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Abstract

:

The effect of the gaseous atmosphere in the growth of gallium arsenide (GaAs) films was studied. The films have been grown by close-spaced vapor transport (CSVT) technique in a home-made hot filament chemical vapor deposition (HFCVD) reactor using molecular hydrogen and molecular nitrogen as the transport agent. An important point about the gaseous atmosphere is the ease in creating volatile compounds when it makes contact with the GaAs source, this favors the transport of material in a CSVT system. Chemical reactions are proposed in order to understand the significant difference produced from the gaseous atmosphere. The films grown with hydrogen are (almost) continuous and have homogeneous layers with preferential orientation (111). The films grown with nitrogen are granular and rough layers with the coexistence of the orientations (111), (220) and (311) in the crystals. The incorporation of impurities in the films was corroborated by energy dispersive spectroscopy (EDS) showing traces of oxygen and nitrogen for the case of the samples obtained with nitrogen. Films grown in a hydrogen atmosphere show a higher band gap than those grown in a nitrogen atmosphere. With the results of XRD and micro-Raman we observe a displacement and broadening of the peaks, characteristic of a structural disorder. The calculations of the FWHM allow us to observe the crystallinity degree and determine an approximate crystallite size using the Scherrer’s equation.
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1. Introduction


GaAs is a semiconductor compound used in some diodes, field-effect transistors (FETs), and integrated circuits (ICs). It has high carrier mobility, a high optical absorption coefficient and a direct bandgap energy of Eg = 1.42 eV [1]. This makes GaAs components useful at ultra-high radio frequencies and in fast electronic switching applications. GaAs devices generate less noise than most other types of semiconductor components.



Due to the technological interest in GaAs, different techniques have been developed to obtain this semiconductor. GaAs single crystals can be prepared by industrial processes such as the Czochralski method, the vertical gradient freeze process or the Bridgman-Stockbarger technique [2,3]. Alternative methods to obtain GaAs films include [3,4], vapor-phase epitaxy [5], metalorganic chemical vapor deposition (MOCVD) [4], and molecular beam epitaxy [6]. Another variation of film deposition technique derived from chemical vapor deposition (CVD) is the close-spaced vapor transport (CSVT) method [7,8,9].



The CSVT method has been successfully used to grow a variety of thin films semiconductor materials, including homo-and hetero-epitaxial GaAs films [7]. This technique has some advantages compared to the other ones. It is a low-cost manufacturing technique that allows the deposition of thin films at atmospheric pressure and moderates temperatures [8,9]. The main difference with the other techniques is that in the CSVT, the source of the material to be deposited as a thin film on the substrate is the material itself. This allows multiple deposits with one single or polycrystalline source materials. The source and the substrate are located in the reactor and separated by a thin spacer.



In this method the task of the transport agent is to make contact with the source to produce volatile compounds [10], which are subsequently transported by the temperature gradient between the source-substrate and deposited on the surface of the substrate [11] (quartz, sapphire, silicon, graphite, etc.). Also, CSVT is a typical technique used for GaAs growth [12,13]. The use of this technique for the case of GaAs started with water vapor as a transport agent; creating volatile compounds as GaO2 and As2 [14]. The problem was that due to the incorporation of oxygen in the GaAs layer growth, the electronic mobility is negatively affected [2,15]. To avoid this effect, atomic hydrogen has been used as the transport agent to create volatile compounds [12,13,16]. These volatile compounds favor the material transport in a CSVT system. The gaseous atmosphere used in the process has an important role in the properties and characteristics of the produced films [17].



The aim of this work is to observe the effect in the crystalline quality, surface morphology and growth rate using hydrogen and nitrogen as gaseous atmospheres by the CSVT technique. Scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), micro-Raman spectroscopy, UV-VIS spectroscopy and X-ray diffraction (XRD) were the techniques used in this study.




2. Experimental Details


Figure 1 shows the scheme of the CSVT setup used in this work. The GaAs solid source was heated with a tungsten incandescent filament (OSRAM-P28S, OSRAM, Munich, Germany) and kept at 2000 °C inside a hermetic home-made reactor. As a substrate, a quartz piece of 2 × 2 cm was used; as a separator, a quartz o-ring of 10 mm in diameter and 2 mm in height. As the solid source a GaAs (111) wafer with a resistivity of 10 Ω·cm was used. The gaseous atmospheres used were hydrogen and nitrogen of chromatographic grade supplied by INFRA. Two growth processes were carried out, one in a hydrogen atmosphere and the other in a nitrogen atmosphere; both were at atmospheric pressure. The flow of molecular gas passes through the hot filament cracking some of the molecular species; subsequently, it travels towards the source of GaAs to create volatile compounds. The hot filament also simultaneously heats the substrate and the source maintaining a temperature gradient between them, which facilitates the transport of material. The following reactions were proposed for the two different gaseous atmospheres:



Chemical reactions proposed in the H2 atmosphere:


GaAs(s) + 3H2 (g) → GaH3 (g) + AsH3 (g) → GaAs (s) + 3H2 (g)



(1)







Chemical reactions proposed in the N2 atmosphere:


2GaAs (s) → 2Ga (g) + As2 (g) → 2GaAs (s)



(2)







In this experiment the reactor was closed and purged three times before the introduction of the carrier gas (N2 or H2) with a flow rate of 110 cm3·min−1. The filament was heated to reach a temperature of 2000 °C. The space between the filament and the GaAs source was calibrated to obtain a temperature approximated at 830 °C. Two different deposition times were established, which were 5 and 13 min. The morphological and chemical characterization was performed using a scanning electron microscope (SEM), model JEOL JSM 7401F (JEOL, Tokyo, Japan). UV-Vis measurements were taken in a Cary 5000 spectrophotometer (Agilent, Santa Clara, CA, USA). Films thickness were measured with a Dektak 150 profilometer (Veeco, New York, NY, USA). Raman spectra were obtained with a Micro-Raman Horiba LabRAM-HR spectrometer (Horiba, Kyoto, Japan) and the structural characterization was carried out with a BRUKER AXS D8 Discovery diffractometer (Bruker, Billerica, MA, USA). A copper radiation with a wavelength of 1.54 Å was used.




3. Results and Discussion


3.1. Surface Morphology


Surface morphology of the GaAs films growth by CSVT technique using H2 and N2 as gaseous atmospheres on a quartz substrate is shown in Figure 2. The magnification of the four images is ×2000. The layers grown in hydrogen atmosphere correspond to Figure 2a,b with time of 5 min and 13 min, respectively. The atmosphere of H2 produces a homogeneous and almost continuous layer (some cracks were detected over the entire sample, the cracks are due to the strains that the film is subjected to) and a relatively continuous surface was observed. When the deposition time was enlarged at 13 min, the GaAs layer thickness increased and less cracks were observed on the surface.



For the case of the layers grown in nitrogen atmosphere a granular morphology is observed; (c) and (d) with 5 and 13 min of deposition time, respectively. Different cluster sizes are presented in (c) and exhibited rough grains in the micron scale range, while in (d) similar cluster sizes are observed along with a uniform increase of the thickness and less roughness of the grains.




3.2. Band Gap


Figure 3a shows the UV–VIS transmittance spectra of GaAs films deposited on quartz. The samples grown using hydrogen as gaseous atmosphere exhibit the highest and lowest transmittance. The sample of 5 min (blue solid line) exhibit a transmittance higher than 40% between 1000 and 2000 nm; while the layer grown to 13 min (red solid line) shows a low transmittance compared to the previous sample. Having a longer deposition time enhances the amount of volatile compounds that help the transport of material and therefore the thickness of the film increases. For the samples grown using the nitrogen atmosphere, a similar behavior is shown for the two deposition times (black and orange solid line). The two films have a transmittance between 10 and 20 percent. With the assistance of a profilometer it is observed that the growth of the film is slower with nitrogen, see Table 1. In comparison with hydrogen, nitrogen is less reactive [18], causing fewer volatile compounds when reacting with the source.



The approximate values of the energy band gap (Eg) were obtained by the relationship known as Tauc plot [19,20] as shown in Figure 3b. The methodology for obtaining these approximate values of Eg has been described in reference [21]; where the absorption coefficients α (λ) were determined from transmission spectra. For hydrogen atmosphere samples we have 1.861 and 1.663 eV; while 1.774 and 1.644 for nitrogen atmosphere. The growth time was 5 and 13 min, respectively.



In spite of the efforts to control film growth; GaAs material contains a number of crystal defects, dislocations and impurities [22]. This causes the value of Eg in both atmospheres and the times to increase with respect to the bulk value of GaAs, see Table 1. In addition, the bandgap decreases as the thickness increases [23]. Although the results of EDS and XRD (which are presented below) show that there is a greater number of defects in the samples grown in the nitrogen atmosphere, Eg turns out to be higher in the films deposited in a hydrogen atmosphere. However, it has been reported that the introduction of a small amount of nitrogen within the GaAs lattice may decrease Eg values [24,25]. Therefore, we believe that the incorporation of nitrogen has a greater influence, causing that Eg to be smaller in the films deposited in the nitrogen atmosphere. Also as demonstrated above the presence of N2 in the deposition of GaAs stimulates the formation of a granular surface. This behavior has been previously observed in the CVD process for the growth of diamond films, where they exhibited a substantial change in the film morphology and grain size in absence or presence of N2 [17,26].




3.3. Energy Dispersive Spectroscopy (EDS) Analysis


EDS spectrum has been determined from different regions of the GaAs films, see Table 2. According to the analysis of the results, for GaAs layers grown in a hydrogen atmosphere the amount of Ga is very close to the As. (on average 52 at% and 48 at%, respectively). There is no trace of oxygen. Meanwhile in the samples obtained under nitrogen atmosphere a film rich in Ga (on average 45 at% of Ga and 36 at% of As) is obtained, but with the presence of O (on average 15 at%) and N (on average 2.5 at%); meaning, more impurities and defects in the films of GaAs. We believe that the impurities come from the gas source. The non-stoichiometry of the GaAs over layers is due to the nature of the CSVT growth process, since it is known that the GaAs dissociates with preferential evaporation of arsenic at high temperature, and that the species leaving GaAs at evaporation are Ga and As2 [27].




3.4. Crystalline Structure


Figure 4 shows the X-ray diffraction spectra of the GaAs films obtained by CSVT technique. The diffractometer was set to select the CuKα1 wavelength. GaAs zinc-blende crystalline structure is recognized by three major diffraction peaks at 27.29° 45.36° and 53.70°. The full width at half-maximum (FWHM) [28] values of the samples were determined with the following equation:


(FWHMsample)D = (FWHMmeasure)D − (FWHMinstrumental)D



(3)







FWHMsample is the broad at the average height of the diffraction peak of the sample, D is the deconvolution parameter, it changes according to the profile type of the diffraction peak, for a Gaussian profile D = 2 and for a Lorentzian profile D = 1. FWHMmeasure is the broad at the average height of the diffraction peak measured on the diffractometer. FWHMinstrumental is the contribution of the broad to the average height derivative by the instrument and is calculated by the instrumental function of the X-ray equipment.



The measure and the instrumental broadening were determined by fitting the peak to a Gaussian function and, the crystallite size using the Scherrer’s equation, see Table 3. To calculate the crystallite size, a diffraction peak was chosen that is approximately two theta equal to 27°. The FWHMsample value is converted to radians to be replaced in the Scherrer’s equation and the crystallite size takes the units of the wavelength.



In the samples (5 and 13 min) using hydrogen as gaseous atmosphere, it is observed that the three peaks corresponding to the directions (111), (220) and (311) with a strong crystalline domain of the direction (111) present much greater diffraction than the other two directions. It is observed that the peak is tighter in the sample of 13 min due to the fact that while the deposition time is longer there will be a better rearrangement of the atoms. This results in a better crystallinity degree that leads to a larger crystallite size. While the FWHMsample obtained for the 5 min sample is 0.055° with an approximate crystallite size of 147 nm, for the film obtained with a deposition time of 13 min we have a lower FWHMsample, 0.015, but a larger crystallite size of approximately 543 nm.



The diffraction pattern of the samples grown in the nitrogen atmosphere also show a preference for the direction (111) but without becoming as dominant as in the samples obtained in the hydrogen atmosphere. This coexistence of the three directions generates a tension between the borders of the crystalline domains, which causes a displacement of the peaks. In the case of the peak in the direction (111), a small shift to the left is observed.



The broadening is probably due to impurities, as shown in the EDS results and the crystallite size being lower in these films obtained in nitrogen atmosphere. These crystallites of approximately 24 nm (5 min) and 67 nm (13 min) directly affect the crystallinity degree, being 0.329° and 0.121°, respectively. We think that due to defects, impurities and microstrains, no photoluminescence was observed.




3.5. Micro-Raman Analysis


Literature reports that for a zinc-blende structure as the GaAs, the vibrational modes TO and LO depend on the crystal orientation and the dispersion geometry [29]. If the geometry used is back scattering; the orientation (001) of the crystal only the LO mode is allowed, while the TO mode is prohibited. In the orientation (110) only the TO mode appears while both TO and LO phonons contribution appear in the direction (111). According to these statements and with the results obtained from X-rays, it is evident that we would obtain the TO phonon and the LO phonon given the preferential orientation (111) for the samples grown in hydrogen atmosphere as in nitrogen atmosphere.



Figure 5 shows typical Raman spectra, recorded at room temperature under non-resonant conditions. The measurements were made with a Horiba-Jobin Yvon spectrometer, model LabRam-HR with a He-Ne laser at 632.8 nm. The light was focused to a diameter of 6 mm at the sample using ×50. The power laser used in these measurements was 0.5 mW. For those samples of GaAs grown in hydrogen atmosphere (represented by a red continuous line) the spectrum is dominated by two prominent features located around 263 and 286 cm−1. These modes show appreciable shifts in comparison with the GaAs bulk frequencies (269 and 292 cm−1 for the TO and the LO, respectively [30,31]), so the post-growth tensile stress can be considered for this samples.



The calculated FWHM of the films grown (5 and 13 min) in a hydrogen atmosphere is very close and does not help to conclude which of these presents a better crystallinity. The shift of the peak is also very close. In the case of the samples grown in a nitrogen atmosphere (represented by a continuous green line), a greater shift and a broadening of the peaks are observed. This is not only attributed to the post-growth tensile stress, but also to the introduced impurities (nitrogen and oxygen) as shown by the EDS results. These impurities increase the existing mismatch of the lattice constants between substrate-film [32].



For the 13-min sample, the TO mode is around 260 cm−1 and the LO mode is approximately 281 cm−1, a significant shift. The peak observed at 260 cm−1 presents a shoulder feature attributed to As-As vibration [33]. Something interesting is observed in the sample that was obtained with a deposition time of 5 min, which is that the shift is very large. We infer that this behavior is due to the fact that during the first minutes macrostrains are created and the mismatch of the lattice constants turns out to be disproportionate. Remember that with N2 a smaller amount of volatile compounds is generated and consequently a slow deposition is obtained. As time passes, a reordering takes place in situ. It can be noticed in the evolution of the spectrum of the sample of 5 min to that of 13 min. This can be corroborated with the results of EDS, where it is observed that the amount of impurities (nitrogen and oxygen) decreases with an increasing time. In addition, in X-rays the peak corresponding to the direction (111) is wider in the sample of 5 min.





4. Conclusions


Layers of GaAs were deposited using gaseous atmosphere of nitrogen and hydrogen by the CSVT technique. The effect of using different atmospheres resulted in GaAs films with different characteristics. In the SEM micrographs a continuous surface was observed in a hydrogen atmosphere than in nitrogen, where the surface is completely granular. The transmittance results show that larger the thickness, higher the transmittance. In addition, the value of Eg increased with respect to the value in bulk of the GaAs in both atmospheres, being greater in the hydrogen atmosphere. The EDS results showed the incorporation of oxygen and nitrogen in the case of the nitrogen atmosphere. The diffraction patterns obtained by XRD showed that in a nitrogen atmosphere, the peaks turned out to be broader and have a small displacement towards the left. In the same way the Raman spectra showed that the impurities introduced had a considerable impact, this was observed in the displacements and broadening of the peaks in the films obtained in the nitrogen atmosphere. This work obtained by the CSVT technique, shows the possibility to obtain many layers of GaAs better quality in a hydrogen atmosphere, from a single source provided by a GaAs wafer, that implies a lower cost for the device manufacturing.
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Figure 1. Typical scheme of a close-spaced vapor transport (CSVT) system. 
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Figure 2. Scanning electron microscope (SEM) micrographs of the surface morphology of GaAs films deposited by CSVT technique having used H2 and N2 as gaseous atmospheres. (a,b) are the layers grown in hydrogen; 5 and 13 min, respectively. (c,d) are the layers grown in nitrogen; 5 and 13 min, respectively. 
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Figure 3. (a) Transmittance spectra of GaAs layers grown by CSVT as a function of the gaseous atmosphere. (b) Determination of the bandgap using the Tauc relationship. The plot obtained from the sample grown in a hydrogen atmosphere for 5 min is shown as an example. 
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Figure 4. X-ray diffraction patterns of the GaAs films by CSVT using H2 and N2 as reactant gas. 
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Figure 5. Raman spectra of the GaAs layers grown by CSVT technique. 
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Table 1. Thickness obtained for the GaAs films by a profilometer and the calculation of Eg by Tauc Plot.
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Atmosphere

	
Deposition Time (min)

	
Thickness (µm)

	
Band Gap (eV)






	
H2

	
5

	
2.55 ± 0.035

	
1.861 ± 0.0018




	
13

	
12.99 ± 0.042

	
1.663 ± 0.0025




	
N2

	
5

	
1.04 ± 0.076

	
1.774 ± 0.0037




	
13

	
3.75 ± 0.058

	
1.644 ± 0.0033
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Table 2. Atomic percentage of GaAs films obtained by closed-spaced vapor transport (CSVT) technique.
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Atmosphere

	
Deposition Time (min)

	
at %




	
Ga

	
As

	
O

	
N






	
H2

	
5

	
53.49 ± 0.495

	
46.51 ± 0.480

	
-

	
-




	
13

	
50.59 ± 0.370

	
49.41 ± 1.091

	
-

	
-




	
N2

	
5

	
45.81 ± 0.355

	
32.70 ± 0.640

	
18.52 ± 0.575

	
2.98 ± 0.652




	
13

	
45.12 ± 0.545

	
41.02 ± 0.485

	
12.03 ± 0.540

	
1.83 ± 0.021
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Table 3. It summarizes the FWHMsample of peak (111) from XRD and the peaks from Raman spectra. These values were determined by fitting a Gaussian function. The crystallite size was obtained by Scherrer’s equation.






Table 3. It summarizes the FWHMsample of peak (111) from XRD and the peaks from Raman spectra. These values were determined by fitting a Gaussian function. The crystallite size was obtained by Scherrer’s equation.





	
Atmosphere

	
Time (min)

	
Orientation

	
FWHM (degrees)

	
Crystallite Size (nm)

	
Phonon

	
FWHM (cm−1)






	
H2

	
5

	
(111)

	
0.055 ± 0.0012

	
147.384 ± 2.606

	
TO

	
LO

	
4.44 ± 0.119

	
6.45 ± 0.451




	
H2

	
13

	
(111)

	
0.015 ± 0.0005

	
543.043 ± 14.749

	
TO

	
LO

	
4.98 ± 0.158

	
6.31 ± 0.369




	
N2

	
5

	
(111)

	
0.329 ± 0.0043

	
24.801 ±0.264

	
TO

	
LO

	
15.81 ± 0.335

	
9.97 ± 0.678




	
N2

	
13

	
(111)

	
0.121 ± 0.0035

	
67.502 ±1.594

	
TO

	
LO

	
19.08 ± 0.195

	
13.05 ± 0.444
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