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AlxGa1-xN is characterized by a significant spontaneous and piezoelectric polarization, which

increases with the aluminum content. As a result, a surface bound charge is present, which favors

compensation by surface states and influences the reliability of AlGaN/GaN devices. This work,

therefore, focused on the effects of the polarization charge for GaN and AlGaN with three different

aluminum concentrations 15%, 25%, and 35%. The band bending of AlxGa1-xN surfaces was

measured after a N2/H2 plasma pretreatment, which reduced the carbon and oxygen contamination

below the detection limit of x-ray photoelectron spectroscopy. Surface band bending was then

related to surface states, where the band bending of oxygen-free surfaces—as obtained with a high-

temperature, immersed hydrogen/nitrogen plasma clean—scales with the aluminum content. In

addition, the band offsets at the plasma-enhanced atomic layer deposited SiO2/AlxGa1-xN interface

were measured, giving 3.4 eV, 3.3 eV, 3.3 eV, and 3.0 eV for respective 0%, 15%, 25%, and 35%

aluminum concentrations. These values are in accordance with the charge neutrality level model,

which implies that SiO2 will confine carriers over nearly the full range of the aluminum content.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.5003921]

I. INTRODUCTION

AlGaN/GaN heterostructures have demonstrated consid-

erable promise for power and RF applications due to material

properties such as the wide bandgap, high bulk thermal con-

ductivity, and high breakdown field. Moreover, AlGaN and

GaN are characterized by a spontaneous and piezoelectric

polarization, where the polarization of AlxGa1-xN increases

with aluminum content x. Consequently, Ga-face AlGaN/GaN

heterostructures exhibit an overall positive polarization charge

at the interface, which engenders a two-dimensional electron

gas (2DEG). This phenomenon enables low-resistance opera-

tion of high-electron mobility transistors (HEMTs). However,

AlGaN/GaN HEMTs and HFETs are also characterized by

relatively large leakage current and current collapse. The

states responsible for these reliability issues may be related to

compensation charge, where the large polarization of these

materials produces significant surface bound charge that

favors external compensation.1 This work, therefore, investi-

gates the effects of polarization and aluminum content at the

GaN and AlGaN surfaces and at the dielectric interfaces.

Dielectrics have been used to mitigate reliability issues.

An ideal gate dielectric is characterized by a large bandgap,

which results in a conduction band offset large enough to pro-

vide an effective barrier for gate leakage, as well as a high

dielectric constant, which enables high voltage operation and

lowers equivalent oxide thicknesses.2 Unfortunately, these char-

acteristics are inversely related; Fig. 1 shows the inverse of the

bandgap dependent on the electronic component of the dielec-

tric constant, which is characterized by a linear trend as deter-

mined by the Moss relation.3,4 Of these common dielectrics,

SiO2 is characterized by the largest bandgap and thus most

likely to confine carriers. Recent works5–7 have investigated

SiO2 due to its potential to reduce gate leakage. The trade-off is

a low dielectric constant, which reduces the effective oxide

thickness and limits device scalability. Therefore, SiO2 utilized

in state-of-the-art vertical GaN technologies8–11 is often incor-

porated with higher-k dielectrics—e.g., high-k HfAlO capped

with a SiO2 passivation layer—in an attempt to achieve a

dielectric passivation structure with both a high bandgap and a

high-k dielectric constant.7,8,12–14

In this work, we investigated the electronic state con-

figuration of oxygen-free AlxGa1-xN surfaces—as obtained

with a high-temperature, immersed hydrogen/nitrogen

plasma clean—and plasma-enhanced atomic layer depos-

ited (PEALD) SiO2/AlxGa1-xN interfaces, where PEALD

provides higher-quality films in comparison to many other

deposition techniques in terms of stoichiometry, breakdown

field, and high defect density.15,16 Moreover, this technique

deposits uniform and conformal films with precise thick-

ness control.17 Thin (�3 nm) SiO2 layers were deposited

and characterized by x-ray photoelectron spectroscopy

(XPS) to determine the interface electronic state configura-

tion. Characterization was also performed on AlxGa1-xN

surfaces, thus determining the polarization and aluminum

concentration effects on both surface and interface states.

II. EXPERIMENT

Ga-face, n-type AlxGa1-xN samples were purchased from

NTT Advanced Technology. Samples were �50 nm thick as-

deposited on silicon substrates intentionally doped with silicon

at a doping density of �1017 cm�3, which is used to determine

the position of the Fermi level in this research. In addition,

four different concentrations of aluminum—0%, 15%, 25%,

and 35%—provided varied bandgaps and surface polarization

conditions, as summarized in Table I. An uncertainty of

0.1 eV is assumed for the bandgap values.
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AlxGa1-xN samples were cleaned ex-situ via sonication

in acetone, methanol, and ammonia hydroxide for 10 min

each followed by rinsing with deionized water and N2 blow

drying. Samples were then transferred to an ultra-high vac-

uum system for in-situ cleaning, ALD, and processing.

Plasma cleaning was conducted at 680 �C in an immersed

(4:1) N2/H2 rf plasma ignited at 300 W. This cleaning main-

tained the substrate stoichiometry and reduced both the car-

bon contamination and oxygen coverage on the surface

below the detection limit of XPS, thereby determining an

“oxygen-free” surface as shown in Fig. 2.

Oxygen-free surfaces were used to determine the differ-

ence between the valence band maximum (EVBM) and bind-

ing energy of the Ga 3d core level (EGa3d), EGa3d-EVBM, and

the band bending of clean AlxGa1-xN. These characteristics

were determined by monochromated XPS. EVBM was linearly

extrapolated from the low binding energy cutoff within a

tenth of an eV, and EGa3d was determined by peak fitting

within half a tenth of an eV.

After cleaning, remote plasma-enhanced atomic layer

deposition (PEALD) was used to deposit �3 nm SiO2.

During deposition, oxygen plasma was ignited at 200 W at a

pressure of �100 mTorr and a flow rate of 35 sccm. The

PEALD process using tri(dimethylamino)silane (TDMAS)18

was adopted for this work, including 1.6 s TDMAS, 16 s O2

plasma, and 40 s N2 purge at room temperature. Following

deposition, samples were annealed at 400 �C in 60 mTorr N2

ambient for 30 min to reduce the higher oxygen content typi-

cal of PEALD films. The result is stoichiometric SiO2 with a

density of 2.2 6 0.2 g/cm3 as determined by Rutherford

backscattering spectrometry and x-ray reflectivity.

III. RESULTS AND DISCUSSION

A. Valence band maximum and surface states on
AlxGa1-xN

Measured values for (EGa3d-EVBM)AlxGa(1-x)N for oxygen-

free surfaces are summarized in Fig. 3, and the correspond-

ing values for EGa3d and EVBM are given in Table II.

According to other electronic-state studies, (EGa3d-EVBM)GaN

is in the range of 17.7–17.8 eV;19–21 thus, this value has been

used in our previous studies.22,23,26 Similar electronic-state

studies of Al0.25Ga0.75N indicated that 17.5 eV24 is the

respective difference. The measured values are summarized

in Table III.

Since EVBM is intricately related to surface states, the

discrepancy in these values could be related to the surface

termination of the samples, which can vary considerably for

TABLE I. Characteristics of AlxGa1-xN as determined by the linear interpo-

lation of GaN and AlN properties.

Al-content, x Eg (eV) Fermi level (eV below CB)

0% 3.40 0.06

15% 3.82 0.07

25% 4.10 0.08

35% 4.38 0.08

FIG. 2. XPS spectra of residual oxygen (left) and carbon (right) contamina-

tion before (inset) and after 680 �C N2/H2 plasma surface treatment. For

both elements, the contamination levels were below the detection limit of

the XPS.

FIG. 3. VBM of AlxGa(1-x)N as determined by XPS. (NOTE: the Ga 3d

peaks were aligned to allow for more direct comparison of the VBMs.).

FIG. 1. Inverse of the bandgap with respect to the electronic component of

the dielectric constant for various dielectrics. This trend is characterized by

the Moss relation:3 1/Eg¼K e1þC, where both K and C are constants equiv-

alent to 0.043 eV�1 and 0.013 eV�1, respectively, for the given relation.
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GaN and AlGaN surfaces. In the work presented by

Waldrop and Grant,20 GaN and AlN were grown in-situ by

molecular beam epitaxy. The resulting surface was charac-

terized by a hexagonal 1� 1 low energy electron diffraction

pattern, indicating the epitaxial surface. This work deter-

mined (EGa3d-EVBM)GaN for these surfaces as 17.8 eV. In

the study by Cook et al.,19,25 GaN surfaces were cleaned at

860 �C for 15 min in a NH3 atmosphere. The NH3 gas

anneal effectively produced an oxygen-free surface, and the

results suggested that (EGa3d-EVBM)GaN was 17.7 eV. In this

work, surfaces were also oxygen free but processed with a

different surface treatment.

To investigate the relationship between surface states and

preparation treatment, an alternative plasma clean was also

conducted on a GaN surface. This clean included a 680 �C
NH3 plasma anneal followed by a N2 gas anneal for 15 min

each, as used in a previous study.26 This plasma surface treat-

ment results in �1 ML of oxygen coverage on the surface.

This clean resulted in an oxygen-terminated GaN surface,

where the oxygen-terminated surface was characterized by an

EGa3d of 21.1 eV and an EVBM of 4.0 eV as shown in Fig. 4.

Thus, (EGa3d-EVBM)GaN was 17.1 eV. In addition, the valence

band edge of the oxygen-free surface is characterized by a sur-

face state feature above the bulk VBM that is not observed on

the oxygen-terminated surface. Moreover, in addition to the

difference in oxygen coverage, the NH3 cleaning processes

also resulted in less NHx as shown in Fig. 5. (NOTE: Surface-

sensitive Ga Auger and Ga 2p peaks also suggest that NH3

plasma and N2/H2 plasma treatments produce different surface

terminations likely related to the differences in oxygen

coverage.)

This value for EGa3d-EVBM of oxygen-terminated GaN

agrees with another study presented by Martin et al.27 In this

work, samples were grown in-situ; however, EVBM was deter-

mined by aligning prominent features in the valence band

rather than from the valence band edge. Consequently,

although the surface would be characterized by a similar sur-

face state as in previously mentioned studies, the method of

calculation likely overlooked this state. In other words, this

measurement demonstrated the influence of a surface state.

The surface state above the bulk VBM potentially obscures the

valence band edge and thus appears to shift the valence band

towards lower binding energy. This “shift” would conse-

quently increase (EGa3d-EVBM)GaN and thus account for the dif-

ference in EGa3d-EVBM values. This explanation is consistent

TABLE III. Values of (EGa3d-EVBM)AlxGa1-xN, expected and measured with

an uncertainty of 60.17. Some of these values were determined by linear

interpolation as noted by “interp.” The measured value was �0.4 eV below

the expected values.

EGa3d-EVBM (eV)

Al-content, x Measured Expected References

0% 17.42 17.76 19–21

15% 17.19 17.63 Interp.

25% 17.07 17.54 24

35% 17.07 17.45 Interp.

FIG. 4. XPS of the Ga 3d core level to VBM of GaN after different plasma

treatments, resulting in different surface states. One clean results in an

oxygen-free surface, while the other gives �1 ML of oxygen coverage as

shown by the O 1s core level in the inset. (NOTE: Ga 3d peaks were aligned

to account for differences in band bending.)

TABLE II. Position of VBM with an uncertainty of 60.10 and the Ga 3d

core level with an uncertainty of 60.05 of AlxGa1-xN.

Al-content, x EGa3d (eV) EVBM (eV)

0% 20.59 3.17

15% 20.91 3.72

25% 20.48 3.41

35% 20.40 3.33

FIG. 5. XPS of Ga 3d, Ga 3s, N 1s, and Ga 2p core levels of GaN dependent on plasma surface cleaning. (Note: the core levels of the NH3 cleaned samples

were shifted to lower binding energy by �0.6 eV to account for the difference in band bending and enable better comparison between bonding states.)
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with other surface studies of GaN, which agree that there is at

least one surface state at or just above the bulk VBM that is

sensitive to adsorption—according to a detailed review by

Bermudez.28

For the following calculations, expected values were

used, where discrepancies in EGa3d-EVBM may result in some

additional error of approximately 60.2 eV.

B. Surface band bending and states on AlxGa1-xN

Band bending at the surface was also determined by

EGa3d. Previous work by Eller et al.1 measured the band

bending of N-face GaN, Ga-face GaN, and Ga-face

Al0.25Ga0.75N surfaces after various cleaning steps as related

to the net surface charge. The results showed that band bend-

ing was virtually independent of polarization, where all three

surfaces exhibited the same upward band bending. Surface

states, therefore, compensated any differences in the magni-

tude and/or direction of the bound surface polarization

charge, where the position of the Fermi level with respect to

the conduction band was pinned �0.4 eV below the conduc-

tion band minimum. However, in this work, the results dem-

onstrate different behaviors, where band bending increases

with the aluminum content or polarization bound charge as

shown in Table IV. Band bending is related to the net surface

compensation charge

NCC ¼ NSS � NPBC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Us��oNd

q

s
� NPBC; (1)

where NSS is the total net surface states in charges/cm2

including the polarization bound charge or NPBC, Us is the

measured band bending, e is the relative permittivity, eo is

the permittivity of free space, Nd is the doping density, and q
is the charge of an electron.

It is also worth noting that surface photovoltage effects

influence spectroscopy-based bend bending measurements

and thus reduced observed band bending. In other words,

band bending at the surface is slightly larger than XPS meas-

urements would suggest by �0.3 eV.29 Consequently, the net

surface compensation charge may be slightly underestimated

by �5.6� 1011 charges/cm2 in this study.

For oxygen-free surfaces, the compensation charge

scales with the aluminum content and thus the magnitude of

the polarization bound charge. This behavior varies from

previous work, which observed similar band bending regard-

less of the magnitude or direction of polarization charge.1,30

The key difference is that previous reports presented results

for oxygen-terminated surfaces, whereas the results pre-

sented here are for oxygen-free surfaces. The difference in

surface behavior is, thus, likely related to oxygen states. A

study by Higashiwaki et al.31,32 showed that oxidized

AlGaN surfaces reconstruct such that oxygen-related states

behave like donors, whereas Miao et al.33 suggested that

these donor states are likely related to substitutional oxygen

(ON). These states may, therefore, explain the pinning behav-

ior noted on the oxygen-terminated surfaces but not the oxy-

gen-free.34 However, it is also worth noting that other

electrochemical studies have also demonstrated similar

upwards band bending, which is explained as the result of

states near or at the surface—within 1 eV of the CB—and of

a similar density.12,30,34 In other words, both the “oxygen-

terminated” and “oxygen-free” surfaces are characterized

by the significant surface compensation charge on the order

of þ1013 charges/cm2; it is thus likely that the nitrogen

vacancies and/or gallium dangling bonds also interact as sur-

face states.

C. Interface band offsets of PEALD SiO2/AlxGa1-xN

After the deposition of PEALD SiO2, the measured XPS

spectra—as summarized in Table V—were used to deter-

mine the energy difference between respective core levels;

this difference subsequently reveals the valence band offsets

(VBOs)

DEV ¼ EGa3d � EVBMð ÞAlxGa 1�xð ÞN � ESi2s � EVBMð ÞSiO2

þ DECL; (2)

where (ESi2s-EVBM)SiO2 was determined to be 149.0 eV—

similar to the previously reported value of 148.9 eV.26 DECL

is the difference between the respective Si 2s and Ga 3d core

levels, i.e., ESi2s – EGa3. The relationship between VBOs and

the aluminum content is summarized in Table VI, which is

in agreement with previous results.26 Conduction band off-

sets are determined using the bandgaps of AlxGa1-xN as sum-

marized in Table I and bandgaps of SiO2 as 8.9 eV.

Note that the band offsets shift after annealing. Since

band offsets are typically constant between two materials as

determined by interfacial bonding, this shift is likely related

to a potential drop across the interfacial layer.18,22 Although

surfaces are oxygen free prior to deposition, it is likely that a

thin subcutaneous oxide layer forms during PEALD, �1 nm

thick. Acceptor-like defects are also introduced during the

TABLE IV. Surface charge distribution of AlxGa1-xN, where compensation charge is determined from measured band bending and calculated bound polariza-

tion charge, which is presented with an uncertainty of 60.15. (Please note that surface photovoltage effects are not accounted for in these measurements, which

could potentially result in a �0.3 eV reduction in the band bending and a subsequent �0.056� 1013 charges/cm2 increase in net surface compensation

charge.).

Al-content, x
Spontaneous

polarization (C/m2)

Polarization bound

charge (�1013 charges/cm2)

Band bending

(eV)

Net surface compensation

charge (�1013 charges/cm2)

0% –0.029 –1.81 0.51 eV þ1.74

15% –0.037 –2.30 0.47 eV þ2.23

25% –0.042 –2.62 1.08 eV þ 2.51

35% –0.047 –2.95 1.35 eV þ2.83
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growth process, generating an electric field in this interfacial

layer. Subsequent annealing removes this charge and reduces

the electric field across the interfacial layer.

The results demonstrate the difference in the bandgap as

a result of the aluminum content largely manifesting in the

conduction band rather than in the valence band. Figure 6

compares measured band offsets after annealing with those

calculated by the charge neutrality level (CNL) model,

which argues that the interface of two materials will align at

the charge neutrality level. The CNL of SiO2 is reported at

4.5 eV, while those of GaN and AlN are reported at 2.3 and

2.8 eV above the respective valence band.35 The CNL of

AlxGa1-xN is thus determined from linear interpolation:

CNLAlGaN (x)¼ 2.8 xþ 2.3 (1 – x). It is evident from this

model that the difference in bandgap is largely manifested in

the conduction band.

In terms of increased polarization, this behavior is unex-

pected. As noted by M€onch,36 increased polarity generally

results in two effects: (1) the valence band flattens as it cor-

responds to the higher effective hole mass and (2) the con-

duction bands become less direct with respect to the valence

band maximum. This redistribution of the density of states

pushes the charge neutrality level higher in the bandgap.

Consequently, the difference in the bandgap manifests most

significantly in the valence band. However, for GaN and
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TABLE VI. VBOs as determined from XPS Si 2s and Ga 3d core levels

with an experimental uncertainty of 60.17. The conduction band offset is

determined from the known bandgaps of the materials, where the bandgap

of SiO2 is 8.9 eV.

Al-content, x

SiO2/AlxGa1-xN as

deposited (eV)

SiO2/AlxGa1-xN

annealed (eV)

VBO CBO VBO CBO

0% 3.47 2.03 3.37 2.13

15% 3.32 1.76 3.32 1.76

25% 3.36 1.44 3.26 1.54

35% 3.15 1.37 2.95 1.57

FIG. 6. Band alignment as determined by the charge neutrality level model.

Experimental offset measurements are rounded to the nearest tenth and

given in blue followed by the theoretical results for comparison. The theory

is linearly interpolated from the CNLs given by Robertson and Falabretti.35
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AlN, both materials are direct semiconductors. In addition,

the effective hole masses suggest slightly flatter bands for

AlN. Similarly, the electron effective mass suggests that the

conduction band is slightly flatter for AlN. However, this

effect is more significant for the conduction band than the

valence band. Thus, the higher density of states in the con-

duction band compensates the flattening valence band.37

Therefore, the CNL does not move as far up in the bandgap

as polarization would suggest, and the difference in bandgap

is largely manifested in the conduction band.38

IV. CONCLUSIONS

In summary, this work discussed band bending and

alignment characteristics of oxygen-free AlxGa1-xN surfaces

and PEALD SiO2/AlxGa1-xN interfaces for 0%, 15%, 25%,

and 35% aluminum contents. A 680 �C N2/H2 plasma surface

pretreatment reduced oxygen and carbon coverage below

XPS detection, producing an “oxygen-free” surface. The var-

iation in band bending dependent on the aluminum con-

tent—and thus the magnitude of surface polarization bound

charge—was observed, where previous studies of oxygen-

terminated surfaces observed similar band bending regard-

less of the magnitude or direction of surface polarization

bound charge. These results suggest that donor-like oxygen

states are responsible for the Fermi level pinning characteris-

tic of GaN.

Valence band offsets for PEALD SiO2/AlxGa1-xN were

also determined, giving 3.4 eV, 3.3 eV, 3.3 eV, and 3.0 eV

for respective concentrations of aluminum. These values are

in accordance with the charge neutrality level model and

indicate that SiO2 will confine carriers across all concentra-

tions of AlxGa1-xN.
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