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Growth of beta barium borate (β-BaB 2 O 4 ) thin films by injection metal organic chemical vapour deposition
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Thin films containing beta barium borate (β-BaB 2 O 4 so called β-BBO) were grown on silicon (100) substrates by injection metal organic chemical vapour deposition for different deposition temperatures. The films were characterized by optical microscopy, micro-Raman spectroscopy and X-ray photoelectron Spectroscopy (XPS). The micro-Raman spectra show an intense peak at 637 cm -1 that is the fingerprint of β-BBO. Our XPS analysis permits the measurement of the Ba, B and O core levels, which are reported here for the first time for β-BBO thin films. The formation of a new spectral component appearing with lower growth temperatures has been observed as well.

Introduction

Thin films of nonlinear optical (NLO) material provide excellent prospects for integrated optical applications requiring UV waveguides. Among the family of NLO borate compounds, the low temperature phase of barium metaborate (beta barium borate β-BaB 2 O 4 , so called β-BBO) is particularly attractive because it has a variety of favourable properties such as a wide optical transmission range (190-3500 nm), rather large nonlinear optical coefficients, a high damage threshold and a large birefringence. To date, β-BBO thin films have been grown by pulsed laser deposition [1][2][3], magnetron sputtering [2], chemical solution deposition [4,5], polymeric precursor method [6], metal organic chemical vapour deposition [7] and liquid phase epitaxy [3]. The main objective of the present work was the growth and characterization of β-BBO thin films by using an injection metal organic chemical vapour deposition (injection MOCVD) technique. This method, commonly used for the deposition of various oxide thin films, in particular YBa 2 Cu 3 O 7 (YBCO) [8][9][10], is based on the computer-controlled injection of micro amounts of a solution containing precursors dissolved in an appropriate solvent into an evaporator system. Since the solution is sequentially flash evaporated, relatively unstable precursors such as barium β-diketonate can be used. The injection technique also offers the possibility to vary the amount of injected precursor and thus control the film growth rate by varying the precursor concentrations in the solution as well as by changing the frequency and duration of the injection pulses.

Studebaker et al. [7,11] also report the growth of β-BBO by injection-MOCVD. However, their method is based on continuous precursor injection and an inverted vertical reactor geometry, whereas in our work pulsed precursor injection was implemented with a vertical downstream apparatus. Additionally Studebaker et al. [7] used a different solvent for the precursor solution (tetraglyme) and different carrier and reactive gases (nitrogen, oxygen and nitrous oxide).

The aim of our work is the determination of the optimum experimental conditions for the deposition of β-BBO films with this new setup. In this article we report the first growth of β-BBO thin films by pulsed injection MOCVD and their characterization by optical microscopy, Raman spectroscopy and XPS.

Experimental details

The design of the injection MOCVD setup is reported in Fig. 1. A solution containing the organometallic precursors and the solvents was sequentially injected into the evaporator by a computer-controlled injector. The solution itself consisted of the solvent triglyme and the barium and boron sources barium 2,2,6,6-tetramethyl-3,5-heptanedionate (Ba(tmhd) 2 ) and triisopropylborate, respectively. The droplets were injected during 1 ms by a high speed electromagnetic valve working typically at a frequency of 1 Hz. As the temperature of the evaporator was set to 250 °C, the droplets were flash evaporated immediately after leaving the valve. An argon carrier gas stream transported the vapours downstream into the growth chamber. Directly above the substrate holder oxygen gas was added through a shower inlet to prevent oxygen deficiency in the growing films. The deposition took place on the substrate that was fixed on its holder and heated to typically 600-700 °C by an internal resistance. The pressure in the evaporator and the growth chamber was held constant at a value of 133 Pa (1 Torr). Typical growth parameters for thin films deposited on silicon (100) substrates are summarized in Table 1. Optical microscopy served to characterise sample morphology and thickness by surface and cross-section analysis. The identification of the films was performed with the help of Raman spectra, recorded using a Jobin-Yvon Labram 010 spectrometer. Raman spectroscopy provides detailed information about molecular vibrations and therefore about the type and character of the molecular bonds in the sample. The excitation light source used was an IR laser with a wavelength of 784.7 nm and an output power of 500 mW. X-ray photoelectron Spectroscopy (XPS) was used to determine the surface chemical composition of the as-grown thin films. The spectra were obtained with MAC-2 (Riber) analyser using a monochromatic Mg Kα radiation source (1253.6 eV) with an output power of 300 W.

Results and discussion

β-BBO thin films deposited in the temperature range of 600-700 °C showed a typical growth rate of about 5 μm/h, i.e. about ten times higher than the growth rate achieved with the continuous injection-MOCVD experiment reported in [7]. Fig. 2a shows the typical morphology for sample deposited at 700 °C. The films were composed of a rather smooth matrix and some grains in the range of 0.5-4 μm diameter. When decreasing the growth temperature, an increase in grain density and a decrease of uniformity in grain size (0.5-10 μm diameter) was observed. The cross-section of the deposited film (Fig. 2b) shows a film thickness of around 7 μm.

The micro-Raman spectrum obtained by focussing onto a grain of a typical thin film is presented in Fig. 3 together with the spectrum of a single crystal grown in our laboratory by Maillard et al. using the Czochralski method [12]. Several common peaks are observed at 599 cm -1 , 622 cm -1 and 637 cm -1 , respectively, in addition to weak shoulders centred at 666 cm -1 and 778 cm -1 . The β-BBO crystal is composed of alternating layers of Ba 2+ ions and planar (B 3 O 6 ) 3-anionic rings arranged perpendicularly to the c-axis [13]. The peaks shown in Fig. 3 can be attributed to the characteristic vibrations of (B 3 O 6 ) 3-complex. According to Ney et al. [14], the peaks at 599 cm -1 , 622 cm -1 and 637 cm -1 of 'A1' symmetry are assigned to the intra-ring angle bending vibration of the (B 3 O 6 ) 3-ring in a β-BBO lattice with the strong peak at 637 cm -1 being the fingerprint peak of β-BBO. The shoulder centred at 778 cm -1 is formed by the superposition of two peaks, at 770 cm -1 and 787 cm -1 , both of 'A1' symmetry.

An out-of-plane vibration of the (B 3 O 6 ) 3-ring ('E' symmetry) gives rise to the peak centred at 666 cm -1 . The peak at 580 cm -1 has not been identified, yet. As the Raman laser beam is focussed onto an area with a diameter of about 1 μm, we can conclude that the examined film contains zones with β-BBO.

The chemical composition of the film surfaces was investigated by XPS. In the XPS spectrum of a thin film grown with 700 °C substrate temperature (shown in Fig. 4) all the basic elements of β-BBO are present, i.e. barium, boron and oxygen. The only contamination detected on surface is carbon as indicated by the C1s peak at 284.5 eV. This carbon is due to contamination in the reaction chamber and environmental pollution during handling and storage. Its binding energy is known to be constant whatever the chemical state of the sample. All binding energies are reported with respect to the C1s value at 284.5 eV. The detailed spectra of the C1s peak for different substrate temperatures are shown in Fig. 5. It can be seen that there are two different components in C1s peak: the first of them with dominant magnitude is located at 284.5 eV and the second one at 287-288 eV. Its intensity increased with decreasing temperature. The first peak can be attributed to adsorbed hydrocarbons whereas the second one is related to the presence of CO molecules are due to the interaction of BBO with environmental CO 2 [15],t h e ya r et h es a m ea st h o s ed e t e c t e df o r pure BaCO 3 [16,17].InFig. 6, the O1s XPS spectra for three films deposited with different growth temperatures are shown. A single O1s peak located at 532 eV is observed for a growth temperature of 700 °C. This value is higher than that of 530.5-531.4 eV obtained for β-BBO single crystal [15,16,18]. As the growth temperature decreases, an increase of the asymmetry of the O1s peak is observed as well as a shift of the maximum peak position to lower energy. Hence, each spectrum was fitted with two Gaussian peaks with the lower binding energy and the higher binding energy peaks at around 531.3 eV and 533.7 eV, respectively. The presence of contamination-related features on the high energy side of the O1s peak indicates that species like hydroxide or carbonate are adsorbed on the thin film surface layer [18]. Fig. 7 shows the high resolution Ba3d core level spectra for the same three films. The Ba3d spectra exhibit spin-orbit components, namely Ba3d 5/2 and Ba3d 3/2 , at binding energies of about 780.6 eV and 795.9 eV for the 700 °C sample, in agreement with literature data [15,18]. Layers deposited at lower temperature present an asymmetry on the higher energy side of the peaks. Deconvolution of each peak in two Gaussian peaks results in energy values of about 779 and 782 eV for the low energy components and 795 eV and 797 eV for the high energy components. These shoulders are supposed to be indicative of the presence of different oxidation states of barium. Khattak et al. [19] observed this behaviour for vanadium-strontium-borate oxide glass and in reference [16] the formation of oxide or carbonate species in the surface layers are reported. The spectra of the Ba4p doublet and B1s core level are presented in Fig. 8. For β-BBO the B1s peak and the Ba4p 1/2 peak are superimposed at the energy of 192.3 eV and thus are unusable for the calculation of the concentrations of species. However, Atuchin et al. [15] calculated the ratio of the peak areas (B1s + Ba4p 1/2 ) / Ba4p 3/2 and obtained a value of 0.83 for the surface of a β-BBO single crystal, a value that is consistent with our value of 0.84 for the thin film grown at 700 °C. The Ba4p 3/2 peak is centred at 178.6 eV. Thin films grown at lower temperatures present an asymmetry on the higher energy side of the peaks, probably for the reasons mentioned above. The photoelectron binding energies for β-BBO thin films grown at 700 °C are summarized in Table 2, together with literature data. We can observe a deviation of about 2 eV in energy position of the O1s core level between our results and those in Ref. [15], probably because the data in [15] were obtained for long sputtering times of 2000 min. If we compare the results of the as-received surfaces in [15], the O1s peak is located at 531.4 eV, an energy value nearer to ours but still smaller. Furthermore, Table 2 shows also discrepancies for Ba, B and O core levels energy positions. Note that the literature data given were obtained for single crystals containing 100 ppm of sodium and potassium. A measurable shift in binding energies of the XPS peaks related to these impurities was mentioned in [18]. The values in parentheses give the FWHM of the peaks.

Conclusion

Thin films containing β-BBO have been grown by injection MOCVD on Si (100) for substrate temperatures ranging between 600-700 °C. The successful growth of β-BBO was confirmed by micro-Raman and XPS analysis. The samples are composed of rather smooth matrix with grains of 0.5-4 μm diameter. We have reported the first XPS analysis of β-BBO thin films grown at a temperature around 700 °C. Our results were compared with earlier XPS data published for β-BBO single crystals. For wave guiding applications, requirements are imposed on the deposited thin films. Imperfections such as porosity or surface roughness can scatter light out of the waveguide and hence can affect the waveguide performances [20]. Thus further investigations will have to be carried out to obtain smooth β-BBO thin films.
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 1 Fig. 1. A schematic design of the injection MOCVD setup.
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 2 Fig. 2. (a) surface and (b) cross-section photos of β-BBO thin film grown at 700 °C.
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 223 Fig. 3. β-BBO micro-Raman spectrum obtained from (a) a single crystal and (b) a thin film grown at 700 °C.
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 56 Fig. 5. Detailed binding energy spectra of C1s core level electrons for different growth temperatures.
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 78 Fig. 7. Detailed binding energy spectra of Ba3d core level electrons for different growth temperatures.

Table 1

 1 The deposition conditions for the growth of β-BBO

	Substrate temperature	600-700	°C
	Evaporator temperature	250	°C
	Argon flow	190 sccm
	Oxygen flow	10 sccm
	Total pressure	133 Pa (1 Torr)
	Solution composition (Ba:B molar ratio)	1: 2	
	Ba(tmhd) 2 concentration	1 × 10 -2 mol/l
	Solvent	Triglyme
	Injector opening time	1 ms
	Injection frequency	1 Hz

Table 2

 2 The photoelectron binding energies E (eV) for β-BBO in literature and in this work

	Core level	[15]	[16]	[18]	This work
					(T = 700 °C)
	Ba 4d 5/2	89.4	89.2		88.7
	Ba 4d 3/2	91.9	91.8		91.3
	Ba 4p 3/2	177.9	177.8		178.6 (2.5)
	Ba 4p 1/2 + B1s ∼191.6 (∼ 2.6) ∼ 192	189.2	192.3 (2.3)
	Ba 4s	252.7 (4.6)			
	O1s	530.5 (3.2)	531.2	530.8 (3.3) 532.0 (2.5)
	Ba 3d 5/2	780.0 (2.0)		779.0 (2.4) 780.6 (2.9)
	Ba 3d 3/2	795.4 (2.0)		794.4 (2.4) 795.9 (2.9)
	Ba 3p 3/2	1061.9 (4.5)			1061.9
	Ba 3p 1/2	1136.0 (3.3)			1135.1
	C1s	284.6	284.6		284.5
		289.0	288.0-289.1 288.4	288.0