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Control of the plasma-CVD SiO2/InAlN interface by N2O plasma oxidation of the InAlN 

surface was studied. The interface was characterized by both X-ray photoelectron 

spectroscopy (XPS) and capacitance–voltage measurement of metal–insulator–

semiconductor (MIS) diodes. An excessively long duration of oxidation led to the 

deterioration of the stoichiometry of the InAlN surface and plasma oxide, resulting in a high 

density of interface states in the completed MIS diodes. Meanwhile, the surface-localized 

oxygen deficiency in the plasma oxide layer was observed by XPS. The intensity ratio of the 

oxygen-deficient component to the fully oxidized component in the O 1s spectrum decreased 

with increasing oxidation duration. Consequently, there was an optimum oxidation duration. 

The interface state density was reduced by almost one order in the case of plasma oxidation 

for an appropriate duration compared with the case of the direct deposition of SiO2 onto 

InAlN.  
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1. Introduction 

GaN has attracted much attention as a material for developing power electronics because of 

its wide band gap, high saturation electron velocity, high breakdown field, and good thermal 

conductivity.1) One of the advantages of III-nitrides is their feasibility for constructing 

excellent heterostructures.1) As an application to high-frequency power devices, 

AlGaN/GaN heterostructures providing a high-mobility and high-density two-dimensional 

electron gas (2DEG) are used to construct high-electron-mobility transistors (HEMTs). 

InxAl1-xN, which achieves lattice matching to GaN when x = 0.17 – 0.18, is a promising alloy 

for HEMT application because it can provide a higher-density 2DEG2) owing to its 

high-density spontaneous polarization3) and large conduction band offset4), ΔEC, with a large 

band gap.5) Actually, a 2DEG density higher than 2×1013 cm–2 has been reported.6–11) 

However, InAlN has the drawback of a high leakage current12) owing to the high internal 

electric field resulting from the high spontaneous polarization.13) Therefore, the use of an 

insulator for the gate structure is necessary. So far, several insulators, i.e., Al2O3
12, 14–18), 

ZrO2
15, 19, 20), GdScO3

15), HfO2
19), SiO2

21), plasma oxides22–26), and thermal oxides27, 28), have 

been used to construct insulated gate HEMTs or metal–insulator–semiconductor (MIS) 

HEMTs. Among these insulators, SiO2 has the widest band gap, achieving a large ΔEC with 

InAlN lattice-matched to GaN. Since the insulator/semiconductor interface is generally 

characterized by the presence of interface states, which deteriorate the device performance, 

it is desirable to establish a method of controlling the SiO2/InAlN interface. 

     In our previous work29), we reported that N2O plasma oxidation of an InAlN surface is a 

promising method of reducing the interface state density Dit at the SiO2/InAlN interface. 

However, the optimum conditions for surface oxidation and the mechanism underlying the 

reduction in Dit have not been clarified. Recently, plasma oxidation of the III-nitride surface 

has been reported to be an excellent method of achieving surface passivation of AlGaN/GaN 

HEMTs.30) In addition, the existence of an ultrathin epitaxial crystalline intermediate Ga2O3 

layer at the plasma-CVD SiO2/GaN interface has been reported, suggesting that the initial 

oxidation of the GaN surface leads to good interfacial properties.31) These results indicate 

that the properties of the native oxide/III-nitride interface formed by plasma oxidation are 

excellent. However, the reason why the plasma-induced damage does not deteriorate the 

interface properties is unclear. Generally, ion attacks cause plasma damage at the sample 
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surface, resulting in interface disorder with random changes in the connection, length, and 

angle of the chemical bonds at the interface. The direct deposition of SiO2 onto an InAlN 

surface by plasma CVD leads to the formation of an uncontrolled oxide layer, resulting in the 

generation of interface states.29) On the other hand, successful control of the 

insulator/AlGaN interface by N2O radical treatment while excluding ion attacks has been 

reported.32) Therefore, an excellent native oxide/III-nitride interface can be formed only 

when plasma oxidation is performed appropriately. To realize this, the mechanism of 

formation of an excellent native oxide/III-nitride interface by plasma oxidation should be 

investigated.  

In our very recent work33), we reported that inserting a 0.5-nm-thick Al2O3 interlayer 

formed by atomic layer deposition (ALD) at a plasma-CVD SiO2/InAlN interface reduces 

Dit efficiently. On the basis of X-ray photoelectron spectroscopy (XPS) results, it has been 

clarified that the native oxide is formed beneath the ultrathin Al2O3 interlayer. Therefore, the 

reduction in Dit should have been achieved by forming an excellent native oxide/InAlN 

interface with ion attacks blocked by the ultrathin Al2O3 interlayer during plasma CVD. 

There is a possibility that the native oxide layer grown by plasma oxidation can 

automatically block ion attacks at the interface. 

     In this work, the control of the plasma-CVD SiO2/InAlN interface by N2O plasma 

oxidation of the InAlN surface prior to SiO2 deposition was investigated. On the basis of 

XPS results, the oxide growth rate, stoichiometry of the InAlN surface and plasma oxide, 

and oxygen deficiency in the plasma oxide were analyzed. From the results of capacitance–

voltage (C–V) measurement of MIS diodes combined with simulation results, Dit was 

extracted. An appropriate duration of plasma oxidation led to a reduction in Dit compared 

with the case of the direct deposition of SiO2 by plasma CVD, whereas a very long duration 

of oxidation resulted in an increase in Dit. The mechanism of Dit reduction at the optimum 

duration is discussed on the basis of the combined results of XPS and electrical 

measurement.  

 

2. Experimental procedure 

For electrical measurements, MIS diodes, as shown in Fig. 1, were fabricated as follows. A 

Si-doped InAlN layer was grown by metal organic vapor phase epitaxy (MOVPE) on 
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sapphire substrates via a GaN buffer layer. The carrier concentration n of the InAlN layer 

was adjusted to 1–3×1018 cm-3 and the thickness was 160 nm, which enabled us to 

characterize the samples as ordinary MIS diodes without considering the 2DEG that was 

located much deeper than the depletion layer edge. (Although we have not performed any 

special characterizations, the quality of the 160-nm-thick InAlN epitaxial layer was 

satisfactory for use in a MIS structure to characterize insulator-semiconductor interfaces by 

the C–V method and to compare the effects of fabrication process.) Chemical treatment 

was carried out using buffered hydrofluoric acid (HF) solution (BHF, NH4F:HF=5:1) to 

remove the surface oxide. A 20-nm-thick SiN layer to protect the InAlN surface during 

ohmic annealing was deposited by electron cyclotron resonance plasma CVD at 270 oC 

with 100 W plasma power using a N2 and SiH4/Ar gas mixture. After photolithography and 

partial removal of SiN using BHF, a Ti (20 nm; bottom)/Al (50 nm)/Ni (20 nm)/Au (50 

nm; topmost) ohmic contact was formed as a large pad perforated with a periodic-hole 

array. Subsequently, the sample with the SiN surface protection layer was annealed at 850 
oC for 1 min. After annealing, the SiN layer was removed using the BHF solution. Then 

the sample surface was oxidized using N2O RF plasma at 20 W plasma power, a substrate 

temperature of 300 oC, and a pressure of 28 Pa in a N2O flow of 27 sccm. The durations of 

plasma oxidation were set at 30 s, 1 min, and 3 min. For comparison, a sample without 

plasma oxidation was also fabricated. SiO2 was deposited by RF plasma CVD at 300 oC 

and 30 W plasma power using a N2O and SiH4/Ar gas mixture. The thickness of the SiO2 

layer was in the range of 21–25 nm. Finally, a Ni (20 nm, lower)/Au (50 nm, upper) 

circular gate electrode was formed at the center of the hole of the ohmic contact pad to 

complete the MIS structure.  

The plasma oxide/InAlN interface was examined by XPS using a sample with an 

ultrathin plasma oxide layer formed on an undoped 30-nm-thick InAlN layer grown by 

MOVPE on a sapphire substrate via a 2-μm-thick GaN buffer layer. A monochromated 

Al-Kα X-ray source (1486.6 eV) was used. The charge-up error in binding energy was 

calibrated by setting the C 1s spectral peak to 285.0 eV. 

 

3. Results and discussion 

The XPS In 3d, N 1s, and Al 2p spectra observed at the photoelectron take-off angle θ of 
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45o for the InAlN surface after plasma oxidation for various durations are shown in Fig. 2. 

Oxide components are observed clearly in the Al 2p and In 3d spectra, whereas no oxide 

component can be seen in the N 1s spectrum. The shape of the N 1s spectrum obtained 

from the InAlN surface after plasma oxidation coincided with that of the HF-treated InAlN 

surface. Therefore, a native oxide layer without oxynitride components was formed by this 

plasma oxidation. It can be seen that the intensity ratio RI of the oxide component to the 

InAlN component increased with the oxidation duration in both the In 3d and Al 2p spectra. 

This indicates that the thickness of the surface oxide layer increased with the oxidation 

duration. Here, the oxide thickness can be estimated from the obtained Al 2p spectrum as 

follows. The integrated intensity ICL InAlN of a core-level spectrum from the InAlN layer 

decays with increasing plasma oxide thickness dPOX as34) 

 

𝐼  𝐼  exp ,       (1) 

 

where I0CL InAlN indicates ICL InAlN with dPOX = 0, and λ is the escape depth of photoelectrons 

given by 

 

𝜆 𝜆 𝑠𝑖𝑛𝜃,         (2) 

 

where λ0 is the inelastic mean free path of photoelectrons. Using λ0 determined by the 

theoretical calculation35, 36), we calculated λ at θ = 45o to be 1.7, 1.8, and 2.2 nm for In 3d, 

N 1s, and Al 2p, respectively. On the other hand, the integrated intensity ICL POX of the 

same core-level spectrum from the plasma oxide layer increases with an increase in dPOX 

as34) 

 

𝐼  𝐼  1 exp ,      (3) 

 

where I0CL POX indicates ICL POX with an infinite or sufficiently large dPOX. Consequently, for 

the spectra obtained from the oxidized InAlN surface, RI is given by34) 
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𝑅  

 
.       (4) 

 

Using this equation, dPOX was derived from RI. Here, we used the Al 2p spectrum because 

the ratio I0CL POX/I0CL InAlN can be extracted from the Al2O3/InAlN structures formed by 

ALD, with the assumption that the molar fraction of Al oxide in the native oxide layer is 

equal to that of AlN in InAlN. The extracted dPOX is plotted as a function of oxidation 

duration in Fig. 3. It can be seen that dPOX increases with the oxidation duration. The 

dashed line in Fig. 3 shows an example fitting line calculated with the Deal–Grove 

model37) given by 

 

𝑑 1
⁄

⁄
1 ,       (5) 

 

where A and B are used as fitting parameters (an explanation of their physical meaning is 

omitted here) and τ is a parameter related to the initial thickness and was set to 0.  

    Figure 4 shows the integrated intensity ICL InAlN as a function of the extracted dPOX for 

the In 3d, N 1s, and Al 2p spectra. The dashed lines indicate fitting curves given by Eq. (1). 

Although reasonable fitting within the experimental error can be seen for N 1s and Al 2p, 

the discrepancy between the estimated intensity and the measured intensity is considerable 

for In 3d at the largest dPOX. It is highly likely that the stoichiometry at the InAlN surface 

was deteriorated by the oxidation for 3 min. In addition, the stoichiometry of the plasma 

oxide layer was also deteriorated by 3 min oxidation. The intensity ratio RI for the Al 2p 

and In 3d core-level spectra is plotted as a function of dPOX in Fig. 5, where the solid and 

dashed lines are fitting lines calculated by Eq. (4). It can be seen that the measured RI for 

In 3d deviates from the estimation at the largest dPOX, being much lower than the estimated 

value. This result indicates a deficit of the In component in the plasma oxide layer for the 

sample with 3 min oxidation. On the basis of these results, it is concluded that an 

excessively long duration of oxidation leads to deterioration of the stoichiometry of the 

InAlN surface and plasma oxide. Presumably, the In component at the InAlN surface is 

more difficult to oxidize compared with Al component, or the Al component is more easily 

oxidized than the In component, when the oxidation duration is too long. This phenomenon 
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should affect the quality of the insulator/semiconductor interface of the completed MIS 

diodes.  

The chemical bond connection in the native oxide layer may also affect the interface 

quality. O1s spectra obtained at θ = 45o for different oxidation durations are illustrated in 

Fig. 6(a), where the O 1s spectra are decomposed into two components, in which the In- 

and Al-related components are merged for each, with a chemical shift of ~1.5 eV. The 

lower-energy component denoted by OI consists of In2O3
 38) and Al2O3 

39). It is reported that 

the hydroxide components exhibits higher binding energy with a similar chemical shift.38, 

39) However, since the N2O oxidation was carried out in vacuum, it is unlikely that 

hydroxides dominate in the higher-energy component denoted by OII. Alternatively, it is 

highly likely that the higher-energy component is mainly composed of the 

oxygen-deficient region including dangling bonds40–42). The spatial location of this region 

was clarified by angle-resolved XPS, as shown in Fig. 6(b), where O 1s spectra observed at 

θ = 15, 45, and 90o are plotted for the 1-min-oxidized sample. It can be clearly seen that 

the intensity of the OII component increased as θ decreased. Since a decrease in θ makes 

the analysis more surface-sensitive; this result indicates that the oxygen-deficient region 

was localized at the topmost surface of the native oxide layer. On the other hand, in Fig. 

6(a), it can be seen that the ratio of the integrated intensity of the oxygen-deficient 

component IOII to that of the fully oxidized component IOI decreased with increasing 

oxidation duration. This ratio (IOII/IOI) is plotted in Fig. 7 as a function of dPOX, where its 

almost linear decay can be seen. The effect of this tendency is discussed later. 

     The XPS results described above should be related to the electrical properties of the 

interface. It is naturally expected that the quality of the SiO2/InAlN interface of the 

completed MIS diode is dependent on the native oxide/InAlN interface. One of the most 

important parameters concerning the interface quality is Dit. According to the 

disorder-induced gap state (DIGS) model43), interface disorder is the origin of interface 

states. Since the stoichiometry of the InAlN surface and plasma oxide deteriorated in the 

sample with 3 min plasma oxidation, there is a possibility that interface disorder was 

introduced at the interface. Therefore, it is anticipated that Dit of the MIS diodes with 3 

min plasma oxidation is high. Figure 8 shows a summary of the results of the C–V 

measurement at a frequency of 1 MHz, where the solid lines indicate the measured data, 
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the one-dot-chain lines are the calculated ideal curves, and the open circles indicate 

simulated curves used to fit the measured ones. For comparison, the data taken from Ref. 

33 for the sample with direct SiO2 deposition are also plotted in Fig. 8(a). The oxide 

thicknesses were 20 nm for direct SiO2 deposition, 25 nm for the 30-s- and 3-min-oxidized 

samples, and 21 nm for the 1-min-oxidized sample. The difference in SiO2 thickness was 

due to an error in thickness control. The doping density also varied among the sample 

owing to the unoptimized doping conditions. Nevertheless, the properties of the samples 

can be compared using the ideal curves, which were calculated by taking into account the 

difference in the conditions, as a benchmark. It can be seen that the sample with 1 min 

plasma oxidation exhibits the best C–V characteristic, whereas that of the sample with 3 

min plasma oxidation indicates the existence of a high Dit. The ideal C–V curves are 

calculated using a previously developed simulator.44, 45) Generally, the measured curve 

exhibits a voltage shift from the ideal curve. In Fig. 8, the ideal curves were shifted in the 

voltage axis direction to overlap with the measured C–V curves for comparison. The 

magnitude of this voltage shift of each ideal C–V curve is denoted by ΔV and summarized 

in Table I. The origin of ΔV is discussed later. 

Using the same simulator, C–V curves were calculated to obtain the best fit to the 

measured data by taking into account the charge/discharge of interface states. The Dit 

distribution was assumed to be U-shaped on the basis of the DIGS model.43) As a 

mathematical model of the Dit distribution, the following equation can be appropriately 

used to simulate the C–V curves44, 45): 

 

𝐷 𝐸 𝐷 𝑒𝑥𝑝
,

,

,      (6) 

 

where Dit0 is the minimum of Dit, ECNL is the charge neutrality level, E0D and nD are the 

curvature factors assumed for the donorlike states below ECNL, and E0A and nA are those for 

the acceptorlike states above ECNL. ECNL was assumed to be located 2.0 eV below the 

conduction band minimum energy, EC
17). Therefore, E0D and nD cannot be determined from 

the C‒V curves of the n-type MIS diode because the response of the interface states located 

below ECNL becomes too slow. Here, Dit0, E0A, and nA are used as parameters for fitting to the 

measured C‒V curves. By fitting, we can extract the Dit distributions. The extracted Dit 
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distributions are summarized in Fig. 9, where the data for the sample with the direct SiO2 

deposition are taken from our previous work33). It can be seen that the 1-min-oxidized 

sample exhibited the lowest Dit, whereas the 3-min-oxidized sample showed the highest Dit. 

Compared with the sample without plasma oxidation, the sample with the most appropriate 

duration of oxidation achieved a one-order reduction in Dit.  

In our previous work33), we argued that ΔV is the sum of the polarization charge Qpol, 

the fixed charge Qf distributed at the interface and possibly in insulator, and the charge 

𝑄 owing to the frozen interface states with a long time constant compared with the speed 

of the bias sweep. However, using 𝑄  determined from the Dit distributions extracted by 

the simulation, the extracted Qf was very high even for the SiO2/InAlN interface controlled 

by the Al2O3 interlayer in Ref. 33 and that controlled by the plasma oxide interlayer in this 

work, resulting in a high Qf/q on the order of 1013 cm–2 (q is the elemental charge). Since 

this density seems to be too high for an excellent interface with a low Dit, the estimation of 

Qf/q should be reappraised. Because Qpol/q is as large as –2.88×1013 cm–2 3), an estimation 

of Qf/q results in a high value. There is a possibility that another type of charge 

compensated for Qpol at the interface or the InAlN surface. One of the possible 

compensation charges is surface donors46). If this charge is taken into account, ΔV is given 

by 

 

∆𝑉 𝑄 𝑄 𝑄 𝑄 ,      (7) 

 

where CI is the insulator capacitance and QSD is the charge density of surface donors. 

Nevertheless, the exact value of QSD is unclear here. Therefore, we can only obtain an 

apparent fixed charge Qfapp given by   

 

𝑄 𝑄 𝑄 𝑄 .       (8) 

 

In the simulation, this Qfapp and the Dit distribution were adjusted as parameters to fit the C–

V curves. Namely, the Dit distribution that determined 𝑄 was adjusted to reproduce the 

shape of the C–V curve, whereas Qfapp was adjusted so that the simulated curve overlapped 
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the measured curve, resulting in the determination of ΔV given by Eq. (7). Figure 10 plots the 

extracted Qfapp/q as a function of dPOX. It can be seen that Qfapp increases with plasma oxide 

interlayer thickness. This indicates that the plasma oxide interlayer contains the bulk fixed 

charge, although the origin of this bulk charge is unclear at this stage.  

     On the basis of the results of both XPS and electrical measurements, the optimum 

oxidation duration was found. An excessively long duration of oxidation resulted in the 

deterioration of the stoichiometry of the InAlN surface and plasma oxide, which led to 

interface disorder that generated a high Dit. On the other hand, shorter durations of 30 s and 

1 min resulted in low Dit values. The oxygen-deficient component was detected in the O 1s 

spectra of all samples, as shown in Fig. 6(a), although IOII/IOI decreased with increasing 

oxidation duration as shown in Fig. 7. This means that the oxygen-deficient component 

existed in the native oxide layer even in the 1-min-oxidized sample with the lowest Dit. It 

seems unusual that an interface with oxygen deficiency exhibited a low Dit. The decrease 

in IOII/IOI with increasing oxidation duration in Fig. 7 was likely to be due to the increase in 

thickness, which led to a decrease in the ratio of the surface-localized component to the 

oxide-bulk component. There is a possibility that the oxygen-deficient region is the product 

of plasma damage that introduces defects and/or dangling bonds at the topmost surface of 

the native oxide layer, whereas a plasma oxide layer without oxygen deficiency or any 

defects exists at the native oxide/InAlN interface. That is, it is highly likely that plasma 

oxide prevents the native oxide/InAlN interface from ion attacks by itself. Considering that 

the lowest Dit was observed in 1-min-oxidized sample, the amount of the surface-localized 

OII component might have been reduced after SiO2 deposition owing to chemical bonding 

at the SiO2/native oxide interface, achieving a reduction in Dit in the completed MIS 

structure. Nevertheless, since residual defects might have existed in the vicinity of the 

SiO2/native oxide interface and affected the interface states at the native oxide/InAlN 

interface by tunneling, the thickness of the native oxide layer should be sufficiently large to 

reduce Dit by separating these interfaces. The slight increase in Dit of the 30-s-oxidized 

sample possibly resulted from its slightly smaller plasma oxide interlayer thickness, or 

higher tunneling probability, than that of the 1-min-oxidized sample. Consequently, a 

tradeoff exists between maintaining the stoichiometry of the InAlN surface and plasma 

oxide and separating the two interfaces, which results in an optimum oxidation duration. 



  Template for JJAP Regular Papers (Jan. 2014) 

11 

 

4. Conclusions 

Control of the plasma-CVD SiO2/InAlN interface by N2O plasma oxidation of the InAlN 

surface was studied. The interface was characterized by both XPS and C–V measurement of 

MIS diodes subjected to 30 s, 1 min, and 3 min interface oxidation. The 3 min oxidation led 

to the deterioration of the stoichiometry of the InAlN surface and plasma oxide, resulting in 

a high density of interface states in the completed MIS diode. On the other hand, the lowest 

Dit, which was almost one order lower than that of the sample with the direct deposition of 

SiO2, was achieved by 1 min plasma oxidation. The surface-localized oxygen-deficient 

component in the plasma native oxide layer was observed in the XPS O 1s spectrum. The 

intensity ratio of the oxygen-deficient component to the fully oxidized component decreased 

with increasing the oxidation duration and resultant oxide thickness. A slight increase in Dit 

was obtained for the 30-s-oxidized sample compared with the 1-min-oxidized sample, 

which is possibly because of the slightly smaller native oxide thickness.  
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Figure Captions 

Fig. 1. Structure of tested MIS diode. 

 

Fig. 2. XPS spectra obtained from InAlN surface after plasma oxidation, i.e., In 3d, N 1s, 

and Al 2p spectra for oxidation durations of 30 s, 1 min, and 3 min.  

 

Fig. 3. Plot of the thickness of the oxide layer formed by plasma oxidation, derived from 

the intensity ratio of the oxide component to the InAlN component in the Al 2p spectrum, 

as a function of oxidation duration.  

 

Fig. 4. Plots of integrated intensity ICL InAlN as a function of dPOX. The dashed lines are 

fitting lines calculated by Eq. (1) assuming λ to be 1.7, 1.8, and 2.2 nm for In 3d, N 1s, and 

Al 2p, respectively.  

 

Fig. 5. Plots of integrated intensity ratio RI of oxide component to InAlN component as a 

function of dPOX for Al 2p and In 3d core level spectra. The dashed and solid lines indicate 

the theoretical estimation calculated by Eq. (4) for Al 2p and In 3d, respectively. 

 

Fig. 6. (a) O 1s spectra obtained at θ = 45o for oxidation durations of 30 s, 1 min, and 3 

min. (b) O 1s spectra obtained by angle-resolved XPS for the 1-min-oxidized InAlN 

surface.  

 

Fig. 7. Plot of intensity ratio IOII/IOI as a function of dPOX. 

 

Fig. 8. C–V curves measured at 1 MHz for fabricated MIS diodes (solid lines) with the 

calculated ideal curves (one-dot-chain lines) and the simulated curves (open circles). (a) 

Direct SiO2 deposition (Data are taken from Ref. 33). (b) N2O oxidation for 30 s. (c) N2O 

oxidation for 1 min. (d) N2O oxidation for 3 min. 

 

Fig. 9. Summary of the Dit distributions assumed in the simulation for the best fit to the 

measured C–V curves. The data for the sample with direct SiO2 deposition are taken from 
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Ref. 33. 

 

Fig. 10. Plot of Qfapp/q as a function of plasma oxide interlayer thickness. The solid circles 

indicate Qfapp/q estimated for the MIS diodes, and the solid line is the fitting line to the 

solid circles. 

 

 

  



  Template for JJAP Regular Papers (Jan. 2014) 

17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 

  

Table I.  Summary of ΔV for the ideal curves.  
 

Oxidation duration [min] ΔV [V] 
0 3.2 

0.5 2.8 
1.0 2.1 
3.0 2.8 

 

Sapphire

SiO2

n-GaN buffer
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gate electrode

plasma 
oxide
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200 μm 100 μm100 μm
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Fig. 7 
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Fig. 9 
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