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ABSTRACT 

The understanding of the properties of silicon nitride (SiNx) deposited by plasma-enhanced 

chemical vapor deposition (PECVD) is crucial as this layer is widely used for gate dielectric and 

surface passivation. In the PECVD system, the passivation quality can be altered substantially with 

SiH4 flow rate. Therefore, in the present work, variation of chemical structures at the SiNx/GaN 

interface with SiH4 flow rate and its impact on the charge transport mechanisms of metal-insulator-

semiconductor (MIS) diodes have been systematically investigated. X-ray photoelectron 

spectroscopy results suggest that the trap states related to Ga-O and N-H bonds decline when SiH4 

flow rate increases from 55 to 85 sccm, leading to a reduction of surface-electron trapping and an 

improvement in surface passivation quality. The same observation can also be confirmed using 

Fourier transform infrared spectroscopy measurements. The leakage current and interface trap 

density of MIS-diode with 85 sccm SiH4 flow rate deposited SiNx are significantly lower than that 

of MIS-diode with 55 sccm SiH4 flow rate deposited SiNx. Interestingly, after passivation, the 
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density of slow traps is suppressed largely and we achieved a minimum interface trap density of 

1.57  1012 cm-2.eV-1 which helps to suppress three orders of magnitude lower leakage current 

compared to the conventional Schottky diode. 

Keywords: AlGaN/GaN, PECVD SiNx, Chemical bonds, Interface states, Carrier trapping. 

 

 

1. Introduction 

It is well known that the existence of a large number of surface states in AlGaN/GaN-based 

power devices can play a strong detrimental role in their DC and RF performances [1-6]. The effect 

becomes more significant for the device fabricated with lower AlGaN barrier layer thickness, 

where the surface charge-related electrostatic effect could be increased on the free carriers 

confined in the channel region due to the shorter distance between the two-dimensional electron 

gas (2DEG) and the surface of heterostructure [1].  

The origin of surface states in GaN-based semiconductor materials could be related to the 

oxygen impurities, threading dislocations, dangling bonds, and nitrogen vacancies as suggested in 

Refs. [7-10]. These defect states can play various roles in many unfavorable effects in 

metal/AlGaN/GaN-based conventional Schottky diodes (MS-diodes). The conventional MS-

diodes without surface passivation have unacceptably high reverse leakage current due to the 

presence of several surface states [8,9]. It is reported that the large number of surface states in 

conventional MS-diodes could make 2DEG at the AlGaN/GaN interface difficult to deplete [7,8]. 

Many reports also highlighted the surface states-related Fermi level (EF) pinning effects in 

conventional MS-diodes [7,8]. The Fermi level pinning can limit the work function dependence of 

the Schottky barrier height and worsen the device performance [7]. 
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However, different oxide (e.g., Al2O3, HfO2, and SiO2) or nitride (e.g., SiN and AlN) based 

dielectric films have been used to mitigate the negative effects of surface states [11-13]. Several 

researchers have used SiNx dielectric layer, commonly deposited with a plasma-enhanced 

chemical vapor deposition (PECVD) system, for surface passivation as SiNx provides additional 

positive charges to neutralize the previously trapped negative electrons on the surface states thanks 

to the unique property of SiNx [2,14,15]. However, several oxide states and dangling bonds at the 

interface between SiNx and GaN remain a source of carrier trapping and thus hinder the device 

performance [2]. Lu et al. have noticed that after PECVD SiNx passivation, the interface state 

density (Dit) decreases from about 4.54  1012 cm-2eV-1 (un-passivated) to 1.96  1012 cm-2eV-1 at 

0.328 eV of relative trap level below conduction band which improves the device performance 

[16]. In addition, the gate leakage current can be suppressed considerably in the metal-insulator-

semiconductor high-electron-mobility transistors (MIS-HEMTs) by using the low-temperature-

grown SiNx as gate dielectric and passivation layers as suggested by Surana et al. [11]. A similar 

observation can also be found in Ref. [17] where the authors claimed that after the inclusion of a 

passivation layer, the device performance improves in terms of lower gate leakage current and 

better pinch-off characteristics.  

Furthermore, it is noted that the surface state filling closely depends on the chemical bonds 

between SiNx and GaN surfaces [18]. Therefore, to suppress the dielectric trapping and interface 

states at the SiNx/GaN interface, a better understanding of the chemical bonding properties of SiNx 

is required. The chemical structures of SiNx can largely alter with the deposition parameters (e.g., 

plasma power density, temperature, pressure, and flow rate of gas precursors) in the PECVD 

system [18,19]. The change of chemical structures in SiNx can affect the surface passivation quality 

substantially as found in [18,19]. 
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Several research groups used different gas flow rates for the deposition of SiNx in the PECVD 

process to control the trapping of surface-electrons and improve the device performance 

[3,4,19,20]. However, the combined effects of gas flow rate on the chemical structures formed 

between the gate dielectric layer and GaN and its modifications after the deposition of a thick 

passivation layer are not well studied. Therefore, the change of chemical structures with the gas 

flow rate during the deposition of gate dielectric and passivation layers and its effect on the carrier 

transport mechanisms of metal-insulator-semiconductor-based devices should be investigated 

thoroughly.  

Before going to describe the work in detail, certain key features of the study are mentioned 

below. First, we deposited the SiNx gate dielectric layers on the GaN/AlGaN/AlN/GaN epilayer at 

two different gas (SiH4/NH3) flow rates in the PECVD system. Second, we have investigated the 

chemical bonding properties at the SiNx/GaN/AlGaN interfaces for both samples by analyzing the 

X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared (FTIR) spectra. Third, to 

investigate the effect of SiH4/NH3 flow rate on the carrier transport mechanisms, we have 

measured the current–voltage (I–V), capacitance–voltage (C–V), and parallel conductance–radial 

frequency (Gp–) characteristics in the fabricated MIS-diodes. Based on the obtained results, we 

have examined two distinct interface trapping regions (slow and fast traps) with different values 

of interface state density and thus elucidated the effect of slow and fast traps on the leakage current 

(Ileak) processes (e.g., trap-assisted tunneling) and the capacitance profile of the device. Fourth, to 

reduce the values of Ileak, and Dit further, we have fabricated another two samples with MIS-diodes 

by utilizing the thick passivation layers. Fifth and finally, we have highlighted the importance of 

the thick passivation layer to improve the interface quality through the suppression of interface 

states, especially the slower traps.  
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2. Experimental  

Figure 1 shows the schematic cross-section of the MIS-diodes where the main III-nitride 

materials (GaN/AlGaN/AlN/GaN) were grown by the metal organic chemical vapor deposition 

(MOCVD) system. The heterostructures exhibited an electron mobility of 1775 cm2/Vs, a sheet 

resistance of 389 Ω/□, and a 2DEG sheet carrier density of 8.97 × 1012 cm−2 at room temperature 

(RT) as confirmed via Hall measurement.  

 

 

Fig. 1. Schematic cross-section of SiNx/GaN/AlGaN/AlN/GaN MIS-diode with the image of top view (a). (b) and 

(c) the cross-sectional STEM images under the gate region of samples A and B, respectively.  

 

The device fabrication process was started with the mesa isolation step by the inductively-

coupled-plasma reactive ion etching (ICP-RIE) using BCl3 and Cl2 gas chemistry. Next, the Ohmic 

metal stacks of Ti/Al/Ni/Au (20/120/40/50 nm) were deposited by the electron beam evaporation 

(EBE) process. To achieve an excellent ohmic contact, a rapid thermal annealing process at 800 
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°C for 30 s in the N2 atmosphere was conducted. After that, the transmission line measurement 

(TLM) was carried out to measure the contact resistance (Rc) of the formed ohmic contact. The 

TLM was carried out with an Agilent E5270B analyzer at RT. The samples exhibited an average 

Rc of 0.38 Ω-mm at RT. However, after the formation of ohmic contact, the SiNx insulating layer 

of about 11 nm was deposited by the PECVD process at 300 °C. In this work, two different types 

of SiNx layers were deposited by changing the SiH4 flow rate from 55 (sample A) to 85 (sample 

B) sccm, while the NH3 flow rate (= 145 sccm) and all the deposition parameters (plasma power 

and pressure) were preserved constantly. Similar PECVD-SiNx layers with SiH4 flow of 55 and 85 

sccm were deposited on Si substrate for the ellipsometry measurements. The spectroscopic 

ellipsometry (J.A. Woollam, M-2000 Spectroscopic Ellipsometer) measurements were 

performed to evaluate the refractive index and thickness of the deposited SiNx films. The M-2000-

based spectroscopic ellipsometer with 30 W of Deuterium light source was mounted on the auto-

angle system (ESM base), where we can vary the step angle at different degrees. The 

measurements were performed at different incidence angles from 55 to 75 (step angle = 5).   

After confirmation of the required thickness of the deposited PECVD-SiNx, the gate metal 

stacks of Ni/Au (50/250 nm) were then deposited by electron beam evaporation followed by a lift-

off process. To study the influence of passivation, a thick PECVD-SiNx layer (130 nm) was 

deposited just after the formation of gate contact. Two different types of PECVD-SiNx passivation 

layers were deposited at 300 °C by changing the SiH4 flow rate from 55 to 85 sccm. However, the 

flow rate of NH3 (= 145 sccm) and all the deposition parameters (plasma power and pressure) were 

maintained constantly during the deposition of SiNx passivation layers. Finally, to remove the SiNx 

layer from the top of Ohmic and gate contact pads, a CF4/CHF3 gas mixture based RIE process 

was conducted. In this work, the fabricated un-passivated MIS-diodes were designated as MIS-
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diode A (SiH4 flow = 55 sccm for the deposition of SiNx gate insulation) and MIS-diode C (SiH4 

flow = 85 sccm for the deposition of SiNx gate insulation), while the passivated MIS-diodes were 

defined as MIS-diode B (SiH4 flow = 55 sccm for the deposition of SiNx gate insulation and 

passivation layer) and MIS-diode D (SiH4 flow = 85 sccm for the deposition of SiNx gate insulation 

and passivation layer).  

The thickness of the deposited SiNx layers (tSiN) was estimated from the cross-sectional 

scanning transmission electron microscopy (STEM) image (Figs. 1(b) and 1(c)). The obtained 

values of tSiN for samples A and B were 10.8 and 12.1 nm, respectively. The obtained values of 

tSiN are slightly higher than the designed value. This is ascribed to the variation of deposition rate 

in different degrees with the SiH4 flow rates. However, all the device characterizations (I–V, C–V, 

and Gp–) were carried out by using a power device analyzer (Agilent B1505A). The power device 

analyzer was connected to a high-voltage probe station under an electrically shielded condition. 

Before C–V, and Gp– measurements, the capacitance measurement unit in the power device 

analyzer was calibrated by conducting the open and short corrections in sequence order. In 

addition, it is to be mentioned that in the present investigation, all the device characterizations 

were performed at room temperature. 

 

3. Results and discussion 

3.1. Ellipsometer measurement 

We have investigated the effect of SiH4 flow rate on deposition rate and refractive index 

of SiNx by employing spectroscopic ellipsometry. The wavelength-dependent refractive index n() 

and extinction coefficient k() of the SiNx layer are evaluated by the Tauc-Lorentz models in 245.5 

to 1688 nm (photon energy = 0.73 to 5 eV) range and the obtained results are shown in Fig. 2. The 
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deposition rate of PECVD-SiNx increases from 1.11 nm/sec to 1.15 nm/sec when the SiH4 flow 

increases from 55 (sample A) to 85 (sample B) sccm. The increase in the deposition rate of SiNx 

is attributed to the availability of a large number of reactive Si species for the deposition [21]. The 

higher SiH4 flow can increase (decrease) the proportion of SiHx (NHy) radicals in the reactor 

chamber, leading to a higher deposition rate and higher value of silicon-to-nitrogen (Si/N) ratio in 

the film [22]. A similar observation can also be noticed in Refs. [21,22]. However, the high SiH4 

flow rate could lead to an increase in Si-Si and Si-H bonds which in the end increase the light 

absorption in SiNx film. It is noticed in Fig. 2 (b) that the value of k (imaginary part of the complex 

optical index Nop = n + ik) in sample B is higher even at lower photon energy, indicating the 

improvement of Si-Si absorbing bonds [23,24].   

 

 

Fig. 2. (a) Refractive index and (b) extinction coefficient of sample A (SiH4 flow = 55 sccm), and sample B (SiH4 

flow = 85 sccm). 
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It should be noted that the extinction coefficient can change the refractive index of the film 

as it is closely related to the refractive index [23]. When the SiH4 flow rate increases from 55 to 

85 sccm (Si/N ratio increases from 1.74 to 2.36; we describe the detail in section 3.3), n increases 

from 2.05 (sample A) to 2.26 (sample B), suggesting the dominance of Si-Si absorbing bonds. A 

similar effect of SiH4 flow rate on the refractive index of PECVD-SiNx has been reported in Refs. 

[21,23-25]. The authors in Ref. [26] noticed that when SiH4/NH3 ratio increases from 0.05 to 3, n 

increases from 1.81 to 2.52. In another work, Lelievre et al. [24] suggested that the value of n 

increases from 1.98 to 2.98 when the Si/N ratio changes from 0.7 to 2.86, validating the finding of 

our present work.  

 

3.2. Fourier transform infrared spectroscopy analysis of PECVD-SiNx 

In order to shed more light on the effect of SiH4 flow rate on different chemical structures 

in PECVD-SiNx film and its surface passivation quality, we have performed the Fourier transform 

infrared spectroscopy under transmission mode. The measured FTIR spectra of both SiNx films 

(samples A and B) from 400 to 4000 cm−1 are shown in Fig. 3.   

For the surface passivation of GaN, SiNx film with higher N-H bonds is inferior to Si-H 

bonds as claimed in [27,28]. N-H bonds in SiNx act as the precursors of K+ centers and increase 

the interface trap density [27,29]. On the other hand, the formation of Si-H bonds in SiNx can 

neutralize the deep interface states effectively and thus reduce the value of Dit as reported in Refs. 

[3,24,27]. Henceforth, to improve surface passivation and device performance by minimizing Dit, 

the reduction (improvement) of N-H (Si-H) bonds in SiNx film is essential.  
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Fig. 3. FTIR transmission spectra of PECVD-SiNx at RT. Inset: A magnified view of the peaks at 3362 cm-1, where 

the baselines of the peaks are adjusted to the same height by the Shirley baseline correction method.  

 

The FTIR spectra exhibit Si-N (asymmetric), Si-H, and N-H stretching modes at 844, 2138, 

and 3362 cm-1, respectively (see Fig. 3). The small peaks at 456, 650, 1110, and 2370 cm-1 could 

be attributed to the Si-N symmetric stretching mode [30], Si-H, and N-H wagging modes [30,31], 

and hydride stretching mode of Si-H (Si-Hh) [32], respectively. It is noticed in Fig. 3 that with an 

increase in the SiH4 content (sample B), the transmittance peak at 3362 cm-1 decreases slightly. A 

magnified view of the transmittance peaks at 3362 cm-1 is shown in the inset of Fig. 3, where the 

baselines of both peaks are adjusted to the same level by the Shirley baseline correction method 

for a better comparison. The decrease in transmittance peak at 3362 cm-1 indicates that the 

formation of N-H bonds declines slightly due to higher SiH4 flow [26]. On the other hand, the 

transmittance peak at 2138 cm-1 increases in sample B. This increase in transmittance peak at 2138 

cm-1 is attributed to the enhanced Si-H chemical bonds. The SiNx film with stronger Si-H bonds 

will improve the SiNx/GaN interface by mitigating the formation of deep-level surface traps which 
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leads to reduce the electron-hole recombination process greatly by field-effect passivation 

[23,24,26,33,34]. In addition, based on this observation, we believe that the higher SiH4 flow rate 

will help to reduce the reverse leakage current (Ileak) and interface trap density in the fabricated 

device (which we describe in sections 3.4 and 3.6).  

 

3.3. Evaluation of the stoichiometry of SiNx from X-ray photoelectron spectroscopy analysis 

To study the insight of stoichiometry (Si/N) of PECVD-SiNx films (cleaned surface of the 

film having thickness greater than 130 nm) and chemical bonding states at SiNx/GaN/AlGaN 

interfaces, we have performed X-ray photoelectron spectroscopy (X-ray source: Al K radiation, 

X-ray power: 225 W) in a high vacuum environment. It should be mentioned that all the acquired 

XPS spectra (wide and narrow scans) in the present investigation are adjusted by the C 1s peak at 

284.8 eV. The wide survey spectra of XPS for samples A and B are displayed in Fig. 4, where all 

the dominated peaks at various binding energies are marked clearly. Moreover, to reach the 

SiNx/GaN/AlGaN interfaces, we have etched down the SiNx films via Ar+ ion etching until the 

appearance of Al signal from the underneath AlGaN barrier layer. Noted, the values of Al peaks in 

samples A and B are almost the same. Here, we have carried out the etching process by using an 

Ar Gas Cluster Ion Source (Kratos Analytical Inc. Mini-beam 6) operated at 5 keV Ar+ (raster size 

= 2  2 mm2) with the optimized eating rate (for say, 5.8 nm per minute for sample A). 

The survey spectra obtained at the SiNx/GaN/AlGaN interfaces contain some additional 

GaN-related peaks marked in Fig. 4 (see blue lines). Interestingly, due to the appearance of 

different GaN-related XPS peaks, the spectra at the interface are dissimilar from the as-deposited 

bulk SiNx spectra, suggesting that the chemical bonds at the interface are altered. Therefore, the 

analysis of the change of chemical bonds at the interface is necessary, which we discuss separately. 
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However, to evaluate the value of Si/N ratio, we acquired the wide survey spectra from the bulk 

SiNx films. Due to higher silane content, the value of Si/N in sample B (2.36) is higher than that 

of sample A (1.74).  The higher value of Si/N ratio indicates the presence of excess silicon in 

sample B, where the excess silicon has a greater influence on the refractive index as noticed in the 

ellipsometry measurement. Furthermore, the obtained bandgap (Eg) by reflection electron energy 

loss spectroscopy (REELS) of sample A (lower Si/N ratio) and B (higher Si/N ratio) are about 5.45 

and 3.85 eV, respectively, which are consistent with the Eg values reported by Nguyen et al. [26]. 

 

 

Fig. 4. Wide survey spectra obtained at the SiNx/GaN/AlGaN interfaces and bulk SiNx.  

 

The deconvoluted Ga 3d and Si 2p narrow scan XPS spectra acquired at the 

SiNx/GaN/AlGaN interfaces are portrayed in Fig. 5. Notably, the deconvoluted Ga 3d spectra 

reveal four different peaks associated with various chemical bonds. The major peaks in sample A 

can be designated as overlapped N 2s state at 17.32 ± 0.1 eV, Ga-Ga at 18.81 ± 0.1 eV, Ga-N at 
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19.7 ± 0.1 eV, and Ga3+-O bonds at 20.45 ± 0.1 eV [35-38]. Interestingly, the Ga 3d core level 

spectrum in sample B is shifted about 0.9 eV towards the lower binding energy. The higher binding 

energy of the Ga 3d core level spectrum in sample A could be related to the formation of strong 

Ga-N bonds with the presence of higher NHy radicals which might reduce the nitrogen vacancy in 

the GaN surface. On the other hand, the Ga-O bonds at higher binding energy reduce noticeably 

in sample B, implying that due to higher SiH4 flow, the excess Si compensated with the pre-existed 

oxygen contamination on the surface [4]. Noted, in GaN-based devices, the Ga-O bond states may 

act as the deep-level surface traps and deteriorate the device performance strongly.  

 

 

 

Fig. 5. XPS spectra of (a) Ga 3d and (b) Si 2p acquired at the SiNx/GaN/AlGaN interfaces. 

 

The variation of chemical bonds with SiH4 flow can also be noticed in Si 2p core level 

spectra (Fig. 5 (b)). When the SiH4 flow rate increases from 55 to 85 sccm, the contribution of Si-

Si bonds at 100.35 eV and Si-N at 101.49 eV improves, expressing that higher SiH4 content 

increases the availability of reactive Si species and enhances the interaction possibility between 

silicon and nitrogen. It can be noticed in Fig. 5 (b) that the Si-O bond density (peak at 101.49 eV 
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with pink line) in sample B is higher (14%) than that of sample A, indicating that the excess Si 

compensated quickly with the surface oxygen and formed the lower energy Si-O bonds [3,4]. The 

formation of Si-O bonds in sample B helps to decrease the density of Ga-O traps (peak at 105.29 

eV) up to 13%. Additionally, the formation of strong Ga-N bonds in sample A (green line) with 

the presence of higher NHy radicals can be found in the decomposed Si 2p spectra, suggesting that 

N-vacancy filled up more frequently with higher NH3 content. 

Additionally, the deposition of a thick passivation layer may help to reduce the interface 

states and improve the carrier transport in the device. Therefore, the impact of SiH4 flow rate on 

the deposition of SiNx insulating layer and the role of a passivation layer should be investigated 

step by step. This investigation can help to understand the dominating key factors that control the 

device performance critically. With this aim in mind, we have fabricated different MIS-diodes and 

measured different device characterizations at room temperature. The obtained results are 

thoroughly described in the subsequent sections.   

 

3.4. I–V characteristics  

The typical I–V characteristics of the fabricated conventional MS-diode and MIS-diodes are 

shown in Fig. 6. Both forward current and reverse leakage current decrease due to the insertion of 

PECVD-SiNx layer as a gate insulator. After passivation, a further reduction in reverse leakage 

current is observed (see Fig. 6), implying the requirement of a thick passivation layer in the MIS-

diode to mitigate the compelling effect of surface states. Nevertheless, in comparison to a 

conventional MS-diode, MIS-diode C and MIS-diode D exhibited 4.5 103 and 1.1 103 times 

lower magnitude of Ileak at -10 V, demonstrating that the higher SiH4 flow (85 sccm) can control 

the interface properties of PECVD-SiNx on GaN/AlGaN in a better way. The lowest value of Ileak 

in MIS-diode D suggests that the higher SiH4 flow (85 sccm) prevents the formation of interface 
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trap states (say for instance, N-H bonds) which are associated with the leakage processes, such as 

trap-assisted tunneling (TAT) at lower voltage regime or Frenkel–Poole emission (FPE) at higher 

voltage regime [27,39,40]. 

 

 

Fig. 6. Variation of gate leakage current in two terminal MS-diode and MIS-diodes as a function of bias voltage. The 

diameter of the circle diodes is 100 μm.  

 

3.5. C-V characteristics 

The room temperature C-V results of MS-diode and MIS-diodes are shown in Fig. 7. To 

explain the bias-dependent C-V characteristics, three different regions, namely, I, II, and III are 

specified in Fig. 7.  In MIS-diode, a sharp decrease in capacitance is observed in region I (high 

reverse bias), demonstrating the complete depletion of 2DEG (pinch-off voltage of the 

SiNx/GaN/AlGaN/GaN-based MIS-diode). In region II, the measured capacitance is almost 

constant due to the series capacitance of the barrier and SiNx gate dielectric layer. The constant 

capacitance in region II implies that 2DEG exists at the AlGaN/AlN/GaN interface with a nearly 
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constant density [41,42]. A step-like increase in capacitance at a higher forward bias ( 2 V, region 

III) is also observed, specifying the electron transfer from the AlGaN barrier to GaN/SiNx 

interfaces.  

As can be seen in region I, the depletion characteristics of 2DEG as a function of applied 

bias are altered not only with the SiH4 flow rate but also after the inclusion of an additional 

passivation layer. Noted, the modification of the depletion characteristics of 2DEG (stretch-out of 

the C–V curves) is more prominent in MIS-diode A and B (un-passivated and passivated devices). 

In particular, MIS-diode A shows a partial depletion of 2DEG. This is ascribed to the presence of 

several electronic states near the 2DEG channel. The stretch-out of the C–V curves could be related 

to the existence of different discrete states (donor-type and/or acceptor-type at different locations) 

[41,43,44]. Such discrete states can act as a fixed charge state at the SiNx/GaN/AlGaN interfaces 

and shift the C–V curve with respect to the applied bias [44]. In this bias region, the Fermi level 

should be located near the conduction band minimum of the AlGaN barrier. During the voltage 

sweep, the movement of EF at the interface can strongly change the occupation of various interface 

states and affect the depletion capacitance in MIS-diode [41,43]. Based on the observation in Fig. 

7, we surmised that the higher SiH4 flow declines the defect states in the MIS-diode, leading to the 

control of EF movement in a better way that can shrink the stretch-out behaviors of C–V curves.  

In addition, the dielectric constant () of the employed SiNx layer can also be calculated 

from the C–V results as suggested in Refs. [45-48]. To calculate , we have used the following 

equation [47,48] 

 

𝐶𝑀𝐼𝑆𝑑𝑖𝑜𝑑𝑒 =  𝐶𝐷𝑖𝑜𝑑𝑒 × [1 +  
𝑑𝑆𝑖𝑁

𝑑𝐵
.
𝐵

𝑆𝑖𝑁
]

−1

                                               (1) 
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where B, SiN, dB, and dSiN are the dielectric constant and thickness of the GaN/AlGaN barrier layer 

and SiNx insulator layer, respectively.  

 

 

Fig. 7. C–V characteristics of two terminal MS-diode and MIS-diodes at 10 kHz. 

 

From Fig. 7, we have estimated the capacitance density (Cden) at zero-bias of about 71.78, 

44.51, and 44.53, nF/cm2 for MS-diode and MIS-diode A, and B, respectively. Based on the 

obtained results, we have calculated the values of SiN which are about 6.9 and 7.7 for MIS-diode 

A, and B, respectively. Park et al. have estimated SiN  7.5 in the Si-rich SixN film having a 

refractive index of 2.2 which agrees well with our results [45]. The higher value of Si/N ratio can 

increase the dielectric constant in SiNx film noticeably suggested by the authors in Ref. [46]. 

Therefore, we believe the higher value of SiN MIS-diode B is attributed to the improved Si/N 

composition. However, a quantitative analysis of interface-state density will help to understand 
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the effect of SiH4 flow on the charge transport property of the device which we thoroughly 

elucidate in the next section. 

 

3.6. Frequency-dependent conductance measurements 

To evaluate the interface-state density and trap time constant (it) in the PECVD-

SiNx/GaN/AlGaN MIS-diodes, we performed the frequency-dependent conductance 

measurements at RT which are presented in Fig. 8 [13,48-50]. We have varied the frequency (f) 

from 1 kHz to 5 MHz to measure the conductance (Gm) at different bias voltages. When the applied 

bias approaches the pinch-off voltage of the MIS-diode, the Fermi level can be located within the 

bandgap of GaN layer which can help to capture the existing interface trap states [51]. The 

equivalent circuits for the SiNx/GaN interface are presented in the inset of Fig. 8 (b) which we 

have considered to calculate the parallel conductance (Gp) [51,52]. The equivalent circuit (I) in the 

inset of Fig. 8 (b) can be transformed into a frequency-dependent capacitance (Cp) in parallel with 

the value of Gp, as presented in circuit (II). The circuit fitting parameters presented in the 

equivalent circuits can be calculated by the method described in Ref. [53]. With certain 

assumptions (details are available in Ref. [53]), we can estimate the fitting parameters for the 

investigated devices. For example, at high frequency, the values of CS, CSiN, and Cp in MIS-diode 

A are 72, 0.023, 8.1 nF/cm2, whereas Gp is about 50.4 mS/cm2.  

The Gp/ vs  curves in MIS-diode A (un-passivated) show two distinct peaks with respect 

to the frequency, implying the presence of low-frequency and high-frequency trap levels at the 

interface of the device. Notably, in passivated MIS-diode B, the magnitude of the peaks associated 

with the interface traps, particularly at low-frequency (slow trap) is reduced. This is attributed to 

the improvement of interface properties with the passivation. However, when we increase the SiH4 

flow from 55 to 85 sccm in MIS-diode C (un-passivated), the magnitude of the peaks declines 
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considerably. This result indicates that higher SiH4 flow improves the interface properties by 

reducing N-H and Ga-O bonds as noticed in sections 3.2 and 3.3. Interestingly, the passivated 

MIS-diode D exhibits a single peak with a notably lower magnitude. This is ascribed to the 

lowering of trap levels at the interface.  

 

  

    

Fig. 8. Measured (solid points) and fitting ((solid lines)) curves of Gp/ vs  at different bias voltages for (a) MIS-

diode A (un-passivated, SiH4 flow = 55 sccm), (b) MIS-diode B (passivated, SiH4 flow = 55 sccm), (c) MIS-diode C 

(un-passivated, SiH4 flow = 85 sccm), and (d) MIS-diode D (passivated, SiH4 flow = 85 sccm). Inset (in Fig. 8 (b)): 

(I) an equivalent RC circuit of MIS-diode with it = Cit.Rit, and (II) A simplified RC circuit used in parallel 

conductance-based Dit analysis. 
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The peak regions in the Gp/ vs  plots are associated with the interface traps. Different 

interface trap levels can be expressed as [13,48,52]  

 

𝐺𝑝

𝜔
=  

𝜔𝐶𝑆𝑖𝑁
2 𝐺𝑚

𝜔2(𝐶𝑚− 𝑐𝑆𝑖𝑁)2+ 𝐺𝑚
2 =  

𝑞𝜔𝐷𝑖𝑡1𝜏1

1+ (𝜔𝜏1)2
+  

𝑞𝜔𝐷𝑖𝑡2𝜏2

1+ (𝜔𝜏2)2
                                        (2) 

 

where ω (= 2πf) is the radial frequency, 𝐶𝑆𝑖𝑁
2  and Cm are the capacitance of the gate insulator and 

the measured capacitance at a frequency . Other parameters, namely, Dit1, Dit2, τ1, and τ2 are the 

interface trap densities and the time constants for slow and fast (high-frequency) traps, respectively.  

The trap state energy level with respect to the conduction band can be determined using 

the following equation [13,48,52].  

 

𝐸𝑇 =  −𝑘𝑇𝑙𝑛(𝜏𝑖𝑡𝑣𝑡𝑇
𝑁𝐶)                                                                              (3) 

 

where T (= 300 K) is the temperature, vt (= 2.6 × 107 cm.s−1) is the thermal velocity of electrons, 

T (= 3.4 × 10-15 cm−2) is the electron capture cross-section,  NC (= 4.3 × 1014 × T3/2 cm−3) is the 

effective density of states of GaN in the conduction band [13,48]. However, the experimental 

results in Gp/ vs  plots are fitted by using Eqs. (2) and (3) to calculate Dit1, Dit2, τ1 and τ2. A 

similar extraction method for such trap parameters has also been suggested in Refs. [13,48,52,54]. 

However, the extracted values of Dit1, Dit2, τ1, and τ2 are plotted as a function of interface state 

energy located at a depth of (EC-ET) in Fig. 9. 
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Fig. 9. Plots of Dit and it as a function of interface state energy located at a depth of (EC-ET) for (a) MIS-diode A (un-

passivated), (b) MIS-diode B (passivated), (c) MIS-diode C (un-passivated), and (d) MIS-diode D (passivated).  

 

It is evident in Fig. 9 that in un-passivated devices, both Dit1, and Dit2 are much lower in 

MIS-diode C compared to MIS-diode A. This is ascribed to the reduction of surface oxygen-related 

bonds with higher SiH4 flow, improving the SiNx/GaN interface. Furthermore, after passivation, 

the interface state density reduces considerably due to the enhancement in interface property. It is 

interesting to note that MIS-diode D exhibits a single peak only. This could be ascribed to the 

overlap of slow and fast trap states after passivation and thus the interface trap density in MIS-

diode D is denoted as Dit. We believe the formation of a single peak with a slightly lower 

magnitude in MIS-diode D helps to improve the device performance. On the other hand, the 

combined effect of slow and fast traps is more effective in worsening the device performance as 

noticed above. However, in the present work, we have achieved a minimum Dit of 1.57  1012 cm-
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2.eV-1 at 0.389 eV in MIS-diode D which is comparable to those of the reported state-of-the-art 

PECVD-SiNx/GaN/AlGaN/GaN MIS-diodes (see the benchmarking in Table 1). This significantly 

lower interface state density in MIS-diode D could be attributed to the lower surface pinning effect 

compared to the other devices. It is noted that a larger surface pinning effect can improve the 

barrier lowering in the heterostructures and boost the surface state-related conduction process 

[54,55]. The lower surface pinning effect and lower electronic states help to reduce the leakage 

current largely in MIS-diodes B and D [56]. Additionally, as the voltage increases, both Dit1, and 

Dit2 decline mostly as the trap levels go more deeper into the bandgap. From the trends of the 

variation of Dit with EC-ET, we have surmised that both slow and fast traps are not uniformly 

distributed in the interface [13]. However, the reduction in the interface trap density in different 

MIS-diodes with respect to MIS-diode A is noted in Table 2.  

Trap time constants (slow and fast) in the ingestigated devices increase with increasing 

voltage. This change in time constants is related to trapping and de-trapping mechanisms. If both 

trapping and de-trapping processes have existed during the carrier transport, the trap time constant 

can be defined as -1 = t
-1 + e

-1 (t is the tunneling time; e (1/2f) is the emission time related to 

the de-trapping process) [56,57]. It is suggested that the electric field in the wide bandgap AlGaN 

barrier can be decreased with the applied bias voltage, which in turn prolongs the carrier tunneling 

time and improvest in the device [56,57]. The higher SiH4 flow for the gate dielectric helps to 

reduce the trap time constant by avoiding the formation of Ga-O bonds, leading to a smaller 

leakage current in the device as noticed in Fig. 6. In addition, the time constant in passivated 

devices is slightly higher than that of un-passivated devices. This could be either related to the 

shift of Gp/ peaks toward the lower characteristic frequency where the fast traps can superimpose 

with slow trap states (called redistribution of trap states) or the enhancement of de-trapping process 
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[58,59]. The widening of peaks as noticed in Fig. 8 could be ascribed to the redistribution of traps, 

expanding the span time of carriers at the trap centers. However, to get more information about 

the inherent mechanism of the various trap states having different energies and time constants, 

further research is required.  

 

Table 1 Benchmarking of the minimum interface trap density (Dit-min) and Ec-ET (Et-min) in PECVD-SiNx/GaN MIS-

diodes. 

 

 
Insulator/ Process   Thickness       Deposition             Epilayer                                      Et-min                Dit-min              Ref. 

                                    (nm)           temperature                                                               (eV)                (cm−2 eV−1)      

SiN/PECVD                   -                   -                        AlGaN/GaN on SiC                    0.3-0.35          3.7  1013           [60] 

SiNx/PECVD                 78               300 °C                AlGaN/AlN/GaN on SiC            0.3-0.4            1.3  1013           [42] 

SiNx/PECVD                 30                 -                        AlGaN/GaN on Si                       0.3-0.39          3  1012               [14] 

SiNx/PECVD                 22                 -                        AlN/AlGaN/GaN on Si               0.304-0.482    3  1012               [58] 

SiN/PECVD                  20                400 °C               GaN/AlGaN/GaN on Si                     -                1.2  1012          [61] 

SiNx/PECVD                 20                300 °C               AlGaN/GaN on Si                       0.406-0.452     1.0  1012         [54] 

SiNx/PECVD                 100              300 ºC                n-GaN                                                -                6.5  1011         [62] 

SiNx/PECVD                 20                300 ºC                GaN/AlGaN/GaN on diamond   0.27-0.36         4  1011             [59] 

SiNx/PECVD                 11                300 °C                GaN/AlGaN/GaN on Si             0.298-0.389     1.57  1012      [This work] 

 

 
Table 2 The estimated values of Dit2-min in different MIS-diodes. 

Device                                           Dit2-min ( 1012 cm−2 eV−1)      Reduction in Dit2-min (%)*  
MIS-diode A (un-passivated)       4.47                                            -  

MIS-diode B (passivated)             3.89                                          13 

MIS-diode C (un-passivated)        1.73                                          61 

MIS-diode D (passivated)             1.57                                          65             

*All reductions are calculated with respect to MIS-diode A 

 

4. Conclusion  

The deposition of PECVD-SiNx gate insulator and passivation layers with higher SiH4 flow 

appears to have two influential effects, namely, improved interface properties through the 
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modification of chemical structures at the interface during the deposition and excellent surface 

passivation quality of the GaN. Ellipsometry results suggest that the refractive index of SiNx film 

increases from 2.05 to 2.26 with the increase of SiH4 flow rate from 55 to 85 sccm, indicating the 

increase of Si-Si absorbing bonds in the deposited SiNx film. On the other hand, several interface 

trap states related to Ga-O and N-H bonds decrease due to higher SiH4 flow as confirmed via XPS 

and FTIR measurements. We obtained a significantly lower value of Ileak in MIS-diode C compared 

to MIS-diode A, implying that the improved interface properties with higher SiH4 flow assist in 

decreasing the value of Ileak. The lowering of interface electronic states in the MIS-diode with 

higher SiH4 flow might control the EF movement in a better way and shrink the observed stretch-

out behaviors of C–V curves. Additionally, the higher value of dielectric constant evaluated from 

the C–V results in MIS-diode B compared to MIS-diode A is attributed to the larger Si/N ratio in 

the gate insulator layer. Finally, after passivation, the trap densities, especially the slow traps are 

suppressed strongly, and we achieved a minimum Dit of 1.57  1012 cm-2.eV-1 in MIS-diode D 

which is also helping to suppress three orders of lower magnitude Ileak compared to the 

conventional MS-diode.  
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