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ABSTRACT

Purpose: The aim of this article was to investigate the possibility of uniform coverage 
of porous biomaterials with a thin film of titanium oxide deposited using the atomic layer 
deposition method (ALD)

Design/methodology/approach: The porous biomaterials were prepared by Selective 
Laser Melting (SLM) from Ti powder. The TiO2 thin films were prepared with use of atomic 
layer deposition method. The changes in surface topography was observed by the atomic 
force microscope AFM XE-100 and scanning electron microscope SEM. The measurement 
of thickness performed using spectroscopic ellipsometer.

Findings: Results and their analysis have confirmed show that the atomic layer deposition 
(ALD) method allows the deposition of homogenous and uniform thin films of TiO2 with the 
desired geometric characteristics onto porous Ti biomaterials.

Practical implications: The combination of porous substrate made from titanium which 
has good mechanical properties with a biocompatible titanium oxide provides practical 
possibilities of use for example in dental engineering.

Originality/value: The combination of porous substrate made from titanium which 
has good mechanical properties with a biocompatible titanium oxide provides practical 
possibilities of use for example in dental engineering.
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MATERIALS

1. Introduction 

The development of medical implants is largely 

dependent upon advancements in biomaterials engineering. 

Biomaterials are characterised by the required biotolerance 

(biocompatibility), i.e. biological compatibility and harmo-

nious interaction with a living matter. Biomaterials with the 

required biotolerance do not cause severe and chronic 

reactions after introduction into an organism, nor an 

inflammatory condition of the surrounding tissues. Two 

main types of biomaterials used for manufacturing medical 
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implants can be distinguished, namely metallic bioma-

terials and ceramic biomaterials. Metal and metal alloys 

belong to materials known and used in medicine for many 

years [1-3].  

Metallic materials, despite their disadvantages, such as 

insufficient corrosive resistance and biotolerance in some 

areas of applications, are characterised by a pool of very 

advantageous mechanical properties. High fatigue 

corrosion resistance, brittle cracking resistance and tensile 

and bending strength should be considered especially 

significant. Porous metallic materials are an attractive 

implantation material due to better, as compared to 

traditional solid materials, accommodation of the elasticity 

modulus to the bone and because bone tissue can grow on 

pores and by ensuring appropriate implant fixation to the 

bone [4-6]. Titanium and titanium alloys are broadly used 

in medicine of metallic materials and are valued for their 

low density, a beneficial strength-to-yield stress limit ratio, 

good corrosive resistance and biocompatibility. Titanium 

and its alloys have been applied for many years as 

biomaterials in the fabrication of implants for bone surgery, 

maxillo-facial surgery and prosthodontics. A risk related to 

the harmful effect of elements occurring as alloy additives 

in metallic materials can be eliminated if pristine titanium 

is applied for dental implants or endoprosthesis elements 

intended for use in contract with living organisms [7-9]. 

A further improvement in such material properties as 

biotolerance or osteoconductiveness is possible by 

employing suitable surface treatment methods. Thin layers 

are deposited permanently these days onto the surface  

of implants made of metallic biomaterials for long use in  

a human organism, such as endoprostheses of joints  

or dental implants, most often with the following  

methods [1,10-12]: plasma sputtering, electrophoresis, 

physical vapour deposition (PVD) and chemical vapour 

deposition (CVD), sputter coating and electrochemical 

deposition.

Where thin layers are deposited onto the surface of 

porous biomaterials with complicated shapes, it is very 

important to be able to accurately control growth 

mechanisms and uniform constitution of layers. For this 

reason, Atomic Layer Deposition is very interesting in the 

aspect of applications in dental engineering and 

craniofacial surgery. The ALD method is a variant of the 

CVD method characterised by the cyclic use of alternate 

precursor pulses with strong reactivity with a chamber 

purged with inert gas between such pulses. By applying 

strongly reactive precursors, which - after inserting them 

into a chamber - are reacting immediately with a substrate, 

thus forming a monolayer, and preventing a further 

reaction, each cycle increases the layer thickness by  

a strictly specified value within the range of  

0.01-0.3 nm. The number of cycles depends on the 

expected layer thickness. ALD can be employed for the 

deposition of: (i) single elements, e.g. group 4 elements; 

(ii) binary compounds, e.g. metal oxides; (iii) multi-

element compounds, e.g. hydroxyapatite. A unique 

advantage of ALD is an ability to deposit geometrically 

complex areas uniformly, including porous materials and 

three-dimensional objects [13-17]. 

2. Materials and methodology 

Scaffolds were used as a substrate in the course of the 

experimental works, i.e. porous parts similar to scaffolds 

whose task is to mimic the biological functions of the 

objects replaced. Scaffolds, being biomimetic materials, 

were made of 99.99% pristine titanium powder by 

Selective Laser Sintering (SLS) with a Renishaw AM 125 

device. Titanium powder was preheated at 150°C in 

a protective atmosphere of argon before starting the actual 

process. The SLS process was carried out within the 

following range of parameters: the scanning rate of 500-

1200 mm/s; laser power: 50-120 W; laser point size of  

35-80 µm; a protective atmosphere of argon. A manu-

facturing process of the actual object in the SLS process 

was performed from the bottom through selective pre-

melting of powders on a point-by-point and layer-by-layer 

basis using a high-performance laser. Each fabricated layer 

is adhering to the preceding one until completing the 

fabrication of the entire object previously designed with 

Computer Aided Materials (CAMD) [18,19]. BK7 optical 

glasses, which were subject to surface treatment parallel to 

the scaffolds, were used as a substrate to achieve reference 

samples for a comparative analysis of surface topography 

and the thickness of the layers deposited by ALD in 

a various number of cycles. 

Titanium oxide layers were deposited by ALD with an 

R-200 system by Picosun. The layers were deposited in 

a reaction chamber, also called a growth chamber, into 

which precursors were inserted cyclically, which can be in 

the solid, liquid or gaseous phase. Titanium chlorides were 

used as a precursor for the deposition of a TiO2 layer and 

water as a reagent by carrying out the process in the 

technological conditions presented in Table 1. The following 

are variable parameters of the experiment determining the 

deposition rate and thickness of layers: temperature within 

the range of (200, 400)°C and the number of cycles 
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performed of maximum 1550. The other process para-

meters, selected on the basis of a series of trial experiments 

performed earlier, remain at the optimum constant level.

The TiO2 - coated titanium scaffolds were subjected to 

microscope observations using a Supra 35 scanning 

electron microscope (SEM) by Carl Zeiss and an atomic 

forces microscope AFM XE 100 by Park Systems to 

discover their morphology and structure and topography of 

their surface. 

The thickness of a titanium oxide layer deposited 

during a different number of cycles onto the surface of 

titanium scaffolds was measured with a Sentech 

spectroscope ellipsometer. Measurement in 24 points was 

performed for each sample in particular and statistical 

calculations were carried out, which permitted to create 

a series of 3D histograms and 2D maps of thickness 

distribution of the deposited atomic layers.

Table 1. Technological conditions of the realised ALD 

process  

TiCl4

Carrier gas (N2) flow rate 

[SCCM]
150 

Pulse Time [s] 0.1 

Purge Time [s] 4.0 

H2O

Carrier gas (N2) flow rate 

[SCCM]
200 

Pulse Time [s] 0.1 

Purge Time [s] 4.0 

Substrate temperature [°C] 200-400 

Number of cycles 550-1550 

3. Results and discussion 

The surface morphology of the layers deposited by 

ALD was examined with an atomic forces microscope 

AFM XE-100 by Park Systems, which enables to produce 

3D images of surface topography. The surface observed is 

characterised by irregularities measured at a nanometric 

scale with XEI software, whose values, growing along with 

the number of cycles encompassing the entire layer 

deposition process, is presented in Table 2. A layer 

deposited in 550 cycles has a uniformly granular structure 

and the larger clusters of atoms are occurring on its surface 

only occasionally (Fig. 1). In the case of a layer deposited 

in 1.050 cycles, clusters of atoms with the diameter of 

about 1 µm occur (Fig. 2), which is also clearly visible for 

a layer deposited in 1.550 cycles (Fig. 3).

The detailed surface morphology examinations of the 

produced layers were undertaken with an electron scanning 

microscope Supra 35 by Zeiss, working with the 

accelerating voltage of 10-20 kV. Secondary Electrons 

detection with SE detectors by In Lens was used to obtain 

surface topography images. The representative samples of 

the experiments are shown in Figures 4-9. The observations 

made with the magnification of about 150 kx indicate  

a clear difference between the scaffold surface without 

surface treatment (Fig. 6), and the scaffold surface covered 

with a TiO2 layer in ALD (Fig. 9). The deposited atomic 

layer is visible as the small uniformly distributed granules 

(Fig. 9). 

The results of the studies undertaken with  

a spectroscope ellipsometer, allowing to determine the 

thickness of layers deposited by ALD for the selected 

representative samples corresponding to a different number 

of cycles, are shown as bar charts in Figures 10-12. The 

average thickness of the layers deposited when performing 

550, 1050 and 1550 cycles, which is, respectively, 55.95; 

98.90 and 148.73 nm, was calculated with specialist 

software bundled with the ellipsometer. Thickness deposi-

tion maps of the layers deposited in a process of 550, 1050 

and 1550 cycles, shown, respectively, in Figures 13-15, 

were further compiled with source data. The experiments 

performed point out that ALD enables to deposit a chosen 

chemical compound more uniformly across the entire 

surface of the part being treated, also if this part has 

a porous structure, as is the case with scaffolds. The 

difference in the thickness of the deposited TiO2 layers on  

a given area does not exceed 2 nm. The best results were 

obtained for a layer deposited at the temperature of 300°C 

in 1050 cycles. Difference in the thickness of the deposited 

layer in this case does not exceed 1.1 nm across the entire 

area of the surface-treated item (Fig. 14).

Table 2. Irregularities of scaffold surface deposited in ALD 

with thin TiO2 layer

Number of

cycles 

Smallest 

irregularity 

 [nm] 

Largest 

irregularity 

[nm] 

Mean square 

deviation  

[nm] 

550 13.851 47.791 2.997 

1050 45.592 130.279 32.319 

1550 54.455 131.529 33.253 
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Fig. 1. 3D images of surface topography of layer deposited 

in 550 cycles 

Fig. 2. 3D images of surface topography of layer deposited 

in 1050 cycles 

Fig. 3. 3D images of surface topography of layer deposited 

in 1550 cycles 

Fig. 4. SEM image of scaffold without ALD layer recorded 

at magnification of 100x 

Fig. 5. SEM image of scaffold without ALD layer recorded 

at magnification of 2 kx 

Fig. 6. SEM image of scaffold without ALD layer recorded 

at magnification of 150 kx 

200 µm 

10 µm

100 nm
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Fig. 7. SEM image of scaffold with ALD layer recorded in 

1550 cycles recorded at magnification of 100 x 

Fig. 8. SEM image of scaffold with ALD layer recorded in 

1550 cycles recorded at magnification of 2 kx 

Fig. 9. SEM image of scaffold with ALD layer recorded in 

1550 cycles recorded at magnification of 150 kx 

Fig. 10. Layer thickness measured in particular measu-

rement points, deposited by ALD in 550 cycles 

Fig. 11. Layer thickness measured in particular measu-

rement points, deposited by ALD in 1050 cycles 

Fig.12. Layer thickness measured in particular measu-

rement points, deposited by ALD in 1550 cycles 

100 nm

100 µm

10 µm
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Fig. 13. Thickness deposition maps of the layer deposited 

by ALD in 550 cycles 

Fig. 14. Thickness deposition maps of the layer deposited 

by ALD in 1050 cycles 

Fig. 15. Thickness deposition maps of the layer deposited 

by ALD in 1550 cycles 

4. Conclusions 

The article depicts the outcomes of studies consisting of 

deposition of uniformly thin layers of TiO2 on a porous 

metallic biomaterial sintered selectively by laser from 

titanium powder. A titanium surface possessing very good 

mechanical properties is modified to improve its biomedi-

cal properties such as osteoconductiveness and biocompa-

tibility. The experiments and preliminary studies performed 

have allowed to develop a deposition technology, by ALD 

method, of uniform layers of TiO2 on the surface of 

metallic scaffolds with controlled thickness depending on 

the process temperature and the number of cycles 

performed. The difference in the thickness of the deposited 

thin titanium powder layers across the entire studied 

material surface does not exceed 2 nm, which signifies very 

high accuracy of the ALD method unachievable with the 

other known methods. 
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