 peak. The obtained peaks P1 and P2 were in 

the range of 1045±0.6 eV and 1044±0.6 eV, respectively. The ratio of Zn 2p1/2 (P2)/(P1) 

increased with a growth of a bilayer thickness, pointing to the decrease of surface-to-volume 

aspect ratio. The analysis of Zn 2p1/2 peaks showed similar results: the main peak was shifted 

towards lower energies and additional peak at 1022.3±0.6 eV has appeared at the spectra, 

pointing to the presence of Zn species (interstitials) or Zn-OH in ZnO.31  

Analysis of O 1S peak has been fitted with 3 peaks, centered at 529.6±0.5 (P1), 531.3±0.2 (P2) 

and 532.1±0.4 (P3) eV. The present oxygen at XPS spectrum peaks corresponded to 

chemisorbed surface oxygen and water (P1), surface adsorbed OH and/or oxygen vacancy (P2) 

and O2- (P3) in ZnO lattice.32 It is worth to say that ratio P2/P3 decreased with the increase of the 

bilayer thickness, pointing to the improvement of nanolaminates crystallinity and the decrease of 

the defect concentration. 



 

2. Band gap energy determination 

It is well known, that the difference between the onset of inelastic electron losses (Eloss) energy 

and the core level peak (e.g. oxygen peak -EO 1s) allows one to estimate the energy gap (Eg) of 

the material.33 The intersection of the linear-fit line of the measured electron loss spectra near the 

core level peak and the background “zero” level gives us the onset of inelastic losses occurring 

in Al2O3.
34 Then we can calculate the band gap energy of Al2O3 using the formula: 

Olossg EEE  . Applying this theory, we have calculated Eg of Al2O3 for PAN-Nanolaminates 

samples (Figure 5). Following values were obtained: 5.37±0.06, 5.78±0.09, 5.88 and 6.01±0.08 

eV for PAN-nanolaminates samples with 0.6, 1, 2.6 and 5 nm Al2O3 layer thickness, 

respectively. Unfortunately, it was impossible to calculate the Eg of Al2O3 for PAN-Al2O3/ZnO 

(10 nm Al2O3 layer thickness) due to the thick top layer of ZnO under the Al2O3 layer. Our 

obtained values of about 6 eV is low compared to the one reported for amorphous Al2O3 (8.8 

eV).33 This observation might be explained by the highly defected structure of Al2O3 layer in 

nanolaminates. Upon increasing the Al2O3 layer thickness in PAN-nanolaminates, the Eg 

gradually increases and tends to bulk value. 

 

3. Work function determination 

The electronic structure of PAN-ZnO/Al2O3 nanolaminates as a function of the bilayers 

thicknesses was studied with UV photoelectron spectroscopy (UPS) (He I emission 21.22 eV). 

The work function (Φ) of the ZnO could be estimated by subtracting the secondary electron 

cutoff value from the He excitation source of 21.22 eV (Φ = 21.22 eV - ESEC). Figure 6 shows 

the UPS spectra of PAN-ZnO/Al2O3 nanolaminates. The calculated values of Φ are shown in the 

image. The Φ of ZnO decreases gradually from 5.86 eV (20 nm bilayer thickness) to 5.19 eV 

(1.2 nm bilayer thickness), which is possibly due to the morphology changes of the top ZnO 

layers in nanolaminates. The structure of ZnO layer in the 20 nm bilayer thickness sample is 



polycrystalline (TEM results; Figure 1), thus, the energy barriers presenting at the border of 

disorientated ZnO nanocrystallites increases the value of the Φ. The small peak corresponding to 

Al2O3 is also present in the Figure 6. The average value of WF for Al2O3 is approximately 4.7 eV 

and it changes insignificantly. 

Work functions of ZnO and Al2O3 layers are plotted in Figure 6. The work function of Al2O3 

was insignificantly changed whereas the ZnO work function significantly decreased with the 

bilayer thickness. 

The change of Φ could be explained by band bending, formed at the upper layer of the 

nanolaminates (ZnO-air interface) (Figure 7). Electron affinity of ZnO and Al2O3 were taken 

χZnO=4.37 eV and χAl2O3=1.35 eV respectively.35-36 Fermi level EF position in each component of 

the nanolaminates was estimated: 

FE          (Equation 1) 

where Φ is a work function. 

The conductance band and valence band gap offsets cold be calculated as (Table 2): 

12cE           (Equation 2) 

c2g1gv EEEE         (Equation 3) 

where Eg1,2 and χ1,2 are band gap values of Al2O3 and ZnO and electron affinity values of ZnO 

and Al2O3, respectively.  

The built in potential Vbi between two altering ZnO and Al2O3 layers was calculated due to 

(Table 2):  

1F2Fbi EEqV         (Equation 4) 

where q is an electron charge, EF1 and EF2 are Fermi level positions in Al2O3 and ZnO, 

correspondently.  

To estimate potential drops in ZnO and Al2O3, the Debye lengths in the altering materials were 

estimated: 
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where k ,T, ε and ε0 are the Boltzmann’s constant, absolute temperature, dielectric permittivity of 

ZnO (ε=8.5) and electric constant (ε0=8.85∙10-12 F m-1), respectively. The donor concentration in 

ZnO and Al2O3 were taken 1023 m-3 and 1016 m-3, respectively.37-38  

The estimated Debye lengths were 10-8 m and 5∙10-5 m for ZnO and Al2O3, respectively.  

The potential drops in ZnO and Al2O3 could be calculated as: 

ZnObi3O2Al

DZnO3O2DAl

bi
DZnOZnO

VVV

LL

V
LV






     (Equation 6) 

Based on equations (5) and (6) the potential drop in ZnO was 10-4 eV. Therefore, the band 

bending in ZnO at the interface between ZnO and Al2O3 is significantly small and the potential 

drop will be mostly faced in Al2O3 layer. 

The estimated values of ZnO work function are strongly affected by the surface band bending in 

the upper ZnO layer. The later could be estimated from equation 7: 

bl20bl1sV         (Equation 7) 

Where Φ1bl Φ20bl are work function of ZnO in 1 bilayer and 20 bilayer samples respectively. The 

obtained Vs value was 0.64 eV. The depletion width in ZnO could be calculated from the 

equation 8:39 
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        (Equation 8) 

The estimated W value was around 50 nm. Therefore, the upper ZnO layer will be fully depleted 

and a double barrier structure will be formed on the borders of the ZnO layers, pointing to the 

confinement of the electrons in ZnO along Z-axis. The observed change of work function in ZnO 

layers results from the presence of hydroxyl and oxygen groups, adsorbed on ZnO surface. This 

is corroborated by the band at 3500 cm-1 observed in FTIR and XPS analysis. The change of the 

work function with the increase of the bilayer numbers is affected by ‘screening‘ of the induced 



electric field on the surface of the middle Al2O3 layers. The part of the depleted ZnO layers will 

decrease and therefore, the average value of the work function will decrease. 

 

4. Photoluminescence of PAN-Al2O3/ZnO nanolaminates 

The photoluminescence of the PAN-Al2O3/ZnO nanolaminates samples showed intense broad 

visible emission (Figure 8). The deconvolution of the peaks was performed using Gaussian 

fitting (Supporting Information; Figure SI4). Peaks at 473, 520 and 580 nm have been found. In 

ZnO, PL appears due to the photogenerated holes and electrons as the equilibrium holes 

concentration is too low. PL depends on the defects concentration. The visible PL intensity 

increases with the decrease of the layer thickness due to the growth of defects number. It was 

shown that PAN, as a template, induces the nucleation of pure ZnO during the growth affecting 

the optical properties.20 However, in the present work PAN template did not influence the PL of 

ZnO as since Al2O3 layer was the first layer deposited over PAN in all the analyzed samples. It is 

known that PL of ZnO is sensitive to surface band bending and grain size dimensions.3 Due to 

the depleted layer, no exciton emission was observed in the samples with 20, 10 and 5.2 nm 

bilayers thicknesses. Moreover, the strong visible emission has been observed for all samples. 

The intensity of the measured emission was 1000 folds higher than the PL emission of the 

nanolaminates, deposited on Si substrates.1, 20 The significant increase of the PL was found with 

the increase of the bilayer numbers. It has been reported that visible PL in ZnO nanostructures is 

resulted from defects, mostly from Zn and O vacancies and interstitials.1, 3, 20 According to that, 

the observed peaks at 473, 520 and 580 nm could be assigned to neutral, single charged and 

double charged oxygen vacancies, respectively.1, 3, 20 However, the peak at 473 nm could also be 

related to Zn vacancies.1, 3, 20 Measuring only room temperature luminescence, we cannot 

discriminate the observed peak at 473 nm between two different defect states. However this fact 

does not change the nature of the emission. 



According to XPS data, the number of defects decreased with an increase of the bilayer 

thickness. Therefore, the 1.2 nm bilayer thickness sample showed the highest 

photoluminescence. The work function measurements of the samples showed the significant 

influence of the surface band bending in the upper ZnO layer. The band bending could stimulate 

the separation of photogenerated electrons and holes, increasing a role of non-irradiative 

transitions. As shown above, the Al2O3 layers ‘screen’ the influence of the surface charge in the 

upper layer and form heterostructures in which ZnO layers are electron-rich. Besides the 

decrease of the average value of ZnO work function, the increase of the emission intensity 

occurred.  

The work function of ZnO is related to a width of the space charge and band bending. 40-

41 The change of WF can point to the adsorption/desorption, interface forming and other changes 

on the surface. In our case, WF demonstrates that the band bending decreases when more Al2O3 

layers are introduced in the nanolaminates what induced electron-rich area in ZnO. It is one of 

the factors which influences PL value. 

In our previous works,1, 3 we observed similar results when no excitonic peaks were 

found for thin layers due to band bending and low grain size. This will result from the high 

concentration of defects, the low grain size (compatible with exciton Bohr radius for ZnO (2.6 

nm)) and the surface band bending. Therefore, domination of defect level emission and low rate 

of exciton formation are observed. 

The ZnO layers were polycrystalline with small grain size. We suppose that the grain boundaries 

will have the following effect in the optical properties of the nanolaminates: (i) Quantum 

confinement effect: due to the low grain size, the blue shift of the band gap is observed; (ii) 

Defects are formed on the grain boundaries:42 XPS showed the higher concentration of the 

defects for low ZnO thickness, what enhanced visible photoluminescence; and (iii) grain 

boundaries influence light absorption, particularly, the Urbach tail:42 a higher Urbach tail value is 

observed for low ZnO thickness due to the increasing of the grain boundaries active surface 



(more defects). In the present study, we have shown that the ZnO work function significantly 

decreased with the decreasing of the bilayer thickness. We explain this observation by band 

bending. It is well-known fact that grain boundaries can induce localized energy states within the 

band gap leading to trapped, localized charges. These will form an electrostatic potential barrier 

– band bending, for the majority of carrier transport across grain boundaries and as well as 

enhanced recombination of photogenerated carriers, thus increasing the PL what we can observe 

on the PL spectra. Many other authors have shown that the formation of a nanocrystalline 

structure decreases the electron work function.43-44  

 

CONCLUSION 

Summarizing, the structural and optical properties of Al2O3/ZnO determined from the XPS, 

TEM, FTIR, XRD and PL analysis provide an important information about crystalline structure 

of nanolaminates on the 1D PAN substrate. The amorphous-to crystalline transition has been 

observed for ZnO nanolayers at the thickness of 2.6 nm on the 1D PAN nanotemplate. In 

particular, strong influence of the bilayer thicknesses on the crystallinity of ZnO nanolayers has 

been found. Due to the quantum confinement effect, the shift of XPS peaks to higher energies 

has been observed. Work function of Al2O3 was mostly independent on the bilayers number 

whereas the ZnO work function decreased with an increase of the bilayer number. The observed 

phenomenon indicate surface band bending on the upper layer of ZnO and further charge 

‘screening’ by Al2O3 layers in internal ZnO layers of the nanolaminates.  

Photoluminescence of the nanolaminates corresponded to emission bands in ZnO nanolayers. 

Due to low grain size, high defect concentration and surface band bending, no excitonic peaks 

were observed. The defect emission band was affected by the band bending and defect 

concentration. The observed XPS and PL data are in good correlation. The enhanced PL of the 

nanolaminates could be used for optical (bio)sensing. 
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FIGURES 

 

Figure 1. TEM images of PAN- Al2O3/ZnO nanolaminates with different bilayers thicknesses: 

(a) 20 nm, (b) 10 nm, (c) 5.2 nm and (d) 2 nm. Insets show the corresponding high-magnification 

images. 

 

 



 

  

Figure 2. a) Absorbance spectra and b) XRD spectra of PAN- Al2O3/ZnO nanolaminates at 

various bilayers thicknesses. Spectra are shifted for clarity. 
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Figure 3. XPS survey spectra of ZnO/Al2O3 nanolaminates coated polymer fiber with different 

bilayers thicknesses: (a) 1.2 nm, (b) 2 nm, (c) 5.2 nm, (d) 10 nm and (e) 20 nm. The main core 

levels are labeled. The data are normalized to each O1s peak maximum and separated vertically.  
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Figure 4. XPS survey spectra of ZnO/Al2O3 nanolaminates coated polymer fiber with different 

bilayers thicknesses: (a) 1.2 nm, (b) 2 nm, (c) 5.2 nm, (d) 10 nm and (e) 20 nm. The main core 

levels are labeled. The data are normalized and separated vertically. 

 

 

 

Figure 5. O 1s Energy-loss spectra for band gap determination of Al2O3 of ZnO/Al2O3 

nanolaminates coated polymer fiber with different bilayers thicknesses 
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Figure 6. UPS results of work function measurements of ZnO/Al2O3 nanolaminates coated 

polymer fiber with different bilayers thicknesses 
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Figure 7. Zone diagram of Al2O3/ZnO Nanolaminates formation: a) the single layers before 

contact, b) 1 bilayer and c) n bilayers 

 

 

Figure 8. Room temperature PL spectra of PAN-Al2O3/ZnO nanolaminates with different 

bilayers thicknesses; Al2O3/ZnO nanolaminate 50 (2 nm x 2 nm) deposited on Silicon was added 

for comparison 
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TABLES 

 

Table 1. Al2O3/ZnO ultrathin nanolaminates synthesis by ALD 

Samples 

Cycles 

of Al2O3 

Cycles 

of ZnO 

Numbers 

of Bilayers 

Bilayer thickness 

(nm) 

Al2O3/ZnO 20 (0.6/0.6 nm) 3 3 20 1.2 

Al2O3/ZnO 10 (1/1 nm) 5 5 10 2 

Al2O3/ZnO 4 (2.6/2.6 nm) 13 13 4 5.2 

Al2O3/ZnO 2 (5/5 nm) 25 25 2 10 

Al2O3/ZnO 1 (10/10 nm) 50 50 1 20 

 

Table 2. Electronic parameters of Al2O3/ZnO ultrathin nanolaminates synthesis by ALD; The 

numbers in square parenthesis are references. 

 

Electron 

affinity (eV) 

Band gap 

(eV) 

Work function 

(eV) 

ΔEc (eV) ΔEv (eV) Vbi (eV) 

Al2O3 1.35 [36] 6±0.1 4.8±0.1 

3 0.3±0.1 2±0.1 

ZnO 4.35 [35] 3.3 [35] 5.8±0.1 
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