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THE INFLUENCE OF THE SUBSTRATE TEMPERATURE ON 

THE PHISICOCHEMICAL PROPERTIES OF CALCIUM 

PHOSPHATE LAYERS DEPOSITED BY LOW POWER 

RADIO-FREQUENCY MAGNETRON SPUTTERING 

DISCHARGE 

Maria-Elena ZARIF1,2, Andreea GROZA1, Sasa Alexandra YEHIA-ALEXE1,3, 

Bogdan BITA1,3, Ecaterina ANDRONESCU2,4,5 ,* 

In this study we report the deposition of calcium phosphate layers by Radio-

Frequency Magnetron Sputtering technique at 50 W low power and a target-to-

substrate distance of about 8 cm, when the substrate temperature was externally 

controlled from 25 to 200 C. The scanning electron microscopy investigations of the 

surface morphologies of the layers obtained when the substrates were externally 

heated indicated the formation of compact microcavities. The Ca/P atomic ratios were 

1.8 for all coatings. The Fourier transform infrared spectra peak fitting analysis 

indicated that the peak area percentages vary as a function of the substrate 

temperature, revealing the molecular changes in the layers. The X-ray photoelectron 

spectroscopy investigation confirmed that the surface chemistry is dependent on the 

deposition conditions.  
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1. Introduction 

The radio-frequency magnetron sputtering (RF-MS) technique is used for 

the deposition of calcium phosphates (CaPs) coatings due to the fact that it ensures 

a good adhesion of the layers to the substrate and a good control of their properties, 

including the Ca/P atomic ratio [1]. The properties of the coatings are dependent on 

several factors such as the RF power [2], the working pressure [3], the deposition 

time [2,4], the substrate temperature [5–7], the sputtering target material [7,8] (e.g., 

hydroxyapatite (HAp), tricalcium phosphate (TCP), dicalcium phosphate (DCP), or 

other CaPs, their mixture, or doped CaPs), and the substrate type [6,7] (e.g. Si or 
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Ti). Our previous results indicated that layers synthetized from sputtering HAp 

targets have Ca/P atomic ratios dependent on the substrate temperature when the 

coatings were deposited on Ti substrates [5,7]. In the case of Sr-doped HAp 

sputtering targets, the (Ca+Sr)/P atomic ratios were equal in the case of the layers 

generated on Si samples and slightly decreased with the substrate temperature 

increase when deposited on mirror-like Ti substrates [6,7]. 

The coatings deposited by RF-MS are generally amorphous and additionally 

annealing is required to increase the crystallinity of the layers [9]. It has been 

reported that the Ca/P atomic ratios of as-deposited RF-MS generated layers is 

lower than the Ca/P atomic ratios of the corresponding targets, but increase above 

these values after annealing [8,9]. Boyd et al. [9] reported that for thermally-treated 

layers deposited using a three sputtering target system of HAp, TCP, or two targets 

of HAp and one of DCP, semi-crystalline HAp-like coatings are obtained, with 

Ca/P atomic ratios of 1.82, 1.73, and 1.43, respectively. These rations were higher 

than those corresponding to the as-deposited layers, which were 1.35, 1.23, and 

1.19, respectively. Similar results regarding the evolution of Ca/P atomic ratios of 

the CaPs layers before and after annealing were reported by O’Kane et al. [8]. The 

amorphous nature of the as-deposited layers was evidenced by poorly defined peaks 

in the Fourier Transform Infrared Spectroscopy (FTIR) spectra [8]. The FTIR 

investigation can indicate the beginning of crystallization for the CaPs by narrower 

ν3 bands and splitted ν4 bands, characteristic for the triply degenerated 

antisymmetric stretching mode of P-O bonds and triply degenerated antisymmetric 

bending mode of O-P-O bonds, respectively [10]. Besides these, two other 

absorption bands in the FTIR spectra, characteristic for the non-degenerated 

symmetric stretching mode of P-O (ν1) and for the symmetric out-of-plane bending 

of O-P-O (ν2), are also an indication of the phosphate group [10]. Generally, 

additional steps, such as annealing, are to be avoided. Therefore, the externally 

heating of the substrate during the physical vapor deposition could be a solution. 

In this regard, the aim of this study is to evidence the impact of the substrate 

temperature on the physicochemical properties of CaPs layers generated by RF-MS 

at low power. The research of RF-MS generated CaP layers was generally focused 

on short (up to 4-5 cm) target-to-substrate distances [2,4,11–22] 

and/or high powers, usually above 100 W [2,4,8,9,11–15,23–28] to ensure coatings 

with improved crystallinity and high thicknesses. However, for heat-sensitive 

substrates such conditions cannot be used. Therefore, this study represents the first 

step into the evaluation of the development of this technique for the deposition of 

CaP layers on heat-sensitive substrates or from organic-CaP composite sputtering 

targets. 
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2. Materials and methods 

Sputtering targets (diameter: 5 cm; thickness:  4 mm) were obtained by 

pressing a calcium phosphate (CaP) tribasic powder [Ca10(OH)2(PO4)6; CAS 

number: 12167-74-7; Alfa Aesar]. The CaP layers were deposited on Ti substrates 

with a mirror-like surface.  

The CaP coatings were synthetized in the following conditions: 50 W RF 

power, 10 h deposition time, and substrate temperatures of 25, 100 and 200 C. 

These temperatures were measured before starting of the RF-MS discharge using a 

single ended thermocouple probe. The heating of the substrates was done using a 

homemade oven. It must be mentioned that the substrate temperatures increase 

above these values during the CaP deposition due to plasma heating. For an initial 

substrate temperature of 25 C, after 10 h deposition time, the substrate temperature 

reaches 120 C. Considering this, the highest substrate temperature should not 

exceed 320 C. Details on the experimental equipment and other working 

parameters are presented in ref. [5] and listed in Table 1.  
 

Table 1 

Working parameters during the RF-MS deposition 

Working parameter Value 

Power 50 W 

Deposition time 10 h 

Substrate temperature 25, 100, and 200 C 

Target-to-substrate distance 8 cm 

Base pressure 10-5 mbar 

Working pressure 10-2 mbar 

Gas Ar 

Gas flow 5 mln/min 

 

A quartz crystal microbalance (INFICON Holding AG Company) was used 

to measure the deposition rate for the CaP layers, which was 0.03 Å/s, resulting in 

a film thickness of around 100 nm.  

The coatings were investigated by surface analysis methods such as 

Scanning Electron Microscopy (SEM) and X-Ray Photoelectron Spectroscopy 

(XPS). The elemental and molecular analysis of the CaP layers have been 

conducted by Energy Dispersive X-Ray Spectroscopy (EDX) and Fourier 

Transform Infrared Spectroscopy (FTIR). 

SEM and EDX measurements have been performed using a ThermoFisher 

Apreo S scanning electron microscope and a SiLi EDX detector, at acceleration 

voltages of 8 and 10 kV, respectively. 

The ATR-FTIR analysis revealed the features of CaPs molecular bands and 

was recorded with a Perkin-Elmer SP 100 FTIR spectrometer with a 4 cm-1 

resolution in the range of 4000-400 cm-1. Through the SPECTRUM software of the 
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FTIR spectrometer the transmission spectra were converted into absorption one. 

Due to the fact that the absorption bands in the FTIR spectra were not well resolved, 

the peak fitting analysis was required to identify the overlapping bands. In this 

regard, the 2nd order derivative analysis (OriginPro software) was required to 

identify the wavenumbers of these peaks. The MagicPlotPro software was used to 

perform the deconvolution procedure, using Lorentz fitting curves. The FWHMs 

were not limited during the peak fitting analysis. Only the wavenumber positions 

of the peaks were restricted to match the values observed from the 2nd order 

derivative analysis. The fitting results revealed that the RSS (X2 - Residual sum of 

squares, also known as chi-squared) parameter was ranged between 0.0085 and 

0.232 and that the coefficient of determination (R2) was above 0.99 for all the peak 

fitting analysis.  

The XPS allowed the evaluation of the chemical bonds at the CaP layer 

surfaces. The survey and the high-resolution XPS spectra were acquired using a K-

Alpha Thermo Scientific (ESCALAB™ XI) spectrometer, with a monochromatic 

Al Kα source. All spectra were calibrated to the main line of C 1s at 284.6 eV to 

ensure the charge correction. 

3. Results and discussion 

 3.1. Scanning Electron Microscopy 

The morphology of the CaP/Ti layer surfaces is exhibited in Fig. 1. The 

SEM images indicated that compact areas and microcavities (Fig. 1 c and d) are 

formed at the surface of the coatings generated at 100 and 200 C substrate 

temperatures. The morphology of the layers deposited at 25 C substrate 

temperature is preponderantly porous (Fig. 1 b). 
 

  
(a) (b) 
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(c) (d) 

Fig 1. SEM images of the (a) Ti substrate and of the CaP/Ti layers produced at the temperatures of 

the substrates of: (b) 25 C, (c) 100 C, and (d) 200 C. 

 

Our previous results [5], reported in the case of CaP/Ti layers produced at 

100 W for 5 h, revealed that an increased substrate holder temperature in RF-MS 

discharge significantly changes the morphology of the surface from grain-like 

structures (25 C) to more compact surfaces with microcavities (300 C). At a 

substrate temperature of 300 C [5], the surface morphology of the layers was 

similar for the following deposition parameters: 100 W for 5 h and 50 W for 10 h. 

It results that longer deposition times at low powers can provide the same surface 

characteristics of CaP/Ti layers when the substrate holder is externally heated at 

300 C. 

The CaP layers deposited by RF-MS without increasing the substrate 

temperature with an external heating source (e.g. oven) have columnar growth, 

resulting in a grain-like surface morphology [15,29]. We assume that, as the 

substrate temperature increases, the coalescence of the grains appears, resulting in 

more compact layers and microcavities formation at their surface.  

 3.2. Energy-Dispersive X-Ray Spectroscopy 

In the EDX spectrum of the substrate, titanium and nitrogen were identified 

(see Fig. 2 a). The EDX spectra of CaP/Ti layers (see Fig. 2 b, c, d) exhibit the Ca, 

P, and O characteristic elements. The Ca/P atomic ratios were 1.8 for all samples. 

This finding indicates that the layers may be composed out of amorphous CaPs 

and/or a mixture of CaPs phases. The Ca/P atomic ratios are higher than the 

stoichiometric ratio of HAp. This can be associated with the presence of CaO in the 

RF-MS generated layers [18], may suggest B-type carbonation, or may be assigned 

to the versatility of this ratio for HAp during the transition from an amorphous to a 

crystalline phase.  
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(a) (b) 

  
(c) (d) 

Fig. 2. EDX spectra of the (a) Ti substrate and CaP layers deposited at different substrate 

temperatures: (b) 25 C, (c) 100 C, and (d) 200C. 

 3.3. Fourier Transform Infrared Spectroscopy 

 The CaP layers deposited by RF-MS are usually amorphous. This can be 

observed in the FTIR spectra by broad and non-split absorption bands characteristic 

for the phosphate group. The amorphous nature of such layers can also be revealed 

by the absence of the stretching (3570 cm-1) and libration (630 cm-1) modes of 

the structural hydroxyl. Therefore, the crystalline quality of the layers has been 

discussed considering the above-mentioned aspects, especially on the narrowing 

and the splitting of the absorbance bands characteristic for the phosphate group.  

The FTIR spectra of the CaP/Ti layers produced at different temperatures 

of the substrate are presented in Fig. 3.  

In the 4000-2000 cm-1 wavenumber range (Fig. 3. a), a broad absorption 

band can be observed. A broad absorption band in the 3600-2600 cm-1 wavenumber 

range can be attributed to adsorbed water.  

For the layer deposited at a substrate temperature of 200 C, a sharp and 

low intensity band can be observed at 3569 cm-1, associated with the stretching 
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vibration mode of O-H bonds, indicating structural OH groups [30]. For this 

deposition condition, three low intensity absorption bands at 2962, 2920, and 2851 

cm-1 were also identified in the FTIR spectrum and were associated with the 

stretching vibrations of C-H bonds [31]. The bands at 2962 and 2920 cm-1 were 

also identified in the FTIR spectrum of the layers deposited at 100 C. These bands 

can be associated to ethanol, which has been used for the substrate cleaning before 

starting of the CaP layer deposition. We assume that the broadness of this band 

extends to 2000 cm-1 due to absorbed CO3
2- [30]. However, the broadness of this 

band can also be associated to the O-H stretching vibration of HPO4
2-, which 

appears in the FTIR spectrum within the wavenumber range 3400-2000 cm-1 

[32,33].  

 
 

(a) (b) 

  
(c) (d) 

Fig. 3. FTIR spectra of the CaP layers in the wavenumber ranges of: (a) 4000-1700 cm-1, (b) 1700-

1300 cm-1, (c) 1300-850 cm-1, and (d) 850-500 cm-1. 

 

 The absorption bands at 1465 and 1418 cm-1 (Fig. 3. b) are characteristic 

for the ν3 vibrations of the CO3 group. The carbonate ion can substitute either the 

hydroxyl ion resulting, in A-type carbonated HAp, or the phosphate ion, resulting 

in B-type carbonated HAp. When both ions are substituted, there is an AB-type 
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substitution. The FTIR spectra of the CaP layers (Fig. 3. b) may suggest that B-type 

carbonation occurs [34–36], which could also explain the increase of the Ca/P 

atomic ratios. However, considering that these bands are very weak and the fact 

that in the wavenumber range 890-850 cm-1 the absorption band characteristic for 

the ν2 vibration of the CO3 group [35] was not observed, the carbonation of the CaP 

layers is very reduced. 

In the 1300-900 cm-1 spectral range, the FTIR molecular bands are narrower 

as the substrate temperature increases. For the CaP deposited at 25 C (Fig. 3, black 

line), the absorption band at  1120 cm-1 is characteristic to P-O vibration in non-

apatitic phosphate group [17,30,37,38] and/or to P-O-H in HPO4
2- groups [25,39]. 

O’Kane et al. [8] reported the deposition of CaP thin films by RF-MS from HAp, 

α-TCP, and DCP sputtering targets. After annealing, a very strong absorption band, 

characteristic for the asymmetric stretching of the phosphate group, was identified 

at 1121 cm-1 for the layer deposited from a HAp sputtering target [8]. Strong IR 

peaks, characteristic to HPO4
2- ions, namely P-O-H bond vibrations, were 

previously identified at 1120 and 580 cm-1 [25], 1126 and 582 cm-1 [9] by Boyd et 

al. and around 1117 and 584 cm-1 by Robinson et al. [39] for annealed coatings 

deposited from HAp sputtering targets. In their study, Robinson et al. [39] reported 

only a very weak shoulder around 875 cm-1, which was not observed in the FTIR 

spectra of the layers investigated in our work (Fig. 3 c). The shifts between the 

absorbance bands of the coatings deposited at a substrate temperature of 100 C 

(Fig. 3, red line) and 200 C (Fig. 3, blue line) are under the FTIR resolution of 4 

cm-1: 1117 cm-1 and 1118 cm-1, respectively and can be attributed to the vibrations 

in PO4
3- and/or HPO4

2- groups. 

 A shoulder at 1028 cm-1, characteristic for the 3 vibrational mode of PO4
3- 

in hydroxyapatite [5], was identified in the FTIR spectrum of the CaP layer 

deposited at a substrate temperature of 200 C (Fig. 3, blue line). 

 Differences between the 1 symmetric stretching vibrational mode of PO4
3- 

[30] of the layers deposited at 100 C and 200 C and the layer deposited without 

heating the substrate were observed. The wavenumbers were  963 cm-1 (Fig. 3 red 

and blue lines) and 947 cm-1 (Fig. 3 black line), respectively. The absorption band 

at ~740 cm-1 is characteristic for P2O7
4- [6]. The stretching modes of P2O7

4- were 

previously identified at 726 and 1136 cm-1 [40] or 725 and 1215 cm-1 [9].  

 In the 700-500 cm-1 wavenumber range, a splitting of the absorption bands 

assigned to the ν4 bending vibrational mode of PO4
3- was observed for the coatings 

deposited by heating the substrates during the RF-MS deposition, with maximums 

at 610 cm-1 and 586 cm-1 (Fig 3. red and blue line). This split was not observed for 

the layer deposited without heating the substrate (Fig. 3 black line). The band at 

586 cm-1 can be assigned to P-O vibrations in HPO4
2- [39]. 

 The narrowing of the 3 band and the splitting of the ν4 band may indicate 

the beginning of crystallization, as previously reported by Uskoković [10]. 
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 Considering the broad absorption bands from the FTIR spectra of the 

CaP/Ti layers (Fig. 3), peak fitting analysis was required. The deconvolution results 

in the 1300-900 cm-1 and 700-500 cm-1 ranges are shown in Fig. 4 and summarized 

in Tables 2,3. 

In the 1300-900 cm-1 range, for the layer deposited without heating the 

substrate (Fig. 4 a), the presence of P2O7
4-/P-OH was revealed by the 1136 cm-1 

absorption band [8,40]. When the substrate temperature during the RF-MS 

discharge was increased, this absorption band was not further observed (Fig. 4 c 

and e and Table 1). This fact reveals that during the plasma deposition, the 

formation of pyrophosphate P2O7
4- group is favored by a lower substrate 

temperature. Previously, we reported [5] the deposition of CaP layers on Ti 

substrates at a working power of 100 W for 5 h. The presence of P2O7
4- group was 

not identified after the peak fitting analysis, highlighting therefore a different 

composition of the layers based on these two parameters.  

 The peak area percentage of the FTIR band at 1120 cm-1 (Fig. 4 a), assigned 

to PO4
3- and/or HPO4

2- group [17,30,37,38] increases from 12 % up to 64 %, as a 

function of substrate temperature (Table 2). The 1144 cm-1 peak was also assigned 

to HPO4
2- [9]. 

 The peak at 1098 cm-1 (Fig. 4 a, Table 2), assigned to 3 of PO4
3- [5], shifted 

to lower wavenumbers, 1083 cm-1, as the substrate temperature was increased and 

the area percentage decreased from 39 % to 20 % (Fig. 4 c and e, Table 2). The 

peak at 1055 cm-1, completely disappeared from the FTIR spectrum of the CaP 

layer deposited at 100 and 200 C (Fig. 4 e, Table 2). These results highlight that, 

as the substrate temperature is increased, the chemistry of the layers is changed, 

most probably due to the presence of different CaP phases. 
 

Table 2 

FTIR absorption bands assignments for the CaP layers deposited at different substrate 

temperatures and their peak area percentages in the 1300 – 900 cm-1 wavenumber range 

Substrate 

temperature  

(C) 

Wavenumber [cm-1] 

(Peak Area Percentage) 

P2O7
4-/ 

P-OH 

HPO4
2- 

and/or 

PO4
3- 

3 of PO4
3- 

[41] 

1
 of PO4

3- 

25 1136 

(26 %) 

1120 

(12 %) 

1098 

(39 %) 

1055 

(11 %) 

1024 

(11 %) 

946 

( 1 %) 

100 - 1118 

(58 %) 

1083 

(30 %) 

- 1026 

(11 %) 

951 

( 1 %) 

200 - 1118, 1144 

(64 %, 4%) 

1083 

(20 %) 

- 1028 

(11 %) 

963 

( 1 %) 

 

Regarding the study of the ν4 PO4
3- domain, characteristic for the triply 

degenerated antisymmetric bending mode of O-P-O bonds, Christian Ray et al. [42] 
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are pioneers. In 1990, they demonstrated the presence of non-apatitic domains in 

HAp [42]. The deconvolution of this wavenumber domain, which is required for 

the investigation of poorly crystalline HAps, can highlight the presence of apatitic 

and non-apatitic PO4
3- and HPO4

2-, and of apatitic OH- ions [43,44].   

In the 700-500 cm-1 spectral range, the absorption bands around 617 cm-1 

(Fig 4 b, d, and f, Table 3) were assigned to non-apatitic PO4
3- [43] while the one 

at 554 cm-1 can be assigned either to PO4
3- [30] or P2O7

4- [9] (Fig. 4 b, Table 3).  

 The absorption band at 630 cm-1, characteristic to the OH- libration mode, 

is shifted to 634 cm-1 at a substrate temperature of 200 C. For the layer deposited 

without heating the substrate, the peak area percentage is lower (Table 3), 8 %, 

probably due to the P2O7
4- group. When the temperature at the substrate increases, 

the peak area percentage of non-apatitic PO4
3- group decreases and the one 

characteristic to OH- group inside HAp structure increases. 
 

Table 3 
FTIR absorption bands assignments for the CaP layers deposited at different substrate 

temperatures and their peak area percentages in the spectral range of 700 – 500 cm-1  

 

Substrate 

temperature 

(C) 

Wavenumber [cm-1] 

(Peak Area Percentage) 

L OH- Non-apatitic 

PO4
3- 

PO4
3-  HPO4

2- PO4
3- 

25 630 

(8 %) 

617 

(30 %) 

602 

(32 %) 

585 

(18 %) 

568 

(10 %) 

554 

(2 %) 

100 630 

(11 %) 

617 

(20 %) 

606 

(33 %) 

584 

(32 %) 

567 

(4 %) 

- 

200 634 

(14 %) 

619 

(19%) 

608 

(33 %) 

585 

(31 %) 

568 

(3 %) 

- 

 

  
(a) (b) 
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(c) (d) 

  
(e) (f) 

Fig. 4. Deconvoluted FTIR spectra of the CaP/Ti layers at: (a, b) 25 C, (c, d) 100 C, and (e, f) 

200 C substrate temperature in the 1300-900 cm-1 (a, c, and e) and 700-500 cm-1 (b, d, and f) 

wavenumber ranges  

 3.4. X-Ray Photoelectron Spectroscopy 

 The XPS general spectra are presented in Fig. 5. The chemical elements 

characteristic for calcium phosphates: Ca, P, and O, were identified.  

The Ca 2p and P 2p XPS peaks are presented in Fig. 6. The results indicated 

that as the substrate temperature is increased, there are some shifts to lower binding 

energies in the case of the XPS peaks characteristic to Ca 2p3/2, Ca 2p1/2, and P 2p. 

Ca 2p3/2 peak shifts from higher binding energies, 347.4 eV for the layers deposited 

without heating the substrate, to lower values: 347.2 eV (100 C) and 347.0 eV 

(200 C). The P 2p XPS peak position shifts from 133.5 eV (for the layers deposited 

at 25 C and 100 C) to 133.1 eV (for the layer deposited at 200 C). These shifts 

indicate structural modifications at the layer surface as the layer substrate increases. 

The observed binding energies are characteristic to CaPs compounds [9]. The FTIR 

analysis sustain these results. 



16         Maria Zarif, Andreea Groza, Sasa Yehia-Alexe, Bogdan Bita, Ecaterina Andronescu 

 

Fig. 5. XPS survey of the CaP/Ti layers. 

 

  
(a) (b) 

Fig. 6. XPS peaks of Ca 2p (a) and P 2p (b) for the CaP layers deposited at different substrate 

temperatures 

4. Conclusions 

In this study we report the effects of the substrate temperature on the 

physicochemical properties of calcium phosphates deposited by RF-MS at low 

power.  

The SEM analysis showed that by heating of the substrate during the 

deposition up to 100 C and 200 C, a similar surface morphology can be obtained, 

while maintaining the same Ca/P atomic ratio of 1.8.  

The FTIR spectra showed that as the substrate temperature is increased, the 

ν3 band narrows and the ν4 band splits, indicating a possible modification in the 

crystalline structure of the films. The begin of HAp structure formation has been 

evidenced by the presence of absorption bands characteristic to the OH group in the 

FTIR spectrum of the layer deposited at 200 C substrate temperature and the 

decrease of the peak area percentage characteristic to non-apatitic PO4
3-. 
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These changes were confirmed by the XPS investigation, which showed, by 

the shifts of the Ca 2p and P 2p peaks, that the surface chemistry of the layers 

modifies as a function of the substrate temperature.  

Considering the increased target-to-substrate distance and the low working 

power, the results presented in this work are relevant for the development of RF-

MS calcium phosphate depositions on heat-sensitive substrates or from composite 

targets containing organic constituents.  
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