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Abstract  

Core-shell nanostructures of one-dimensional (1D) polyacrylonitrile (PAN)/zinc oxide 

(ZnO) were obtained by combining atomic layer deposition (ALD) and electrospinning. 

Nanofibers with different ZnO thicknesses were synthesized and investigated. The present work 

offers novel information about 1D ZnO structural defects and activation energies (Ea) by 

performing photoluminescence (PL) measurements. PL measurements of 1D ZnO/PAN samples 

were investigated from 77 K to 273 K (room temperature). By analyzing the obtained data of the 

emission spectrum, Ea and temperature coefficients were calculated. The results let us suggest an 

approximate model of defects in 1D ZnO/PAN structures. It was observed that optical properties 
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are strongly related to the structural properties of the obtained 1D materials i.e., the calculation 

of the concentration of defects in the ZnO layer was done by analyzing the optical 

measurements. These investigations allow predicting the properties of the materials and opens up 

a new roadmap for reliable sensing. 

 

Introduction 

ZnO is an n-type semiconductor with a direct wide-band gap that has been employed in 

optical, gas sensing, and biosensing applications 1–9. Currently, the deposition of ZnO as a thin 

film can be achieved by sol-gel, magnetron sputtering, chemical vapor deposition (CVD), and 

atomic layer deposition (ALD) methods 1,10,11. Among them, ALD allows the synthesis of 

conformal thin films that can undergo a phase transition from amorphous to crystalline as the 

layer thickness is increased 12.  

Coupled with this phase transition, it has been observed that the underlying substrate of ZnO 

nanolayers has an impact on its properties (grain size, crystallinity, band gap and 

photoluminescence) 13,14. For instance, it was shown that the growth of ZnO on an Al2O3 

sublayer stimulates the crystallization of ZnO films at lower thicknesses when compared to ZnO 

ALD layers grown on silicon (Si) substrates 15.  

Equally important, electrospinning is a well-established technique that allows the fabrication 

of one dimensional (1D) nanostructures with a high-degree of porosity and a high surface-to-

volume ratio. In particular, the combination of electrospinning and ALD offer the possibility of 

fabricating materials with advanced structural and optical properties 16. Recently, it was shown 

that ZnO nanolayers and ZnO/Al2O3 nanolaminates could be successfully deposited on 

electrospun polyacrylonitrile (PAN) nanofibers 17,18. The obtained samples showed a high 



photoluminescence emission (10000:1 gain) compared to samples deposited on glass and Si 

substrates.  

It is well-known that ZnO has two emission bands: an ultraviolet (UV) band (360-390 nm) 

related to excitons and a visible band (405-700 nm) related to structural defects 19,20. Moreover, it 

has been shown that the UV emission of ZnO can be diminished by the nanolayer thickness 

when the ZnO thickness is compared with the size of the exciton Bohr radius of ZnO (~ 2.3 nm) 

18. In a similar way, the visible emission of ZnO is based on defect levels such as zinc vacancies 

(3.03-3.15 eV)12,20, zinc interstitials (3.1-3.22 eV), oxygen vacancy (2.76-2.95 eV), and oxygen 

interstitials (2.12-2.25 eV) that are present in the material12,21,22. Correspondingly, by analyzing 

the correlation between photoluminescence (PL) and structural properties it is possible to 

estimate the defect concentrations in ZnO nanostructures 23. The calculated concentrations of 

defect levels and quantum efficiency of the photoluminescence were evaluated by measuring PL 

intensity vs excitation power at low temperatures 23. The temperature quenching of ZnO 

photoluminescence can provide activation energies for defect levels24 and binding energies for 

excitons 25. Therefore, investigation of PL spectra at different excitation powers and PL 

temperature quenching can provide information about defects and role of the structural 

parameters (depletion layer, defect concentration, thicknesses, etc.) to optical properties of ZnO 

nanostructures23,24 

Returning to ALD,  it has been observed that nanostructures deposited by this technique display 

an amorphous-to-crystalline transition 26. Besides, the deposition of ZnO and Al2O3/ZnO layers 

on PAN template stimulates the formation of a crystalline structure 17. Interestingly, the 

transition from amorphous to crystalline phase of ZnO was observed at ZnO thicknesses of 20 

nm and 5 nm for ZnO and Al2O3/ZnO layers on PAN, respectively 17,18. This transition was much 



lower when compared to ZnO films deposited by ALD on Si (~ 50 nm) 12,16. Bearing this in 

mind, both crystallization and defect healing of ZnO depend on the film thickness, and lead to 

changes in the structural and optical properties of the ZnO film 12. Similarly, it has been 

suggested that strain effects on the PAN surface could stimulate growth and enhancement of the 

optical properties of ZnO deposited by ALD. Despite some reports suggesting that the growth of 

the ZnO sublayer thickness increases the work function and quenches PL intensity in ZnO/Al2O3 

nanolaminates15,18 deposited by ALD on PAN nanofibers, no correlation between the film 

growth, strain effects, and quantum confinement effects with the optical and structural properties 

of ZnO layers deposited by ALD on PAN nanofibers has been reported so far. 

In the present paper high-surface-area core-shell 1D ZnO/PAN structures were prepared by a 

combination of electrospinning27 and ALD techniques 28,29. The morphology, crystallinity, and 

optical properties of these core-shell structures have been investigated by transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD), and PL 

methods. The activation energies and exciton binding energies were obtained from the ZnO PL 

temperature quenching. The defect concentrations were calculated from the excitation power 

dependence of the ZnO PL measured at low temperatures. Firstly for ZnO ALD layers, an 

analysis of the structural and optical properties of ZnO layers deposited by ALD with different 

thicknesses deposited on PAN nanofibers were performed. The ZnO PL intensity and peak 

position was analyzed by taking into account the defect concentration, thickness/surface-to-

volume ratio, strain effects, and crystallinity. Finally, the mechanisms of correlation between the 

optical and structural properties in ZnO ALD layers of different thicknesses are presented.  

 

 



Experimental Section 

Materials 

Polyacrylonitrile (PAN, Mwt 150 000, CAS No. 25014-41-9),N,N-dimethylformamide (DMF, 

98%, CAS No. 68-12-2), and diethylzinc ((DEZ), Zn (CH2CH3)2, 95%, CAS No. 557-20-0) were 

purchased from Sigma-Aldrich. 

 

Synthesis of PAN nanofibers 

First, PAN (10 g) was dissolved in DMF (100 ml) for a final concentration of 10 wt % PAN. The 

PAN/DMF solution was stirred for one hour and then it was heated in an oil bath at 80 °C for 10 

min. The electrospinning was carried out at room temperature (20°C) in air with an applied 

voltage of 17 kV and a pump rate of 0.2 ml per hour. The home-made electrospinning machine 

consisted of a syringe pump (KDS 100) with a needle diameter of 0.7 mm and a generator (HPx 

600 605, Physical Instruments). The syringe needle was connected to the positive entry of the 

voltage generator while the negative entry was connected to the collector at a distance of 25 cm 

from the syringe needle spike. When the stretched solution landed on the collector, a long fiber 

with an approximate diameter of 250 to 350 nm was produced 16. 

 

Atomic layer deposition of ZnO 

ZnO was deposited at 100 °C using sequential exposures of DEZ and deionized (DI) water 

separated by a purge of dry argon (flow rate of 100 sccm). The deposition cycle is described as 

follows: (a) 2 s pulse of DEZ, 30 s exposure, and 50 s purge with argon; (b) 3 s pulse of H2O, 40 



s of exposure, and 60 s purge with argon. The growth rate was typically 2 Å/cycle for ZnO 

16,26,30.  

 

Structural characterization of 1D ZnO nanostructures 

Scanning electron microscopy (SEM) was used to analyze the morphology of the nanofibers 

using a JEOL JSM 7001F microscope. X-ray diffraction (XRD) was obtained with a 

PANAlytical Xpert-PRO diffractometer equipped with an accelerator detector using Ni-filtered 

Cu-radiation with a wavelength of 1.54 A. Transmission Electron Microscopy (TEM) images 

were obtained with a JEOL ARM 200F high resolution transmission electron microscope (200 

kV) coupled with an JED2300 EDX analyzer.  

 

Optical characterization of 1D ZnO nanostructures 

A nitrogen laser with a λ=337 nm, a pulse duration of 10 ns, a power of 2.88 mW, and a spot size 

of 3 mm was used as the excitation source. PL was measured by an Ocean Optics HR2000+ 

spectrometer. The emitted light was collected using a collimating lens assembled with an optical 

fiber. PL spectra were collected in the range of 360 nm - 900 nm. The integration time varied 

from 1 s to 4 s depending on the PL intensity. 

The PL power dependence measurements were performed by using four neutral density filters to 

achieve different excitation powers. The laser power was varied between 0.20 mW and 2.88 

mW. The PL measurements were obtained at 77 K. In addition, PL temperature-dependent 

measurements were performed in a temperature range of 77 K to 273 K. The temperature was 

controlled by a Type-K thermocouple and measured with a step of -5±1 K. The error bars were 

calculated as average from 3 measurements. 



 

Results 

Structural properties of 1D ZnO/PAN 

Figure 1a shows the SEM image of one-dimensional (1D) polyacrylonitrile (PAN)/zinc oxide 

(ZnO) obtained with 300 s electrospinning time and coated with 50 cycles of ZnO by ALD. The 

obtained SEM images confirm the conformal ZnO coating over the PAN nanofibers. The average 

diameter of the nanofibers is about 500 ± 100 nm. The surface of the ZnO nanofibers is relatively 

granular, which may indicate the polycrystalline structure of the deposited thin film. XRD 

spectra of the 1D ZnO nanostructures display characteristic ZnO peaks for the 20 nm, 15 nm, and 

10 nm ZnO thicknesses (Table 1.). The most intense peaks can be assigned to the hexagonal 

würtzite planes of (100), (002), and (101) of ZnO. In Figure 1b, a peak shift towards higher 

values and a decrease of the peak width for higher ZnO layer thicknesses was observed. This is 

in agreement with previous results 31 where it was demonstrated that, as the thickness of the ZnO 

increases, more strain is put on the organic core that results in an improvement of the 

crystallinity. The broadening of the peaks can be explained by a decrease of the grain size and 

strain effects22. The absence of the peaks for the 5 nm and 2.5 nm ZnO thicknesses could be 

related to the low crystallite size and/or the amorphous nature of the ZnO. 
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Figure 1. (a) SEM images of the 1D ZnO nanostructures obtained with 300 s electrospinning 

time and coated with 50 cycles of ZnO by ALD at 373 K. (b) XRD data for samples of ZnO with 

thicknesses of 0, 2.5, 5, 10, 15, 20 nm. 

 

Table 1. XRD peak positions for 1D ZnO nanostructures with varying thicknesses  

 Peak position (˚) 

Thickness 

(nm) 

1 2 3 4 5 6 7 

20 32.25 34.83 36.68 47.73 56.84 62.91 68.19 

15 32.08 34.67 36.53 47.48 56.58 62.78 67.94 

10 31.89 34.49 36.34 - 56.62 62.66 67.87 

Reference7,16 31.74 34.42 36.22 47.53 56.61 62.6 68.03 

 

The crystallinity of the ZnO films was investigated by TEM. The TEM measurements (Figure 2) 

demonstrate the crystalline nature of the samples with a ZnO film thickness of 5 nm 16. 

Furthermore, it can be observed that the ZnO films have a granular structure. The average grain 

b) 



size was calculated using an elliptical shape fitting (Figure 2d). By analyzing the gran size values 

we observed that as the thickness of the ZnO films decreases the grain size also decreases.  

 

Figure 2. TEM images of a) 1D ZnO deposited on PAN nanofibers with 5 nm thickness and b, c) 

the crystallites of ZnO on the PAN surface, d) TEM data of ZnO grain size dependence on ZnO 

layer thickness 

 

ZnO layer thickness influence on PL spectra 

The optical properties of 1D ZnO/PAN nanostructures with ZnO thickness 20, 15, 10, 5 and 2.5 

nm were investigated by PL measurements (Figure 3a); The samples with 20 nm and 15 nm of 

ZnO have strong emission bands in the UV and visible range that can be related to free excitonic 



and surface defects, respectively 3,24. We also observed that, as the ZnO film thickness decreases, 

the UV and visible emissions intensity decreases. Similarly, the ratio of the UV/VIS emissions 

significantly decreases with the decrease of the ZnO film thickness (Figure 3b). It is widely 

known that the PL of ZnO significantly depends on the crystallinity of the sample 12,15. The 

comparative analysis between XRD and PL of the core-shell structures with different ZnO thin 

film thicknesses display a correlation between the XRD peak intensity and the ratio of the 

UV/VIS emissions. These results confirm the crystallinity of the samples covered with a 5 nm 

ZnO film. However, the samples with a 2.5 nm ZnO film were not possible to investigate due to 

the XRD detection limit of 4.5 nm. 
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Figure 3. a) PL spectra: Normalized peak positions at 77 K for different 1D ZnO thicknesses 

excited by nitrogen laser E=3.68 eV. b) UV/VIS emission ratio for 1D ZnO/PAN samples with 

different ZnO thicknesses 

 

By carefully analyzing the PL spectra from Figure 3a, a red shift of the visible emission and a 

blue shift of the UV emission can be observed as the ZnO film thickness decreases. The red shift 

of the visible emission is related to band bending 3. Based on literature,3 the depletion layer width 

b) a) 



increases and is accompanied by a transition of the neutral defects to an ionized state at low 

temperatures of 77 K. Similarly, the blue shift of the UV band can be related to a quantum 

confinement effect due to a decrease of the grain size with a decrease of the layer thickness 12,15. 

 

PL dependence on excitation power for 1D ZnO nanofibers 

The PL spectra from Figure 4a were deconvoluted with a Gaussian function in Origin Pro 7 and 

are shown in Figure 4b. The emission intensity depends on the excitation power (P) as  

𝐼~𝑃𝑘  

where the power coefficient (k) is calculated (Table 2.). For bound excitons and defect-level 

transitions, the parameter k has values lower than one. On the other hand, for free excitons, the 

value of k is always higher than 1. Therefore, by means of power dependence, we can analyze 

the type of transitions from the 1D ZnO nanostructures. 

 

Table 2. Peak positions of deconvoluted PL spectra for different ZnO thicknesses and 

corresponding power coefficients 

Thic

kness 

(nm) 

20 

Peak 

position 

(eV) 

3.31 3.24 3.14 2.89 2.5 2.35 

k 1.01 0.84 0.71 0.97 0.48 0.79 

15 

Peak 

position 

(eV) 

3.33 3.27 3.16 2.87 2.49 2.30 

k 1.03 0.91 0.85 0.81 0.61 0.81 

10 

Peak 

position 

(eV) 

 3.22 2.95 2.80 2.53 2.37 

k  0.81 0.86 0.85 0.92 0.78 

5 
Peak 

position 
 3.20 2.93 2.79 2.52 2.30 



(eV) 

k  0.98 0.65 0.68 0.74 0.82 

2.5 

Peak 

position 

(eV) 

  3.03 2.83 2.50 2.29 

k   0.87 0.89 0.79 0.83 

 

It is worth mentioning that the obtained peak positions for free exciton emission were red shifted 

0.015 eV - 0.025 eV when compared to other works in the literature 32. A possible explanation 

can be related to strain effects that result in a red shift of the UV emission 32,33 . In addition, ZnO 

is a well-known piezoelectric material. According to Reshchikov et al.34, strain effects can result 

in a variation of the valence and conduction band positions of ZnO, which reduces the band gap 

and exciton energies.  

PL intensity of defect emission depends on parameters of emission centers, such as concentration 

and cross-capturing coefficients of electrons and holes35. The mentioned parameters can be 

calculated from the dependence of the PL intensity vs. excitation power (Figure 4c). 

The PL peak intensity (I) can be calculated as35: 

 𝐼 =
𝐺

𝐺∙𝑡𝑟
𝑁𝑑

+
1

𝜂

 (1) 

Reshchikov et al.35 made an estimation to the real measurements of the peak intensity (I) and the 

average laser excitation power (P) taking into account the band-band absorption coefficient (α): 

 𝐼 = ∫
𝛼∙𝑃∙𝑒−𝛼𝑥

(𝛼
𝜏𝑟∙𝑃∙𝑒

−𝛼𝑥

𝑁𝑑
)+(

1

𝜂
)

𝐿

𝑥0
𝑑𝑥 =

𝑁𝑑

𝛼∙𝜏𝑟
𝑙𝑛⁡(1 +

𝑁𝑑∙𝜂

𝛼∙𝜏𝑟
∙ 𝑃), (2) 

where 𝜂 is the quantum efficiency. 



Defect levels have a power coefficient lower than 1. This assumption is based on the limitation 

of the defect concentration in ZnO. Using equation (1), we have estimated the parameters Nd, η 

and Cp, tr= 5 μs 22 (Figure 4d-f). 
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Figure 4. PL power dependence measurements with different neutral density filters for 20 nm 

sample. Power dependence (a); PL deconvolution with Gaussian function in Origin Pro 7 at 77 

K by using six peaks (b); logarithmic fitting, second peak (c); neutral oxygen vacancy (2.78 – 

2.85 eV) (d); singly ionized oxygen vacancy (2.45 – 2.53 eV) (e); doubly ionized oxygen 

vacancy (2.30 – 2.35 eV) (f) 

 

According to Janotti et al.20 , ZnO has emission peaks centered at the following positions (Figure 

5): 3.3-3.4 eV – free exciton emission, 3.24-3.27 eV donor bound excitons/or defect, 3.1-3.22 – 

Zn interstitials, 3.03 eV – zinc vacancies, 2.76-2.95 eV – ionized Zn interstitials/oxygen 

vacancies, 2.45-2.6 eV – singly ionized O vacancy, 2.29-2.37 eV – doubly ionized O vacancies. 

Thus, based on the values shown in Table 2, we can conclude that the decrease of the ZnO 

thickness results in a quenching of the free exciton emission due to a low crystallinity and a 

surface band bending. Due to a lower crystallinity, the defect concentration in samples with ZnO 

thicknesses lower than 15 nm was drastically increased (Figure 3b).  

 

 



Figure 5. Possible optical transitions and their energies in ZnO nanostructures where FX – free 

excitons, Zni – zinc interstitials, Zn+
i – ionized zinc interstitials, Vo – oxygen vacancies, V+

o – 

ionized oxygen vacancies 

 

The decrease of the ZnO film thickness results in a decrease of the concentration of singly 

ionized vacancies (peak at 2.5 eV). Similarly, the concentration of doubly ionized vacancies 

increased with the decrease of the ZnO film thickness (2.3 eV). The observed transitions between 

neutral and charged vacancies point towards an influence of the band bending, as previously 

discussed.  

Moreover, the quantum efficiency η depends on the concentration of the emission centers. The 

decrease of the η with the thickness is related to the structural properties of the samples. As it 

was discussed previously, the ZnO growth improves the crystalline nature of the samples and 

decreases the surface band bending. This effect results in a decrease of the doubly ionized 

oxygen vacancy concentration. 

Photoluminescence investigations of ZnO defect energies have been performed before 12. 

However, numerical values of defect concentration had not been previously obtained by this 

method. Nonetheless, neutral oxygen vacancy concentration determined by cathodoluminescence 

for non-stoichiometric ZnO displayed a concentration almost three orders of magnitude higher 

(1015-1018 cm-3) 2 than the result presented in this work (2.4·1013-1.5·1015) cm-3. On the other 

hand, the singly ionized oxygen vacancy concentration (6.1·1014-4.3·1015) cm-3 was lower than 

the one evaluated by EPR (2·1014 cm-3) in a bulk material 36. The concentration of doubly ionized 

oxygen vacancies showed a significant decrease with the growth of the ZnO layer thickness. 

 



PL dependence on temperature for 1D ZnO nanofibers 

Temperature-dependent PL measurements provide valuable information on the quenching of the 

emission. The PL spectra of 1D ZnO nanorods were measured in a temperature range of 77 K- 

273 K as shown in Figure 6a. The analysis of the peak position, full width at half maximum 

(FWHM), and intensity showed that, for the peaks in the range of 2.8 eV - 3.33 eV, a red shift of 

the peak position and a peak FWHM widening occurred. Similarly, for the peaks in the 2.29 eV - 

2.6 eV range, a blue shift of the peak position was observed. The effect of the peak shift has been 

reported previously 25,34. The increase of the temperature increases the lattice vibrations. 

Similarly, the increase of both the FWHM and the shift of the peak position are related to 

electron-phonon interactions. Furthermore, the red and blue shifts are related to emission and 

absorption of photons. 

The quenching of the PL intensity (I) can be described by the following equation 25: 

 

 𝐼~
1

1+𝐴∙𝑒𝑥𝑝
−(

𝐸𝑎
𝑘𝐵𝑇

)
 (3) 

where kB, A, and T are the Boltzmann constant, proportional coefficient, and absolute 

temperature, respectively. 

The obtained dependences I(T) were plotted in as 1/I vs 1/T and fitted by an exponential 

function (Figure 6b) to calculate activation energies. We can observe that the values of Ea for the 

1D ZnO 20 nm samples is in good correlation to an exciton binding energy of 0.06 eV37. The Ea 

parameter for 1D ZnO with 15 nm thickness was found to be 0.041 eV, which is lower than 

previous reports 38. The decrease of the exciton binding energy could be related to the electric 

field formed near the surface due to surface band bending. Also, the Ea of the visible emission 



correlates with values reported in the literature 19,39. For defect levels, the calculated Ea does not 

correspond to ionization energies of the defect level as the distance between the defect level and 

conduction band is more than 0.2 eV - 0.3 eV20. The obtained values correspond to energetic 

distances between radiative and non-radiative transitions (Figure 7). The obtained energies 

correlate with similar values detected for ZnO samples 19,39. 
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Figure 6. PL temperature dependence for the 20 nm sample (a); exponential approximation for 

Ea calculations - 20 nm sample and peak 2 is used in the graph (spectra deconvolution shown in 

Figure 5b)  

a) b) 



 

Figure 7. Possible radiative and non-radiative transitions 

 

Quantum efficiency might be proportional to defect concentration for oxygen vacancies VO 

and doubly ionized oxygen vacancies VO++. The ratio VO/ VO++ depends on deposited film 

thickness. The process of oxygen vacancy ionization could cause energy shifts.  

Therefore, properties of ZnO/PAN nanostructures can be affected by the depletion layer 

width (Figure 8). At the beginning stage of the ZnO ALD growth thin layers with low crystallites 

are formed. The depletion layer is spread within the whole ZnO coating. The increase of the 

thickness improves the ALD ZnO crystallinity and reduces the depletion layer width. ZnO films 

deposited by ALD with a thickness of 15 nm are interstates in between partially depleted and 

fully depleted layer. The tailoring of depletion layer in ALD ZnO/PAN nanofibers could be 

useful for optical applications, particularly for gas and chemical sensors. 

 



 

Figure 8. Thin films with electrospun PAN nanofibers as core and ZnO layer as shell layer. 

 

 

Conclusions 

Core-shell PAN/ZnO nanofibers were prepared by combining ALD and electrospinning. The 

increase of the ZnO thickness results in an improvement of the crystallinity, a decrease of the 

defect concentration, and an increase of the strain. An amorphous to crystalline phase transition 

occurs for ZnO film thicknesses higher than 10 nm. Due to the strain effects, shifts of the XRD 

and PL peaks were observed. A careful analysis of defect states in ZnO showed that the samples 

have two common peaks that correspond to singly ionized and doubly ionized oxygen vacancies. 

These defects are responsible for changes in the visible portion of the PL emission. In addition, 

defect passivation takes places during ZnO growth. Quantum efficiency correlates with defect 

concentration. Adsorbed surface species (O2-, OH-) influence binding energy of free excitons. PL 

UV peak shift of exciton emission from 20 nm – 15 nm ZnO is explained by the decrease of 
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grain size. Excitonic peaks for ZnO 15 nm and 20 nm are shifted towards lower energies 

compared to literature data38 because of the surface strain. The quenching of UV emission in 

samples lower than ZnO 15 nm results from lower crystallinity, higher defect concentrations and 

surface band bending. The methodology proposed in the present work allows analyzing 

correlation between structural and optical properties of 1D ZnO nanostructures. 
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