
1 
 

ALD growth of MgxCa1-xO on GaN and its band 
offset analysis   
 

Xian Gong‡, Xiabing Lou‡, Sang Bok Kim, Roy G. Gordon* 

 
X. Gong, Prof. Roy G. Gordon 
John A. Paulson School of Engineering and Applied Sciences 
Harvard University 
Cambridge, Massachusetts 02138, United States 
 
X. B. Lou, S.B. Kim, Prof. Roy G. Gordon 
Department of Chemistry and Chemical Biology 
Harvard University 
Cambridge, MA 02138, USA 
 
Keywords: GaN, MgxCa1-xO, band offset, ALD, crystallinity 
 

Abstract: 

Atomic layer deposition (ALD) processes were developed for growing MgO and CaO on GaN 

substrates using a home-built ALD reactor with amidinate based precursors. An optimal deposition 

condition was then determined to deposit pure MgxCa1-xO by tuning deposition temperature, 

achieving a high quality film without carbon and hydroxyl contamination. Band offset analysis 

was conducted by X-ray Photoelectron spectroscopy (XPS) on MgxCa1-xO/GaN samples with 

various compositions. Mg0.25Ca0.75O/GaN demonstrated band alignments between defect free and 

fully pinned while other ratios showed near fully pinned alignments, which agrees with the best 

electrical properties achieved in our previous studies. This result indicates band offset analysis 

provides a good aid in understanding part of the electrical and interfacial properties for 

oxide/semiconductor structures. 

 

Introduction: 
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GaN has been regarded as the next generation semiconductor for high power, high frequency 

applications at elevated temperature. However, traditional dielectrics such as SiO2, HfO2, and 

native oxide Ga2O3 cannot achieve a high-quality interface on a GaN substrate, unlike a silicon 

substrate.1 Previously, a mixture of MgO and CaO has been proposed to achieve a lattice matched, 

low defect epitaxial dielectric film. Although MgO and CaO are immiscible thermodynamically 

below 2000oC, a kinetically stable MgxCa1-xO film has been achieved with e-beam 

evaporation(EE)2-4and molecular beam epitaxy (MBE).5 However, the surface of an EE deposited 

MgxCa1-xO film is rough which cannot be used for dielectric applications while the MBE method 

is not compatible with industrial production due to its ultra-high vacuum requirement. Atomic 

Layer Deposition (ALD) method is advantageous in achieving well controlled smooth films and 

its low vacuum requirement guarantees its mass production feasibility. Moreover, the typical lower 

deposition temperature of ALD process can prevent the alloy film from phase separation. ALD 

processes for MgO and CaO have already been developed separately6-7, however, the deposition 

temperatures are usually very high due to the high reaction temperature of the precursors. In 

addition, since MgxCa1-xO is thermodynamically unstable, a lower deposition temperature (<400oC) 

is desirable for high quality, uniform films. Therefore, new ALD precursors and processes should 

be developed for MgO and CaO with lower deposition temperatures under 400 oC.  

 

ALD MgO has been achieved with a variety of precursors for different applications.6 Mg(C2H5)2 

and H2O were first employed for ALD MgO at above 600oC.8 The commercially available 

Mg(Cp)2 and similar precursors can react with H2O at lower temperatures but the films are usually 

amorphous below 400oC.9-12 Thus, these Mg precursors are not suitable for our ALD MgxCa1-xO 

process. 
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Previously, pure CaO film has been achieved by post annealing ALD CaCO3 film from calcium 

β-diketonate, CO2 and ozone precursors.13 CaO obtained through this process is not capable of 

achieving an alloy with MgO. CaO film from direct ALD reaction has been reported using 

Ca(1,2,4-tri-isopropylcyclopentadienyl)2 and H2O as precursors.7 However, due to the relatively 

low reactivity of the Ca precursor and the high water reactivity of CaO, the resulting film contains 

a considerable concentration of hydroxyl groups and carbon contamination. Therefore, this process 

is not ideal for deposition of high quality epitaxial MgxCa1-xO. To deposit highly crystalline and 

pure CaO by ALD, a Ca precursor with high-water reactivity and low carbon contamination is 

needed.  

 

Amidinate based precursors are known for high thermal stability and high reactivity with water. 

The high thermal stability can reduce carbon contamination from side reactions and the high 

reactivity can reduce the residual hydroxyl groups and further improve the crystallinity at lower 

deposition temperature.14 The higher reactivity between water and amidinate ligand-based 

precursors is mainly due to the highly strained, four membered ring structure. Compared to the 

oxygen-metal bond, the weaker nitrogen-metal bond also makes the ligand easier to leave and 

therefore results in less carbon contamination. Acetamidinate Ca precursor has been reported to 

be stable at high temperature (above 300C), and relatively high volatility. Thus, we choose to use 

amidinate ligand-based Mg and Ca precursors in this study. 

 

Previously, we demonstrated that ALD MgCaO/GaN can achieve a low interfacial trap density 

and a high performance HEMT device based on this structure.15 In this work, the ALD depositions 
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of MgO and CaO with amidinate precursors are carefully studied. An optimal condition for ALD 

MgxCa1-xO is determined by tuning the deposition temperature to prevent hydroxyl and carbon 

residues from formation. Lower deposition temperatures near 300℃ are successfully achieved and 

high quality, stable and crystalline ALD MgxCa1-xO films are developed. Moreover, X-ray 

photoelectron spectroscopy (XPS) has been employed to study the relationship between MgCaO 

composition and band offset.  

 

Experiment section 

GaN substrate and surface pretreatment 

Epi-layers GaN (3 inches diameter, 5 µm thick) grown on sapphire are used as substrates, which 

were purchased from MTI with resistivity of 0.02 Ω·cm. Prior to deposition, a 5 min UV-Ozone 

treatment is performed to remove the adsorbed organic contaminations. Then the substrate is 

immersed with Buffered Oxide Etchant (BOE 1:6) for 30s followed by 20min soaking in 20% 

ammonium hydroxide solution to remove native oxide. 

Film deposition 

In this study, bis(N,N’-di-sec-butylacetamidinato) magnesium (Figure S1) and bis(N,N’-

diisopropylacetamidinato)calcium(II) dimer (Figure S2)  were used for MgO and CaO deposition, 

respectively. Water vapor H2O was used as the oxygen source. The ALD process was carried out 

in our home-built reactor (Figure S3). The Mg precursor was kept in a sealed bubbler at 110oC 

while the Ca precursor was placed in a glass bubbler kept in a heated oven at 140°C. The metal 

precursors were then delivered into the reaction chamber with controlled volumes of N2 carrier 

gas. The substrate deposition temperature varied from 220 °C to 340 °C. The pressure during the 

ALD process was maintained at 0.3 Torr. ALD of MgxCa1-xO thin films was conducted using a 
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supercycle composed of combinations of subcycles of MgO and CaO ALD. The cation 

composition of MgxCa1-xO thin films was controlled by changing the subcycle ratio between MgO 

and CaO. 

Characterization 

The film thickness was characterized by X-ray reflectivity (XRR) with the Bruker Discover D8 

system. Chemical status and the band alignment of our films were investigated by Thermo 

Scientific K-Alfa X-ray photoelectron spectroscopy (XPS). A JEOL 2100 transmission electron 

microscope (TEM) was used to study microscopic crystallography and epitaxy relation of our films. 

Our films were deposited onto a TEM grid with an ultrathin silicon nitride membrane for the 

crystallinity study. Cross-sectional samples were prepared with a FEI Helios 660 focused ion beam 

(FIB) system for epitaxy investigation. Fourier-transform infrared spectroscopy (FTIR) spectrum 

of our films was carried out with a Bruker FT-IR Microscope to check for hydroxyl groups. 

 

 

Result and discussion 

3.1 MgO deposition study 

The growth rates of MgO at different substrate temperatures are summarized in Figure 1(a). The 

growth rate is obtained by the X-ray reflectivity (XRR) measured thickness divided by the total 

ALD cycles. (Figure S4) A growth rate between 0.67~0.5 Å per cycle has been achieved ranging 

from 140oC to 320oC. The growth rate slightly decreases with an increasing substrate temperature. 

The large ALD window confirmed the high reactivity and thermal stability of this precursor.   
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Mg(OH)2 is thermodynamically stable at room temperature. The Gibbs free energy of MgO + H2O 

 Mg(OH)2 is -48.4 kJ/mol at room temperature. Mg(OH)2 will thermally decompose into MgO 

and H2O vapor at above 330oC. This temperature should be even lower under vacuum condition. 

Therefore, the reactivity of the Mg precursor needs to be high enough to deplete the hydroxyl 

groups after each H2O dose to prevent Mg(OH)2 formation at low deposition temperature. Figure 

1(b) summarized the Fourier-transform infrared spectroscopy (FTIR) spectrum of MgO deposited 

at different temperatures. The absence of OH stretching at around 3700 cm-1 indicates that there is 

no detectable hydroxyl group in a wide temperature range.   

 

Figure 2 summarizes the X-ray photoelectron spectrum fine scan of Mg 2s and O 1s binding 

energy peaks. Since MgO is an insulating material, binding energies may shift as large as 1eV 

during the sputtering process. The positions of Mg 2p peaks in different samples are ranging from 

49.6 eV to 50.3 eV. The well-defined Gaussian peaks of Mg 2p indicate that there is no metallic 

Mg in the film. This is consistent with pure MgO XPS.12 The O 1s peaks are ranging from 530.5 

eV to 530.9 eV and in good consistency with MgO. The absence of OH peak at around 533 eV 

confirmed that all the films are hydroxyl group free. On the other hand, the carbon peaks are almost 

undetectable in XPS, which indicate that the carbon contamination is below 1%.  

 

To confirm the crystallinity of ALD MgO, a thin film was deposited on Si3N4 membrane at 190oC 

and examined in TEM. In Figure 3, the high resolution TEM image shows the well crystallized 

grains. The grain sizes are around 10 nm which is similar to the film thickness. The well-defined 

rings in the diffraction pattern of Figure 3 (b) also confirmed the high crystallinity of the MgO 

film at such a low deposition temperature. A cross sectional TEM study of MgO/GaN(0001) shows 
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that polycrystalline MgO is achieved on GaN substrate. In Figure 3 (c), two layers of MgO film 

are visible. One possible explanation is that there is a large tensile stress between MgO and GaN 

near the interface resulting in the strain of MgO lattice. This is confirmed by the diffraction pattern 

in Figure 3 (d) in which the splitting of MgO spots clearly indicate that there are two sets of 

crystalline patterns with different lattice parameters. The closer-to-interface MgO layer is stressed 

while the top layer is relaxed. Moreover, although the film is mostly polycrystalline, some degree 

of epitaxy relation has been achieved as (111) × [0−11] MgO //GaN(0001) × [11−20]. 

 

3.2 CaO deposition study 

 

The temperature dependence of the growth rate was conducted as shown in Figure 4(a). The growth 

rate increases from 0.4 Å/cyc to 0.75 Å/cyc with an increasing substrate temperature from 220oC 

to 310oC. Then the growth rate decreases to 0.6 Å at 325oC and 340oC. The decrease of growth 

rate above 310oC indicates a potential thermal decomposition on the substrate. 

 

FTIR is employed to check whether Ca(OH)2 is formed in the ALD CaO film. Figure 4(b) 

summarizes the IR reflectance spectrum ranging from 3200 cm-1 to 4000 cm-1 of CaO films 

deposited at different temperatures. The CaO films are 20 nm thick with a 5 nm amorphous ALD 

Al2O3 protection layer. The expected OH group stretching absorption was only showed in the 

sample prepared at 230oC. This indicates that the acetamidinate Ca precursor is not reactive enough 

to deplete the excessive hydroxyl groups below 230oC. The adsorption position accords with the 

OH peak in pure Ca(OH)2 film.16  
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Although the IR spectrum is sensitive to hydroxyl groups, the small thickness of the thin CaO films 

may decrease the sensitivity of this method. Moreover, IR spectrum is not suitable for quantifying 

the composition of CaO film in this case. Therefore, XPS is employed to further study the 

temperature dependence of the film composition. Figure 5(a) shows the carbon content of CaO 

films deposited at different temperatures measured by XPS. Carbon contamination starts to 

increase at above 310oC indicating that the precursor starts to decompose beyond this temperature. 

At 340oC, the carbon contamination increases to 3 at%. Therefore, the deposition temperature 

should not exceed 310oC. Figure 5(b) demonstrates O1s scan of three CaO samples deposited at 

different temperatures. The main peak around 529.1 eV is from pure CaO.17 Since Al2O3 is 

employed as a protection layer, an O1s peak of Al2O3 showed up at 530.3eV potentially due to 

either preferential etching or re-deposition during the sputtering.18 The peak of hydroxyl group 

should be about 3eV shifted to a higher binding energy, in this case it is 532.1eV(labeled with blue 

dashed line). According to the deconvolution result, about 17% and 10% oxygen atoms are from 

OH groups in samples deposited at 253oC and 290oC, respectively. This peak is not visible at 

310oC deposition temperature. Thus, a deposition temperature above 310oC is necessary to 

completely remove the OH residues.  

 

TEM is employed to check the crystallinity of the CaO films. Similar to the TEM for MgO film, a 

thin layer of CaO film was deposited on Si3N4 membrane covered with protective Al2O3 film. Two 

samples deposited at 310oC and 273oC are prepared. As shown in Figure 6(b), the film deposited 

at 273oC does not show clear features of crystal grains in the HR image and the diffraction pattern 

is blurred. Because the Ca(OH)2 crystal structure is hexagonal, it may prevent the crystallization 

of rocksalt CaO. On the other hand, the film deposited at 310oC shows very well crystallized grains 
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in the HR image and well-defined rings in diffraction. This result indicates that eliminating OH 

residue is critical to achieve well crystallized CaO films. The formation Gibbs energy of Ca(OH)2 

from CaO and H2O at room temperature is -66.3kJ/mol and the decomposition temperature is as 

high as 512oC at the atmospheric pressure.19 Therefore, the absence of OH group at a higher 

temperature is mainly due to the completion of the ALD reaction instead of thermal decomposition 

of Ca(OH)2. Cross sectional TEM shows the CaO film deposited on GaN under 313oC is highly 

textured with some extend of lattice strain. In Figure 6 (e), the diffraction spot from CaO (111) 

and (200) are in line shape instead of distinct spot, indicating there is a gradient of strain from 

bottom to top. This is different with the case of MgO/GaN in which the strained and relaxed layers 

are distinctive. Furthermore, although the film is mostly textured, some degree of epitaxy relation 

has been achieved as (111) × [0−11] CaO //GaN(0001) × [11−20]. 

 

3.3 MgxCa1-xO deposition study 

 

MgxCa1-xO thin film has been used as a cathode luminescence material in the plasma display panel 

industry.2, 20 The growth method, optical and structural properties of this material have been 

discussed in several publications. 4, 21Previously, the studies were focused on the EE and MBE 

prepared MgxCa1-xO films. As discussed before, these deposition methods are either incapable of 

high-quality film growth or incompatible with mass production, thus they cannot fulfill 

requirement of high-k deposition for high power electronics. In previous sections we have already 

demonstrated that high quality MgO and CaO can be achieved by scalable ALD processes. 

Furthermore, MgO and CaO deposition conditions have been studied and the optimal conditions 

for achieving low contamination, high crystallinity film has been determined for each precursor. 
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To guarantee these qualities for CaO and MgO alloy films, a 310 oC substrate temperature is chosen 

based on previous separate studies. This section will be dedicated to the ALD growth study and 

properties of MgxCa1-xO films. 

MgxCa1-xO is grown by alternating the ALD CaO cycles and MgO cycles at different dosing ratios. 

Table 1 summarizes the average growth rates and compositions at three different dosing ratios as 

well as pure MgO and CaO. The average growth rate of MgxCa1-xO does not follow a linear 

combination of MgO and CaO growth rates. On the other hand, the Mg elemental composition in 

1:2 and 1:1 dosing ratio samples is higher than the dosing ratio, indicating that there is synergy 

between the CaO and MgO cycles. One explanation is that during the CaO cycle, many more OH 

groups are formed since CaO is more hygroscopic. In pure CaO deposition, such excessive OH 

groups can be depleted by the next cycle of the Ca precursor dose. In the MgxCa1-xO, if the next 

step is the Mg precursor dose, such excessive OH groups will react with the Mg precursors and 

therefore result in higher Mg content in the film.  

MgxCa1-xO alloy is thermodynamically unstable below its melting point (2370oC).22 This is 

because of the large difference in ionic radius between Mg and Ca species.23 However, MgxCa1-

xO film has been reported to be kinetically stable until 600oC.24 In EE deposited MgxCa1-xO films, 

phase separated MgO and CaO species could be found. Therefore, it is very important to confirm 

the uniformity of ALD deposited MgxCa1-xO film. In this study, TEM is employed to check the 

film uniformity. Figure 7 demonstrates the HR-TEM image and diffraction patterns of three 

MgxCa1-xO films with different compositions deposited on Si3N4 grid. The HR image with visible 

lattice and grains shows that the film is well crystallized. The diffraction patterns exhibit rocksalt 

patterns. The absence of MgO and CaO diffraction patterns confirmed the homogeneity of this 

film, and therefore, that our ALD process can achieve a metastable MgxCa1-xO alloy film. 
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3.4 Band offset study of ALD MgxCa1-xO on GaN 

 

The quality of the dielectric/semiconductor interface plays an important role in device performance 

due to the fixed oxide charge, border and interface traps. Band offset is mainly determined by the 

density of interfacial defects which provides us a great method to investigate dielectric/ 

semiconductor interfacial quality. 25 Band offset of MgO on GaN was measure by several groups 

with XPS study.26-27 In this work, we will apply Robertson’s metal induced gap states (MIGS) 

theory28 to establish the quantitative relationship between the defect levels and the band alignment 

on different ratio of MgxCa1-xO on GaN.  

 Based on the theory, the valence band offset (𝜟𝜟𝑬𝑬𝑽𝑽) can be extracted with the following equation: 

𝜟𝜟𝑬𝑬𝑽𝑽 = �𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 − 𝑬𝑬𝑽𝑽𝑽𝑽𝑽𝑽𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐�
𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐

− �𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒔𝒔𝒔𝒔𝒔𝒔 − 𝑬𝑬𝑽𝑽𝑽𝑽𝑽𝑽𝒔𝒔𝒔𝒔𝒔𝒔 �
𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 𝒔𝒔𝒔𝒔𝒔𝒔

−�𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐−𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒔𝒔𝒔𝒔𝒔𝒔 �
 𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊

    (1) 

where �𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 − 𝑬𝑬𝑽𝑽𝑽𝑽𝑽𝑽𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐�
𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐

  and �𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒔𝒔𝒔𝒔𝒔𝒔 − 𝑬𝑬𝑽𝑽𝑽𝑽𝑽𝑽𝒔𝒔𝒔𝒔𝒔𝒔 �
𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 𝒔𝒔𝒔𝒔𝒔𝒔

 are the binding energy 

differences between the core levels and their respective valence band maximum for bulk oxides 

and bulk semiconductor substrates respectively. In the meantime,  �𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐−𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒔𝒔𝒔𝒔𝒔𝒔 �
 𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊

 

corresponds to the binding energy difference of core levels for the interfacial samples.  

With the knowledge of the band gap difference of two materials (𝜟𝜟𝑬𝑬𝒈𝒈) and valence band offset 

(𝜟𝜟𝑬𝑬𝑽𝑽), the conduction band offset (𝜟𝜟𝑬𝑬𝑪𝑪) value can be then derived from the formula (2). 

𝜟𝜟𝑬𝑬𝑪𝑪 = 𝜟𝜟𝑬𝑬𝒈𝒈 − 𝜟𝜟𝑬𝑬𝑽𝑽                                                                    (2) 

A detailed explanation for the above band offset theory can be referred to our previously published 

paper.29 In our work, the energy differences between the core level and valence band maximum of 

the oxide insulator (40 nm MgxCa1-xO films) and semiconductor (cleaned GaN substrate wafer) 
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are measured as �𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 − 𝑬𝑬𝑽𝑽𝑽𝑽𝑽𝑽𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐�
𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒆𝒆

  and �𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒔𝒔𝒔𝒔𝒔𝒔 − 𝑬𝑬𝑽𝑽𝑽𝑽𝑽𝑽𝒔𝒔𝒔𝒔𝒔𝒔 �
𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 𝒔𝒔𝒔𝒔𝒔𝒔

 , respectively. Then the 

core levels of the thin (2 nm) MgxCa1-xO film grown on GaN substrate are measured, 

corresponding to �𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐−𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒔𝒔𝒔𝒔𝒔𝒔 �
 𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊

.  

 

Therefore, in order to determine the valence band offset (ΔEV) and study the trend for MgxCa1-xO 

/GaN systems, we collected XPS spectra on samples with 5 different ratios: MgO, Mg0.72Ca0.28O, 

Mg0.51Ca0.49O, Mg0.25Ca0.75O, CaO. For each ratio, three various samples were measured: (1) 40 

nm MgxCa1-xO /GaN, (2) 2 nm MgxCa1-xO /GaN, (3) bare GaN. Finally, ΔEV for different ratio 

MgxCa1-xO /GaN can be extracted by equation (1) as described. Additionally, MgO and CaO are 

known to be hygroscopic in air. To protect our samples from hydroxylation during transfer 

between ALD reactor to XPS chamber, we deposited a 5 nm Al2O3 barrier layer on top of our 

samples. O 1s binding energy measured by the XPS was used to distinguish the metal-oxide bonds 

with the hydroxyl groups. Although our samples were coated with Al2O3 barrier layer, little 

composition of our oxide films were converted to hydroxyls. (shown in Figure S5) Few 

compositional impurities might affect the absolute value of band offsets, however, the relative 

relation and trend won’t be influenced. Table 2 summarizes the binding energy differences 

between VBMs, core levels and the valence band offsets (ΔEV) for each ratio. Pure MgO and CaO 

both showed larger ΔEV while Mg0.25Ca0.75O showed smallest ΔEV.  

 

In theory, the band offset between semiconductor and oxide can be predicted by the electron 

affinities (Ea) and charge neutrality levels (CNL). Table 3 demonstrates the band properties for 

GaN and MgxCa1-xO. The Ea and CNL are from literatures and estimated based on Vegard’s Law.30 

According to the CNL model31, the defect free and fully pinned MgO/GaN interface should have 
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a valence band offset of 1.11 eV and 1.68 eV respectively (shown in Figure S8). The two extreme 

cases for all other ratio MgxCa1-xO /GaN can be predicted similarly. In this paper, the defect free 

case refers to bands aligned with intrinsic MIGS states and the fully pinned case refers to bands 

pinned by extrinsic defect states. 

 

Figure 8 shows the comparison of our XPS-measured band offsets with predicted extreme cases 

for five different ratio MgxCa1-xO /GaN. Band offset of Mg0.25Ca0.75O /GaN demonstrated band 

alignments between defect free and fully pined case while all other ratios showed near fully pinned 

case. Although the band alignments measurements by XPS might not be very accurate due to its 

precision limit, this clear trend indicates that a better interfacial property could be achieved near 

Mg0.25Ca0.75O ratio, which was confirmed by the optimal electrical and epitaxial property achieved 

in our previous study.15 It is common for GaN interfaces to have defect states or a pinned Fermi 

level at characteristic energies because dangling bonds may lead to the surface reconstruction.32 

Other methods may measure the GaN interfacial states more precisely.33 

 
 
Summary 
 
In this paper, an ALD MgxCa1-xO deposition process and dosing recipe has been developed. The 

optimal deposition condition was determined by studying the ALD growth behavior of MgO and 

CaO with amidinate based precursors. XPS and IR showed that OH residue and C residue may 

appear at too low and too high deposition temperature, respectively. Therefore, a 310oC substrate 

deposition temperature was carefully selected. Furthermore, TEM and electron diffraction were 

employed to investigate the crystallinity of MgxCa1-xO films with three dosing ratios. The resulting 

MgxCa1-xO films with all ratios showed high conformity, homogeneity and crystallinity. Band 
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offset analysis was carried out with all different ratio of MgxCa1-xO grown on GaN. Band 

alignment of Mg0.25Ca0.75O /GaN showed band alignments between defect free and fully pinned 

cases while that of all other ratios demonstrated a near fully pinned case. This matched the optimal 

electrical measurement and interfacial properties in our previously reported study. Thus, these 

band offset analyses provide a good way to help understand the electrical response and interfacial 

properties of oxide dielectrics on compound semiconductors. 
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Figure 1.(a) MgO growth rate vs substrate temperature. (b) FTIR spectrum of MgO film deposited 
at different temperatures. The vertical dashed line labels the typical OH stretching peak position 
in Mg(OH)2. 34 
 
 

 

Figure 2.XPS spectra of MgO film. (a) Mg2p scan. (b) O1s scan 
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Figure 3. TEM of MgO. (a) HR-TEM image of 10 nm MgO film on SiNx membrane covered by 
5nm amorphous Al2O3. (b) Diffraction pattern with single crystalline Si(220) as reference. (c) HR-
TEM cross section image of MgO/GaN(0001). (d) Diffraction pattern of (c). 
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Figure 4. (a) CaO growth rate at different substrate temperatures. (b) IR spectrum of CaO film 
deposited at different substrate temperatures. The dashed red line indicates the expected OH group 
stretching adsorption. 
 
 

 

Figure 5. Temperature dependence of CaO film composition characterized by XPS. (a)  Carbon 
content in CaO film at different deposition temperatures based on C1s peak area. (b) O1s scan of 
CaO films deposited at different temperatures. 
 
 
 



21 
 

 

Figure 6. TEM images of ALD CaO film. (a) Diffraction pattern of CaO deposited at 273oC. (b) 
HR-TEM image of CaO deposited at 273oC. (c) Diffraction pattern of CaO deposited at 310oC. (d) 
HR-TEM image of CaO deposited at 310oC. (e) Diffraction pattern of CaO/GaN cross section. (f) 
HR-TEM of CaO/GaN cross section. 
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Figure 7. (a) Top view of Mg0.25Ca0.75O/Si3N4 membrane. (b) Top view of Mg0.51Ca0.49O/Si3N4 
membrane. (c) Mg0.72Ca0.28O/Si3N4 membrane. (d) Diffraction pattern of Mg0.25Ca0.75O. (e) 
Diffraction pattern of Mg0.51Ca0.49O. (f) Diffraction pattern of Mg0.72Ca0.28O. 
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Figure 8. Band offset comparison between CNL model-predicted and XPS-measured MgxCa1-xO 
/GaN band offsets. Band offset of (a) MgO/GaN (b) CaO/GaN (c) Mg0.72Ca0.28O /GaN (d) 
Mg0.51Ca0.49O /GaN (e) Mg0.25Ca0.75O /GaN 
 
 
 
Table 1. Summary of ALD growth rates, compositions and lattice constants of different MgxCa1-

xO films. The composition was measured by Rutherford back scattering (RBS). Lattice constants 
of MgxCa1-xO (222) were measured by HRXRD. MgO and CaO (222) lattice constants were from 
Crystallography Open Database. 
 

Dosing ratio 
Mg:Ca 

Average 
growth rate 
(Å/cycle) 

Composition 

CaO 0.75 ± 0.015 CaO 
1:3 0.5 ± 0.01 Mg0.25Ca0.75O 
1:2 0.5 ± 0.01 Mg0.51Ca0.49O 
1:1 0.6 ± 0.012 Mg0.72Ca0.28O 
MgO 0.5 ± 0.01 MgO 
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Table 2. Summary of XPS binding energy of MgxCa1-xO /GaN. All units are in eV. For CaO, ECa2p 
is used as Eoxide core. For all other compositions of MgxCa1-xO films, Emg2p is used as Eoxide core. 
 

 
Eoxide core-EVBM 
40nm MgxCa1-xO 

EGa3d-EVBM 
Bare GaN 

EGa3d – Eoxide core 
2nm MgxCa1-xO /GaN 

ΔEV 

MgO 45.5 ± 0.05 17.88 ± 0.1 30.12 ± 0.04 1.85 ± 0.1 

Mg0.72Ca0.28O 47.07 ± 0.05 17.88 ± 0.1 30.65 ± 0.04 1.46 ± 0.1 

Mg0.51Ca0.49O 47.09 ± 0.05 17.88 ± 0.1 30.55 ± 0.04 1.34 ± 0.1 

Mg0.25Ca0.75O 47.7 ± 0.05 17.88 ± 0.1 30.8 ± 0.04 0.98 ± 0.1 

CaO 343.38 ± 0.08 17.88 ± 0.1 327.22 ± 0.06 1.72 ± 0.15 

 
 
 
Table 3. GaN and MgxCa1-xO properties. CNL value is defined as the energy difference between 

CNL and VBM. 
 Ea(eV) Eg(eV) CNL(eV) 

MgO 0.85 7.8 4.0 

Mg0.72Ca0.28O 0.83 7.60 3.90 

Mg0.51Ca0.49O 0.82 7.46 3.82 

Mg0.25Ca0.75O 0.81 7.28 3.73 

CaO 0.79 7.1 3.64 

GaN 4.1 3.44 2.32 
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