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Abstract 

A novel optical fiber sensor of temperature using a thin ZnO layer fabricated by Atomic Layer 

Deposition (ALD) is demonstrated for the first time. The thin ZnO layer was grown on the face of a 

standard optical telecommunication fiber SMF-28 and operates as a Fabry-Perot interferometer 

sensitive to temperature. The interferometer characterization was made in the temperature range 

extending from 50 to 300°C with resolution equal to 1°C. The output signal was analyzed by 

measurement of the shift of the maxima in spectral pattern. The sensitivity of temperature 

measurement is about 0.05 nm/°C. Furthermore, very good linearity of the sensor was achieved with 

correlation coefficient R2 = 0.9984. 
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1. Introduction

Optical fiber sensors are successfully used not only in research laboratories but also in medicine and 

in many areas of industry. They can measure various physical quantities, especially: temperature, 

humidity and distance [1-4]. Fiber optic sensors possess unique advantages such as: immunity to 

electromagnetic field, small dimensions and light weight. At present, fabrication of an optical fiber 

sensor with the commonly used devices can be simple and inexpensive, which makes the use of fiber 

optic sensor more attractive than ever. Therefore, there is a need for materials that could serve as a 
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sensing layer in optical fiber sensors. Such layer must be sensitive to changes, in a selected physical 

quantity, and it must have a good adhesion to an optical fiber (usually to a silica glass fiber of 

diameter of 125 µm) [5,6]. 

On the other hand,  in recent years, Zinc oxide (ZnO) has drawn attention of many researches as a 

very promising semiconducting material. Usually, the researchers focus on the use of electro-optical 

properties of ZnO, which can be used in optoelectronic devices, such as optoelectronic modulators 

[7,8]. The other, common use of ZnO layer is in the field of opto-chemical gas [9,10] or humidity 

sensors [11]. Application of ZnO layers in optical fiber sensors as a sensing medium, usually requires 

utilization of a physical phenomenon such as a Surface Plasmon Resonance [12] (which requires 

functionalization of sensor’s surfaces) or the extensive use of specialized components such as 

dedicated planar waveguide [13] or expensive sapphire fiber [14].  

Ultrathin ZnO films have been synthesized using different deposition techniques such as sol-gel, 

chemical vapor deposition, electrodeposition, RF sputtering and atomic layer deposition [15].  

Among these techniques ALD appears to be one of the most promising techniques due to its 

simplicity, reproducibility and the high conformity of the obtained films. ALD is an innovative 

deposition technique which allows the fabrication of metal oxide thin films with tunable structural 

properties (thickness, grain size, chemical composition, texture, surface morphology and defect 

concentration). These properties are tailored by changing process conditions such as temperature, 

thickness or doping, as well as by selection of the substrate material [16,17], and have a strong 

impact on optical, mechanical, electrical  and other fundamental properties of the ZnO layers [18,19].  

In this paper, an optical fiber sensor based on ZnO thin film for temperature measurement is 

presented. The sensor employs low-coherence interferometry techniques to interrogate a Fabry-

Perot sensing interferometer filled with ZnO thin film, deposited by the use of Atomic Layer 

Deposition (ALD) on the end-face of the standard single-mode optical fiber (SMF–28). In order to 

attain the best metrological parameters of the setup, the transmission function of the Fabry-Perot 

interferometer was analyzed and its construction was optimized. 

 

2. Theory  

The Zinc oxide thin films can be used in two basic extrinsic Fabry-Perot fiber interferometer 

types, as shown in Fig. 1. The cavity mirrors M1 and M2 use Fresnel reflection at the boundary 

between the ZnO layer and the surrounding medium (i.e. optical fiber or air). 
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Fig. 1. Fabry-Perot interferometer with the cavity made of a ZnO layer: a) symmetric configuration,  

b) asymmetric configuration; h – thickness of the cavity, M1, M2 – cavity mirrors. 

 

The Fabry-Perot interferometer in symmetric configuration, shown in Fig. 1a, can work both in the 

transmission and the reflection mode, while the asymmetric configuration, shown in Fig. 1b, can be 

used only in the reflection mode. The latter configuration is much more versatile, as it has a greater 

contact area with the surrounding medium and provides free access to the mirror M2. What is also 

significant, the transmission function of a Fabry-Perot interferometer with optimized parameters can 

be approximated by  a two-beam interferometer, which simplifies measured signal processing [20]. 

Therefore, for further analysis authors decided to use the Fabry-Perot interferometer in an  

asymmetric configuration. 

For mathematical description, the following assumptions were made: 

10 the deposited ZnO films do not exhibit the birefringence; 

20 the refractive index of the ZnO films in the spectral region of interest, i.e. from about 600 nm to 

about 1600 nm, changes from 2.00 to 1.89, whilst the refractive index of media surrounding such 

film will  be assumed to be lower than that of ZnO; 

30 thickness of the film deposited on the fiber end-face is limited to 310 nm. Therefore, when such a 

film is illuminated by a near-Gaussian beam from a single mode fiber, the diameter of the beam 

does not increase appreciably in its path in the interferometer. 

 

Based on the above assumptions, it is possible to describe the Fabry-Perot interferometer using 

traditional plane wave model, where the amplitudes of the Gaussian beams incident on and 

propagating in the interferometer are described by the formulas derived for plane waves. The 

analysis of the asymmetric Fabry-Perot interferometer, presented in Fig. 1b, is complicated, as the 

reflectivities of mirrors M1 and M2 are no longer equal.  The reflectivity ℜ1 of mirror M1 is given by 

[21]: 

a) b) 
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where: n2 – the refractive index of the ZnO layer and n1 – effective refractive index of the fiber.  

Similarly, reflectivity ℜ2 of mirror M is given by [21]: 
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where: n3 – the refractive index of the surrounding medium (e.g. air).  

Assuming that ZnO has higher refractive index than the two media surrounding it and employing the 

same technique as that presented in chapter 7.6 of [21] for the case where ℜ1 ≠ℜ2, one can express 

reflectivity R of an asymmetric Fabry-Perot interferometer by [21]: 

 

δ
δ

cos21
cos2

2121

2121

ℜℜ−ℜℜ+
ℜℜ−ℜ+ℜ

=R ,     (3) 

where: ℜ1, ℜ2  – the reflectivity of the cavity mirror M1 and M2, respectively, φ – the phase difference 

given by [21]: 

nh
0

4
λ
πφ = ,      (4) 

where:  λ0 – the wavelength in vacuum, h – the thickness of the ZnO layer, n – the refractive index of 

the layer. 

The refractive index of ZnO layer is given by [22]: 

2
22

2
2 0711.0

3042.0
87968.081418.2 λ

λ
λ

−
−

+=n , (5) 

where: λ – the wavelength expressed in µm. 

Based on the numerical model outlined above, calculation worksheets were created in MathCAD 

v. 11 and reflection characteristics of the asymmetric Fabry-Perot interferometer was calculated. The 

calculations of reflectivity R as a function of wavelength λ were again conducted for 250 nm layer 

thickness values. The results are presented in Fig. 2. 
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Fig. 2. Reflectivity R(λ) of an asymmetric Fabry-Perot interferometer with the cavity made by filled by  

a ZnO layer in the spectral range from 420 nm to 1580 nm.  

The decrease of refractive index of the medium behind mirror M2, results in a substantial increase in 

reflectivity of the interferometer. It should be also noted that R(λ) does not fall to zero, because of 

substantial difference in reflectivity of mirrors M1 and M2.  

Optical fiber Fabry-Perot sensing interferometers is seldom used as intensity sensors. Most 

commonly, the detection relies on spectral processing, implemented either using a broadband 

source and optical spectrum analyzer, or using a tunable laser and a detector, to minimize the impact 

of intensity fluctuations on the measurement result. More spectral processing techniques require at 

least half of the fringe to be covered by the spectrum of the source. In the case of considered ZnO 

films, such requirement can be fulfilled for the 250 nm film in the range of 650 nm – 1000 nm of 

wavelength. 

 

3. Experimental  

3.1. Preparation of ZnO thin layer by ALD  

Diethyl Zinc (DEZ) (Zn(CH2CH3)2, 95% purity, CAS: 557-20-0) was purchased from Sigma Aldrich. 

Silicon wafer p-type (100) was obtained from INSTITUTE OF ELECTRONIC MATERIALS TECHNOLOGY  

(Warsaw, Poland) and Glass substrates from ChemLand (Stargard Szczeciński, Poland), as well as 

SMF-28 optical fiber. Substrates were pre-cleaned in acetone, ethanol and de-ionized water for 5 min 

to remove organic contaminants. A custom-made ALD reactor was used for the synthesis of Zinc 
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oxide thin films. ALD was achieved using sequential exposures of DEZ and H2O separated by a purge 

of nitrogen with a flow rate of 100 sccm. The deposition regime for ZnO consisted of 0.1 s pulse of 

DEZ, 20 s of exposure to DEZ, 40 s of purge with nitrogen followed by 2 s pulse of H2O, 30 s of 

exposure to H2O and finally 60 s purge with nitrogen. 1250 cycles were deposited on Si substrates, on 

glass substrates and optical fibers at 100°C.  

 

3.2. Characterization of the sensing layer  

Structural properties of ZnO films were characterized by Scanning electron microscopy (SEM), 

Ellipsometry, Energy-dispersive X-ray spectroscopy (EDX) and Grazing Incidence X-ray Diffraction 

(GIXRD). The morphology of the surface was studied using an Asylum Research MFP-3D Atomic Force 

Microscope, operating in tapping mode and equipped with a commercial silicon tip. The size of the 

AFM images was 3mm x 3mm. SEM measurements were performed using a Hitachi S-4800 

microscope and EDX on Hitachi S-4500 coupled with a Thermofisher EDX detector. The thicknesses of 

ZnO layers were measured using a Semilab GES5E spectroscopic ellipsometer (extended visible: 

1.23eV - 5eV). Structural characterizations by GIXRD were performed using Bruker D5000. 

Optical properties on ZnO thin films have been studied with UV-VIS transmittance (UV-VIS 

spectrophotometer Shimadzu UV-1700, the spectral range 300-1100 nm, 1 nm step) and 

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

was performed by a solid state laser source (Nd:YAG, LCS-DTL-374QT, Russia, 355 nm, 13 mW/cm2). 

The registration of the emitted spectra was provided by an experimental setup described by Abou 

Chaaya et al. [23]. 

3.3. Measurement of metrological properties of the fiber optic ZnO sensor 

In order to verify the possibility of using ZnO thin layer on the top of optical fiber as a Fabry-Perot 

temperature sensor, a series of test structures were manufactured [15] and tested. The structures 

consisted of a layer of ZnO grown using ALD on the end face of SMF-28 fiber. The designed thickness 

of the layer was 250 nm. The measurement system, used employed to test these structures, is shown 

in Fig. 3. It consists of a superluminescent diode (Superlum Broadlighter S930, Gaussian spectral 

density, λMAX = 932.4 nm, ΔλFWHM = 66.1 nm) acting as a light source, connected to the test structure 

by a single-mode fiber,  an Ando AQ6319 optical spectrum analyzer with resolution bandwidth set to 

1 nm working as the detection setup and temperature calibrator Ametek ETC-400A.  
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Fig. 3. The experimental set-up: 1) superluminescent diode; 2) fiber-optic coupler; 3) Fabry-Perot 

interferometer; 4) temperature calibrator; 5) optical spectrum analyzer.  

In the elaborated test structures, phase difference between interfering beams reflected from the ZnO 

thin film surfaces depending on the temperature. Any change of the phase difference between 

interfering beams modifies the spectrum of reflected signal I(ν) according to [23]: 

( ) ( ) )(ννν RSI =       (6) 

where: S(ν) – the spectral distribution of the light source; R(ν) – reflectivity of the Fabry-Perot sensing 

interferometer.  

4. Results and discussion  
4.1. ZnO layer characterization  

Fig. 4a shows the SEM images of ALD ZnO thin films deposited on Si substrates with 1250 

cycles. The images indicate a conformal coating of the Si substrate by the ALD ZnO films. The ZnO 

films develop a rough surface with colonar growth. GIXRD diffraction patterns of ZnO thin films are 

shown in Fig. 4b. The SEM image confirms the 310 nm ZnO thickness calculated based on the growth 

per cycles for ZnO films observed elsewhere (GPA = 0.25 nm). GIXRD diffraction (Fig. 4b) shows peaks 

at 2θ = 31.74°, 34.42° and 36.22° respectively corresponding to (100), (002) and (101) of ZnO as 

generally observed with the ZnO thin films deposited by Abou Chaaya et al. [23]. The AFM image of 

ZnO film is shown in Fig. 4c. The sample showed good polycrystalline structure with well-shaped 

nanograins. The average size of the nanograins was 40-60 nm. The surface roughness value (Rms) 

was 2.82 nm. Transmittance spectra of ZnO layer is shown in Fig. 4d. The samples were transparent 

in the range of wavelengths 440-1100 nm. The absorption edge of the ZnO film at 340-440 nm is 
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typical for ZnO nanostructures. Optical density (OD=ln(1/T), where T is transmittance) was used for 

calculations of band gap [23, 25]. The band gap of ZnO film estimated according to Abou Chaaya et 

al. [23, 25] was 3.28 eV (Fig. 4e).  

Room temperature photoluminescence spectrum of ZnO is shown in Fig. 4f. Two emission bands in 

UV and Visible range are observed. The analysis of the spectrum performed by Origin software 

showed single peak positions. The peaks in UV region at 3.3 eV, 3.25 eV and 3.16 eV correspond to 

free (FX), bound (D0X) excitons and the phonon replica, respectively [24-26]. The peaks at Visible 

range at 2.24 and 1.9 eV correspond to the structural defects: oxygen vacancy and interstitial oxygen, 

respectively [15, 24].  

 
Fig. 4. The SEM cross section image of ZnO ALD films deposited on Si substrates with 1250 cycles, b) GIXRD,  

c) AFM image, d) Transmittance spectra, e) Band gap calculation of ZnO film and f) Room temperature 

photoluminescence spectrum of ZnO film. 

 

4.2. Measured signal vs. temperature 
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The dependence of the measured signal spectra of presented interferometer on the temperature 

ranging from 50 to 300˚C is plotted in Fig. 5a and Fig. 5b. The positions of the maxima in the spectral 

pattern shift to shorter wavelengths during heating. 

 

 

 

 

 

 

Fig. 5. The spectra of measured signal during heating: a) in full measured range (910 – 980 nm);  

b) in the range of 920 to 950 nm.  

Similarly, the spectra of the measured signal acquired during cooling (from 300 to 50 ˚C) are shown 

in Fig. 6.  

Fig. 6. The spectra of measured signal during cooling: a) in full measured range (910 – 980 nm); b) in the range 

of 920 to 950 nm.  

b) a) 

a) b) 
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It can be noted that the position of maxima in the spectral pattern shift to the longer wavelengths 

during cooling. 

The dependence of the position of maxima in the spectral pattern on the temperature during cooling 

and heating is shown in Fig.6. It should be noticed that the maximum position changing per 

temperature unit is almost constant over the investigated range. 

 

Fig.7. The dependence of the spectral shift of measured signal on the temperature.  

The interferometer characterization was made in the temperature range extending from 50 to 300°C 

with resolution equal to 1°C. The output signal was analyzed by measurement of the shift of the 

maxima in spectral pattern. The shift of the investigated maxima of the spectral pattern equal to 13 

nm was achieved in investigated temperature range, thus the obtained sensitivity of temperature 

measurement can be estimated as about 0.05 nm/°C. Furthermore, we achieved very good linearity 

of the sensor with correlation coefficient R2 = 0.9984. 

The main difficulty during experiment was associated with analysis of the measurement signal, as the 

SMF-28 fiber working at the wavelength of λ = 932.4 nm caused it to support the propagation of two 

modes. This resulted in the interference of the two modes on the detector, seen in Fig. 4 and Fig. 5, 

as periodic fringes modulating the reflectance spectrum. This modulation does not impair the 

measurement process.  

Taking into account the above results, we can say that the investigation of the ALD ZnO layer as an 

active medium in the fiber-optic Fabry-Perot interferometer confirms its viability of the temperature 

measurement with acceptable metrological parameters.  
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5. Conclusions  

In this article the use of ALD ZnO thin layer as an active medium of Fabry-Perot interferometer has 

been presented. The dependence of the fiber-optic interferometer signal on temperature changes in 

the low-coherence measurement set-up with signal processing in spectral domain was investigated. 

The asymmetric configuration of the Fabry-Perot interferometer working in reflective mode was 

implemented. This interferometer was chosen because of its advantages: relatively simple 

configuration, potentially low cost, high resolution. Furthermore, because of its small size, it is 

possible to make nearly point-wise temperature measurement. 

The investigation of the ALD ZnO layer as an active medium in the fiber-optic Fabry-Perot 

interferometer confirms its ability to measure temperature with acceptable/good measurement 

parameters. For the first time, the fiber-optic temperature interferometric sensor in Fabry-Perot 

configuration was built with a ALD ZnO 250 nm-thick layer on the top of a conventional SMF-28 fiber. 

Presented preliminary results form the basis for building a temperature sensor ready for practical 

applications. 
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