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Growth of crystalline Er2O3, a rare earth sesquioxide, on GaN(0001) is described. Ex situ HCl and

NH4OH solutions and an in situ N2 plasma are used to remove impurities on the GaN surface

and result in a Ga/N stoichiometry of 1.02. Using atomic layer deposition with erbium

tris(isopropylcyclopentadienyl) [Er(iPrCp)3] and water, crystalline cubic Er2O3 (C-Er2O3) is grown

on GaN at 250 �C. The orientation relationships between the C-Er2O3 film and the GaN substrate

are C-Er2O3(222) jj GaN(0001), C-Er2O3h-440i jj GaN h11-20i, and C-Er2O3h-211i jj GaN h1-100i.
Scanning transmission electron microscopy and electron energy loss spectroscopy are used to

examine the microstructure of C-Er2O3 and its interface with GaN. With post-deposition annealing at

600 �C, a thicker interfacial layer is observed, and two transition layers, crystalline GaNwOz and crys-

talline GaErxOy, are found between GaN and C-Er2O3. The tensile strain in the C-Er2O3 film is stud-

ied with x-ray diffraction by changes in both out-of-plane and in-plane d-spacing. Fully relaxed

C-Er2O3 films on GaN are obtained when the film thickness is around 13 nm. Additionally, a valence

band offset of 0.7 eV and a conduction band offset of 1.2 eV are obtained using x-ray photoelectron

spectroscopy. Published by AIP Publishing. https://doi.org/10.1063/1.4999342

I. INTRODUCTION

In the past few decades, the semiconductor industry and

semiconductor technology have focused on the metal-oxide-

semiconductor field effect transistor (MOSFET) as the most

common transistor in integrated circuits. Traditionally,

MOSFETs were made from silicon and its high-quality

native oxide, SiO2. However, the unacceptably high leakage

current of ultrathin SiO2 limited the device performance

when scaled to feature sizes less than �2 nm,1,2 which forced

the development of alternative gate oxide materials for

MOSFETs. Beginning with the 90-nm node, strained-Si was

applied as the channel, and since the 45-nm node, high-k
dielectrics have been used as the gate oxide. With the

removal of SiO2, silicon is no longer necessary as the chan-

nel, and thus, the industry has begun to look beyond silicon

to germanium,3 which has higher hole and electron mobility,

and to III-V compound semiconductors, including GaAs,

InGaAs, GaP, InN, GaN, and AlGaN.4–7

GaN is one of the promising candidates due to its wide

bandgap energy, high electron mobility, high saturation

velocity, high breakdown field, and high operating tempera-

ture, which make it suitable for applications in optoelec-

tronic devices and in high power, high frequency, and high

temperature devices.7–10 GaN is a wurtzite structure with a

bandgap energy of 3.4 eV, lattice constants of a¼ 3.189 Å

and c¼ 5.185 Å, and a coefficient of thermal expansion of

5.59� 10�6 K�1 (along axis a).11–13 Research groups have

investigated materials to passivate the nitride surface and to

serve as the gate oxide. For instance, Ga2O3(Gd2O3)14,15 and

MgO16 have been reported as potential dielectric layers on

GaN. Devices with high-k HfO2 on GaN show a low inter-

face state density and a low leakage current density.17 Rare

earth sesquioxides Gd2O3 and Y2O3 with both monoclinic

and hexagonal structures have been grown epitaxially on

GaN(0001).18,19 Recently, rare earth sesquioxides in the

form of R2O3 have received attention and have been studied

for application as a gate oxide owing to their electrical prop-

erties, thermal and chemical stability, and relatively high

dielectric constant.20–22 The dielectric constants of rare earth

sesquioxides are somewhere between 11 and 20,23 which

meets the material requirements for complementary MOS

(CMOS) applications.24

In general, rare earth sesquioxides have three main poly-

morphs: the A-form hexagonal structure, the B-form mono-

clinic structure, and the C-form cubic bixbyite structure.22,25

A-R2O3, B-R2O3, and C-R2O3 will be used to represent the

three different rare earth sesquioxide structures. The litera-

ture describing the growth of rare earth sesquioxides on

semiconductors includes C-Sc2O3/GaN,26,27 A- and B-Y2O3/

GaN,19 Y2O3/GaSb,28 La2O3/Si,29 Pr2O3/Si,30 Sm2O3/Si,20

A- and B-Gd2O3/GaAs,31 A- and B-Gd2O3/GaN,18,19

C-Er2O3/Si,32 and Yb2O3/Si.29 Only a few studies are

reported for Er2O3 thin films. Herein, Er2O3 is grown on

GaN(0001) by atomic layer deposition (ALD). C-form cubic

bixbyite (C-Er2O3) features the cubic space group, Ia�3, con-

taining 32 metal atoms and 48 oxygen atoms per unit cell

and is the most stable structure.22,25 Therefore, the growth of

C-Er2O3 on GaN is expected.

A sufficiently clean GaN surface with minimum impuri-

ties is required for epitaxial growth. Numerous groups have

reported cleaning procedures for the GaN surface, including
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ex situ and in situ cleaning methods, to reduce the contami-

nation at the surface, lower the surface defect density and

N-vacancies, and improve the surface quality. However, no

standard cleaning method has emerged.9,33 Generally, the

cleaning procedures entail the use of chemical solutions (ex
situ) and treatment in an ultra-high vacuum (UHV) system

(in situ); the former includes HF, HCl, HNO3, H2SO4,

(NH4)2S, KOH, NaOH, and NH4OH, and the latter involves

H2 plasma, atomic H irradiation, UV/O3, O2 plasma, N2

plasma, etching, Ar/N sputtering, and thermal anneal-

ing.7,34–39 For ex situ cleaning, HCl is usually selected to

reduce carbon and oxygen contamination on the surface,40

and NH4OH enables dissolving the native oxide.41

Investigations from Maruyama et al.35 and Kerr et al.37 dem-

onstrate that the use of (NH4)2S results in a S-terminated

GaN surface, which effectively suppresses the formation of

native oxides and prevents reoxidation of the surface. For in
situ cleaning, annealing is the most common method. N2 plas-

mas can also be applied to passivate Ga dangling bonds after

native oxide removal and to heal intrinsic N vacancies beneath

the surface.39,42 Chen et al.39 found that a N2 plasma led to

the formation of a monocrystal-like nitridation interfacial-

layer on the GaN surface. Therefore, HCl, NH4OH, (NH4)2S,

and N2 plasma are chosen for the GaN cleaning study in this

work.

II. EXPERIMENTAL METHODS

The experimental facilities have been described previ-

ously.43 We choose ALD over other methods because of its

sequential and self-limiting surface reactions, providing low

temperature deposition, good control of film thickness, and

conformal deposition.44–46 In situ x-ray photoelectron spec-

troscopy (XPS) is performed with a monochromatic Al Ka
source at 1486.6 eV and a VG Scienta R3000 analyzer cali-

brated by a silver foil.

The commercial GaN(0001) 2-in. template (n-type, Si-

doped, <0.02 X cm resistivity) grown on sapphire (0001) by

hydride vapor phase epitaxy with an AlN buffer layer was

purchased from MTI Corporation. The as-received substrates

are diced into 10� 10 mm2 squares and cleaned in an ultra-

sonic bath with acetone, isopropyl alcohol, and deionized

water in sequence for 10 min each. The sample is further

dipped in HCl and NH4OH for 1 min, separately, and dried

with nitrogen gas. Then, it is mounted on a molybdenum hol-

der and loaded into the UHV system (< 2� 10�9 Torr) and

then transferred to a molecular beam epitaxy (MBE) cham-

ber. The sample is heated in a N2 environment (P¼ 1.5

� 10�5 Torr) from 200 to 500 �C at 20 �C min�1 and from 500

to 650 �C at 10 �C min�1 and finally exposed to the N2 plasma

(250 W) at 650 �C for 1 h under a pressure of 10�5 Torr to

remove residual carbon and oxides. The N2 plasma source

(HD25) is from Oxford Applied Research. By in situ reflec-

tion high-energy electron diffraction (RHEED), the surface

order is verified and a 1� 1 reconstruction is shown in Fig. S1

in the supplementary material. By in situ XPS analysis, the

remaining oxygen and carbon on the GaN surface are below

the XPS detection limit, which is essential for ALD growth as

the starting surface. A flood gun is used to eliminate substrate

charging during the measurement.

After cleaning, the sample is transferred in situ to the

ALD chamber. Er2O3 is grown at 250 �C and 1 Torr by using

erbium tris(isopropylcyclopentadienyl) [Er(iPrCp)3] as the

precursor and water as the co-reactant (oxygen source). The

Er precursor (Strem Chemicals, Inc.) is heated to 130 �C, and

water is at room temperature. An ALD cycle includes a 3-s

dose time for [Er(iPrCp)3] and a 1-s dose time for water; a

20-s Ar purge is applied after Er or H2O exposures. In this

work, a two-step growth method is used. For the first step, 50

ALD cycles of Er2O3 are grown in the ALD chamber, and

then, the sample is transferred to the MBE chamber and

annealed to 600 �C for 5 min at a pressure of 10�9 Torr by

using a ramp rate of 15 �C min�1 from 200 to 500 �C and a

ramp rate of 10 �C min�1 from 500 to 600 �C. Following the

first step, the sample is transferred back to the ALD chamber

to grow the second Er2O3 layer on the first-step Er2O3 tem-

plate and then is further annealed in the MBE chamber with

the same post-deposition annealing process. In situ RHEED

is utilized to determine whether the film is crystalline and to

observe the change in surface crystallinity while annealing.

In situ XPS is used to analyze the films and further determine

the band offsets of the Er2O3/GaN heterostructure.

The thickness and growth rates of Er2O3 films are mea-

sured by x-ray reflectivity (XRR) and Laue oscillations in x-ray

diffraction (XRD), and the crystallinity and the structure of the

Er2O3 film are determined by XRD. Both XRR and XRD are

performed using a Rigaku Ultima IV system with a Cu Ka
source, operating at 40 kV and 44 mA. A graphite analyzer

crystal is used during the out-of-plane XRD measurements.

The film morphology and the interface are examined by high

angle annular dark-field (HAADF)-scanning transmission elec-

tron microscopy (STEM) and annular bright-field (ABF)-

STEM, performed in a JEOL-ARM200F system (JEOL USA,

Inc). Electron energy loss spectroscopy (EELS) is conducted on

an ENFINA (Gatan, Inc).

III. RESULTS AND DISCUSSION

A. Cleaning study of GaN

Figure 1 presents the C 1s and O 1s spectra of the GaN sub-

strate surface following various cleaning protocols. As-received

GaN (Spectrum A) is compared with GaN using four different

combined cleaning methods, specifically Methods (B) 1 min

HClþ 1 min NH4OH, (C) 1 min HClþ 1 min NH4OHþ 30 min

(NH4)2S at 50 �C, (D) 1 min HClþ 1 min NH4OHþ 1 h N2

plasma at 650 �C, and (E) 1 min HClþ 1 min NH4OHþ 30 min

(NH4)2S at 50 �Cþ 1 h N2 plasma at 650 �C. The concentrations

of HCl, NH4OH, and (NH4)2S solutions are 2 M, 1.8 M, and

0.7 M, respectively. Temperatures over 800 �C are avoided to

prevent Ga evaporation.40

In C 1s spectra, the carbon amount is significantly

decreased after the use of the chemicals; more precisely, com-

pared to as-received GaN, the C/(GaþN) ratio drops from

0.18 to 0.05 and 0.13 for Methods B and C, respectively.

After N2 plasma treatment at high temperature, the carbon

amount is below the XPS detection limit, illustrating the effec-

tive removal of carbon from the surface. Eliminating carbon
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impurities is crucial for the subsequent ALD growth of Er2O3

and likely for improved device performance. Carbon trapped

at the interface could lead to defects, increasing the interface

trap density and degrading the interface quality. Similarly, in

the O 1s spectra, compared to as-received GaN, the O/

(GaþN) ratio also decreases from 0.28 to 0.13 and 0.12 for

Methods B and C, respectively, verifying the ability of acid

and base chemicals to reduce O impurities. Further with N2

plasma treatment, the oxygen signal is almost invisible for

Method D and the O/(GaþN) ratio remains at 0.05 for

Method E. Interestingly, (NH4)2S is indeed capable of sup-

pressing the formation of native oxides at the surface before

the sample is loaded into the UHV system. However, (NH4)2S

seems to enhance the carbon adsorption and suppress the

remaining oxygen removal. Sulfur is not detected by XPS

after treating GaN with (NH4)2S. However, (NH4)2S-treat-

ment does affect the substrate surface condition and the subse-

quent growth of Er2O3 by ALD, resulting in an undesired

amorphous Er2O3 film.

The Ga/N ratios for GaN substrates receiving various

cleaning procedures were examined with the Ga 3d spectra

and N 1s spectra (not shown). The as-received GaN shows a

ratio of 1.13, and the GaN cleaned by Methods (B) to (E)

exhibits values of 1.07, 1.10, 1.02, and 1.04, respectively.

The Ga/N ratio is improved about 3%–5% for methods that

reduce carbon contamination and the native oxide. Further

utilizing in situ N2 plasma treatment, Methods (D) and (E)

reveal improvement of 8%–10% in the Ga/N ratio. The N2

plasma with annealing enables the diffusion of N into the

GaN substrate and heals the N vacancies. Therefore, Method

D (1 min HClþ 1 min NH4OHþ 1 h N2 plasma at 650 �C)

resulting in the lowest carbon and oxygen contamination on

GaN and with a Ga/N ratio of 1.02 is selected as the cleaning

procedure in this work.

B. Growth and characterization of Er2O3 films

Er2O3 films were grown on cleaned-GaN substrates at

250 �C by ALD. The surface crystallinity is examined by

RHEED, and the streaky RHEED pattern indicates a crystal-

line film. The sharper and more clear the streaks, the more

ordered the surface. As shown in Fig. 2(a), the faint RHEED

pattern indicates that the Er2O3 film is crystalline as-

deposited at 250 �C. A post-deposition annealing process up

to 600 �C is performed. The annealing process provides addi-

tional thermal energy to allow atoms to rearrange and get to

their proper crystal positions, resulting in a sharper RHEED

pattern [Fig. 2(b)]. Ramanan et al.47 also found that the

annealing step is expected to improve the quality of oxide

films (SiO2, Al2O3, and HfAlO) on AlGaN/GaN. Hence, an

annealed 4.2-nm thin layer is always formed first as a tem-

plate for subsequent crystal growth [Fig. 2(c)]. For the 2nd-

layer Er2O3, Fig. 2(d), sharp RHEED streaks reveal the high-

quality oxide film and the smooth surface is realized after

annealing.

Er2O3 films with different thicknesses are grown using

this two-step method and measured by XRR to determine the

growth rate. As illustrated in Fig. 3(a), the growth rate is

about 0.90 Å/cycle. Extrapolating the straight line relation-

ship between the thickness and ALD cycles suggests that

there is an induction period of about 5 ALD cycles during

ALD of Er2O3 on GaN. The film thickness can also be calcu-

lated by periodic fringes or Laue oscillations [enlarged in the

inset of Fig. 3(b)] beside the (222) Er2O3 XRD reflec-

tion.18,19 The growth rate obtained by Laue oscillations is

0.87 Å/cycle. The XRR values are used to describe the film

thickness.

Figures 3(b)–3(d) present the XRD measurements used

to confirm the structure of the crystalline Er2O3 film and

understand the orientation relationships. A sample with a

thickness of 8.3 nm is selected for demonstration. Out-of-

plane XRD aligned with GaN h0001iwas conducted at a

scan rate of 1� min�1 [Fig. 3(b)]. The peaks at 2h¼ 29.36�

and 2h¼ 60.85� refer to the C-Er2O3(222) reflection and C-

Er2O3(444) reflection, respectively, and the lattice constant

calculated from the (222) reflection shows a¼ 10.53 Å,

which is consistent with the values in the literature.22 The C-

Er2O3(222) plane is expected to be parallel to GaN(0002)

since the (111) close-packed plane of the cubic structure has

the same symmetry as the basal plane of GaN(0001).26 The

presence of the periodic fringes to either side of the (222)

reflection results from the interference between the x-rays

reflected by the surface and buried interface.19,48,49 The

fringes or Laue oscillations indicate a very smooth surface

and good oxide film crystallinity. The rocking curve (not

FIG. 1. XPS spectra of (a) C 1s and (b) O 1s core levels of as-received GaN (spectrum A) and GaN treated by Methods (B) 1 min HClþ 1 min NH4OH, (C)

1 min HClþ 1 min NH4OHþ 30 min (NH4)2 S at 50 �C, (D) 1 min HClþ 1 min NH4OHþ 1 h N2 plasma at 650 �C, and (E) 1 min HClþ 1 min

NH4OHþ 30 min (NH4)2 S at 50 �Cþ 1 h N2 plasma at 650 �C.
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shown) scanned around the C-Er2O3 (222) reflection shows a

full-width-at-half-maximum (FWHM) of 0.22�, further

revealing the crystalline quality.

Characteristic peaks for the substrate, including peaks

for the GaN template, the AlN buffer layer, and the sapphire

substrate, are also observed. Small signals [Fig. 3(b)] for the

substrate Cu K-b, W L-a1, and W L-a2 peaks are detected

even though a graphite analyzer crystal was used. The peaks

at 2h of 31.14�, 33.09�, 39.93�, 64.92�, 69.39�, and 70.02�

correspond to GaN(0002) Cu K-b, GaN(0002) W L-a1, sap-

phire(006) W L-a1, GaN(0004) Cu K-b, GaN(0004) W L-a1,

and GaN(0004) W L-a2, respectively.

A-Er2O3(002) and B-Er2O3(-402) are also possible

phases on GaN(0001) based on out-of-plane diffraction

alone19 because their reflection positions are close to the C-

Er2O3(222) reflection in theoretical XRD data.50 To further

verify the structure of the film, in-plane XRD measurements

were utilized. Using the x-ray beam with a very small inci-

dent angle (2h¼ 0.58�), the in-plane XRD technique is capa-

ble of enhancing the thin-film intensities and minimizing the

substrate intensities by making the incident x-ray beam

travel a long distance inside the thin film. The sample rota-

tion angle (u) and the in-plane position of the detector (2hx)

are controlled to get the desired reflections. Taken along

GaN h11-20i and GaN h1-100i, Figs. 3(c) and 3(d) show a

(-440) reflection with 2h¼ 48.85� and a (-211) reflection

with 2h¼ 20.64�, respectively. Both the (-440) and (-211)

reflections are feature C-Er2O3, confirming the cubic struc-

ture. The monochromator was not used for in-plane measure-

ments to obtain sufficient signal intensity, and hence, Cu K-

b and W L-a1 substrate peaks are observed. By using the

cubic d-spacing equation (dhkl¼ a/(h2þk2þl2)0.5), lattice

constants of 10.54 Å and 10.53 Å are obtained from the (-440)

and (-211) reflections, which are consistent with the lattice

constant calculated by out-of-plane XRD (i.e., 10.53 Å). In

addition, based on all XRD patterns, the orientation relation-

ships between the C-Er2O3 film and the GaN substrate are

determined, leading to C-Er2O3(222)k GaN(0001), C-Er2O3

h-440i jj GaN h11-20i, and C-Er2O3h-211i jj GaN h1-100i.

C. Microstructure of Er2O3/GaN

STEM analysis is performed to examine the Er2O3 film

microstructure and study the interface between Er2O3 and the

GaN substrate. A 6.2-nm thick sample that was annealed at

600 �C was selected for investigation. Figures 4(a) and 4(b)

show HAADF-STEM images taken along GaN h11-20i and

GaN h1-100i, respectively, and the corresponding simulated

atomic positions of C-Er2O3 and GaN along each of these

directions are also presented. The STEM images are in good

agreement with the simulated results, which again confirms

the cubic structure of the Er2O3 film. As mentioned previ-

ously, a unit cell of C-Er2O3 contains 80 atoms, making its

structure more complicated than the simple cubic material.50

From the atomic positions for Er2O3, the Er atoms and O

atoms overlap in a column extending into the plane of the

sample. Those overlapping atoms are not fully resolved for a

given orientation by our current STEM image resolution.

Therefore, fuzzy planes formed by Er atoms are observed in

the Er2O3h-211iSTEM image.

In Fig. 5(a), an expanded view ABF-STEM image illus-

trates the film showing slightly different orientations of C-Er2O3

in Regions A, B, and C. The C-Er2O3 image looks jagged in

Region A, while it has an oblique-grid pattern in Region C.

However, from the out-of-plane or the in-plane XRD

FIG. 2. RHEED images of the Er2O3 film grown by the two-step method, including (a) 1st-layer 4.2-nm Er2O3 film as-deposited, (b) 1st-layer Er2O3 film after

annealing, (c) 2nd-layer 2.5-nm Er2O3 film as-deposited, and (d) 2nd-layer Er2O3 film after annealing. The images are taken along the GaN h11-20i azimuth.
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measurement, only one family of planes is detected, indicat-

ing that the film is still single crystalline rather than poly-

crystalline. Although the slight orientation variations do not

change the crystal structure assignment, they do affect the

overall film crystallinity, resulting in a slightly larger

FWHM of 0.22� compared to the GaN substrate of 0.15�.
The very small differences in the orientation of C-Er2O3

could be explained by the presence of the interfacial layer,

which is observed in both Figs. 4 and 5(a). A crystalline

interfacial layer consisting of 1–3 atomic-layers between C-

Er2O3 and GaN with blurred contrast reveals the existence of

several grains with slightly different orientations. These

grains might be oxides caused by the partial oxidization of

the GaN surface or by other compounds that formed during

growth or the annealing process.

The EELS profile [Fig. 5(b)] demonstrates the gradient of

Ga, N, Er, and O for the C-Er2O3/GaN heterostructure. The

interfacial layer region is marked, which corresponds to the

interfacial region in Fig. 5(a). GaN is to the left of the interfa-

cial region and Er2O3 is to the right. Interestingly, the figure

shows that the N intensity vanishes faster than Ga and that the

O signal appears earlier than Er. The coexistence of different

combinations of elements suggests the formation of two dif-

ferent compounds in the interfacial layer. From 3.3–4.6 nm,

GaN native oxide (GaOx) could not be confirmed due to the

coexistence of Ga, O, and Er elements. Instead, the formation

of crystalline GaErxOy is proposed. The cubic Ln3Ga5O12,
51

hexagonal LnGaO3,52 and orthorhombic Ln3GaO6
53 have

been reported, where Ln is the rare earth element. The former

two compounds might be preferred for the connection with

both C-Er2O3(111) and wurtzite-structure GaN(0001) due to

their similar basal planes. The orthorhombic crystals are also

possible if strain is applied. Similarly, the interfacial region

from 2.5 to 3.2 nm features the coexistence of Ga, N, and O,

suggesting the formation of Ga oxynitride, GaNwOz. The

cubic Ga2.81N0.43O3.57,
54 cubic Ga3NO3,55 and hexagonal

Ga0.94N0.82O0.18
56 are found as crystalline structures and are

possible to exist as a transition layer. GaNwOz would not

show different contrast to GaN in STEM images because Ga

atoms are much heavier than O atoms and N atoms.

FIG. 3. (a) C-Er2O3 films with different thicknesses are grown on GaN to determine the growth rate. The line is drawn as a guide to the eye. The growth rate is

about 0.90 Å per cycle. (b) Out-of-plane XRD pattern of the 8.3-nm C-Er2O3 film with a scan rate of 1� min�1, taken along GaN h0001i. The figure in the inset

shows the enlarged part from 22� to 32�, showing the Laue oscillations. (c) and (d) In-plane XRD patterns of the 8.3-nm C-Er2O3 film taken along GaN h11-

20i and GaN h1-100i, respectively. Based on (b), (c), and (d), the orientation relationships between the C-Er2O3 film and GaN substrate are C-Er2O3(222) jj
GaN(0001), C-Er2O3h-440i jj GaN h11-20i, and C-Er2O3h-211i jj GaN h1-100i.
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Therefore, the STEM analyses are consistent with the EELS

profile. Additionally, the earlier appearance of the O signal

indicates that O incorporates into a layer faster than Er

although they are introduced simultaneously. It is possible for

the oxygen to diffuse into the GaN layer.

To study the influence of the post-deposition annealing

process on the film microstructure and interfacial layers, an

as-grown �6-nm C-Er2O3/GaN sample (without any anneal-

ing) was used. Figures 6(a) and 6(b) show the corresponding

HAADF-STEM image and EELS profile. The interfacial

layer is present and is crystalline, but the thickness of �1–2

atomic layers is less than the �1–3 layers formed after

annealing (Fig. 4). This indicates that the formation of the

interfacial layer occurs during the ALD growth and is

enhanced while annealing. The elemental distribution in the

interfacial region is demonstrated by the EELS profile.

Similar to Fig. 5(b), the earlier appearance of the O and the

coexistence of Ga, N, and O in the region from 1.9 to 2.5 nm

in Fig. 6(b) suggest the formation of Ga oxynitride, GaNwOz.

The driving force of oxygen diffusion could come from the

ALD process at 250 �C. From 2.5 to 3.1 nm, interestingly,

four elements rather than three are detected, compared to the

annealed film. It seems that the post-deposition annealing

process enables faster diffusion of Ga from the interface and/

or loss of N from the interfacial region, leading to the forma-

tion of GaErxOy suggested in Fig. 5(b). Overall, based on the

STEM images and the EELS profiles, two transition layers

are proposed between GaN and C-Er2O3 although their exact

compositions cannot be determined by the EELS profile. For

the sample subjected to the annealing process, the bulk GaN

substrate is connected with the crystalline GaNwOz first, then

crystalline GaErxOy, and finally C-Er2O3. For the unannealed

sample, the crystalline GaNwOz, and a mixture of C-Er2O3

and GaN are found between C-Er2O3 and the bulk GaN

substrate.

D. Strain at the interface

For heteroepitaxy, the strain can be caused by lattice or

thermal mismatch at the interface between different materi-

als. When the film is below a critical thickness, lattice mis-

match between the thin film and the substrate can be

accommodated by the strain in the film. Beyond this thick-

ness, it can be energetically favorable to introduce misfit dis-

locations in the film and for the film to partially relax.57,58 In

our work, to investigate the influence of the oxide thickness

on the strain, both out-of-plane XRD and in-plane XRD are

FIG. 4. (a) and (b) HAADF-STEM images of a 6.2-nm thick and annealed film taken along GaN h11-20i and GaN h1-100i, respectively. The corresponding

projections of C-Er2O3 and GaN along each of the directions are simulated for comparison.
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conducted on C-Er2O3 films grown using different ALD

cycles, including 25, 50, 75, 100, and 150 cycles. The corre-

sponding thicknesses are �2.2, 4.2, 6.2, 8.3, and 13.2 nm.

The out-of-plane (222) reflection is used for comparison, and

the out-of-plane d-spacing of each corresponding peak is cal-

culated by Bragg’s law, as shown in Figs. 7(a) and 7(b) (red

square marks with the left vertical axis), respectively. The d-

spacing for the 25-ALD cycle film could not be obtained

because the C-Er2O3 peak could not be resolved, making it

difficult to get an accurate peak position. As the film thick-

ness increases, the (222) reflection becomes sharper and the

intensity is higher due to more signal reflected by C-Er2O3.

Interestingly, this (222) peak shifts to lower 2h values, dem-

onstrating an increase in the out-of-plane d-spacing.

The decrease in out-of-plane d-spacing for the thinner

film could be caused by the tensile strain in the in-plane

direction for the heteropitaxial film.59 When the films

become thicker, stress relaxation occurs, making the d-spac-

ing closer to bulk C-Er2O3. In the C-Er2O3/GaN heterostruc-

ture, the driving force of the tensile strain is mainly from the

lattice mismatch between the two materials. A theoretical

lattice mismatch between a cubic structure and a wurtzite

structure can be calculated by finding the matching surface

unit cells at a superlattice distance.60 In the C-Er2O3(222)/

GaN(0001) heterostructure, a mismatch ofþ 6.90% is

obtained by using five times the GaN lattice constant and the

in-plane C-Er2O3 lattice constant as described in the

supplementary material. The positive lattice mismatch value

indicates the presence of the tensile strain, which is consis-

tent with the experimental observation.

The crystal structure viewed along C-Er2O3h111i jj
GaN h0001i is simulated by VESTA61 (Fig. 8) and is used

to estimate the strain along GaN h11–20i and GaN

h1–100i directions in the supplementary material. From

Fig. 8, the coincidence of Er atoms with Ga atoms along the

GaN h11-20i direction leads to 5� Ga� Ga ffi 4� Er � Er,

and the coincidence of Er atoms with Ga atoms along the

GaN h1-100i direction leads to 3� Ga� Ga ffi 7� Er � Er.

The tensile strain is estimated asþ6.90% andþ9.96% along

GaN h11-20i and GaN h1-100i directions, respectively. In

addition, the slightly higher coefficient of thermal expansion

for Er2O3 (7.25� 10�6 K�1) versus GaN (5.59� 10�6 K�1) is

shown to be a minor contributing factor introducing the tensile

strain into C-Er2O3 during cooling from the growth tempera-

ture and the annealing temperature in the supplementary

material.

The in-plane d-spacing as a function of film cycle-numbers

is shown in Fig. 7(b). In contrast to out-of-plane XRD, as the

film thickness increases, the in-plane C-Er2O3(-440) peak shifts

FIG. 5. (a) Expanded view ABF-STEM of a 6.2-nm thick and annealed film

illustrates that the film consists of grains with slightly different orientations.

(b) The EELS profile of the C-Er2O3/GaN heterostructure with Ga, Er, O,

and N gradients. The region of the interfacial layer is marked with (a)

and (b).

FIG. 6. (a) HAADF-STEM image of a 6-nm film that was not subjected to

any annealing, taken along GaN h11-20i. (b) The EELS profile, showing Ga,

Er, O, and N gradients, of the C-Er2O3/GaN heterostructure without any

post-deposition annealing.
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slightly to large 2h values, resulting in a decrease in the in-

plane d-spacing. This phenomenon could be explained by the

tensile strain in the thinner films and that the film relaxes

towards bulk lattice constants once it exceeds a critical thick-

ness. In this study, the calculated lattice constants of the film

with 150 cycles (13.2 nm) are 10.55 Å and 10.54 Å from out-

of-plane and in-plane d-spacing, respectively. The values are

almost the same as the bulk value of 10.547 Å in Ref. 22.

Therefore, we believe that full relaxation of C-Er2O3 on GaN

occurs when the film thickness is around 13 nm. This is unlike

Gd2O3(222)/Si(111),59 where both strain and distortion were

found to still exist in a film with a thickness of hundreds of

nanometers owing to its small lattice mismatch of 0.5%.

E. Band offset

The gate oxide for a GaN-based MOSFET is required to

have a large bandgap to ensure a sufficient insulating prop-

erty, with appropriate valence and conduction band offsets

with the semiconductor to minimize leakage current due to

Schottky emission. Rare earth oxides generally have a large

bandgap, with a value of 5.3 eV for Er2O3.62 The valence

band offset and conduction band offset of C-Er2O3/GaN are

determined by XPS analysis using Eqs. (1) and (2) as

follows:63,64

DEV ¼ E GaN
CL � E GaN

V

� �
� E Er2O3

CL � E Er2O3

V

� �

� E GaN
CL � E Er2O3

CL

� �heterojunction

; (1)

DEC ¼ E Er2O3
g � E GaN

g � DEV ; (2)

where DEV and DEC are the valence band offset and conduc-

tion band offset, respectively, E GaN
CL is the Ga 3d core level

(CL) position of clean GaN, and E GaN
V is the valence band

maximum (VBM) of clean GaN. E Er2O3

CL and E Er2O3

V are the

Er 4d CL position and VBM of a thick C-Er2O3 layer,

respectively, ðE GaN
CL � E Er2O3

CL Þ is the difference of Ga 3d and

Er 4d CL in a thin C-Er2O3/GaN heterojunction, and E Er2O3
g

and E GaN
g are the bandgaps of Er2O3 and GaN, respectively.

In Fig. S2 in the supplementary material, the binding

energy of the VBM is determined by extrapolating the lead-

ing edge of the valence band spectrum to the base line. The

binding energy difference between CL and VBM is found to

be 17.4 eV for GaN and 165.4 eV for C-Er2O3, and the CL

difference in a C-Er2O3/GaN heterojunction with 3.3-nm

thick C-Er2O3 is �148.7 eV. Note that the binding energy of

Er 4d CL is higher. Using the Er2O3 bandgap of 5.3 eV and

the GaN bandgap of 3.4 eV, the calculated valence band off-

set and conduction band offset are 0.7 eV and 1.2 eV, respec-

tively. The corresponding band diagram of the C-Er2O3/GaN

heterostructure is shown in Fig. 9. The conduction band off-

set being larger than 1 eV suggests a sufficient barrier to

effectively suppress the leakage current of conduction elec-

trons, and the offsets in both bands suggest that C-Er2O3 is a

promising candidate for GaN devices of both polarities.

Due to the presence of an interfacial layer between

C-Er2O3 and GaN, the band alignment of the C-Er2O3/GaN

heterostructure may be shifted slightly. It has been reported

that an interfacial layer will typically lead to formation of an

additional interface dipole, resulting in shifts of the band

FIG. 7. (a) Out-of-plane XRD of Er2O3 films with different film thicknesses. The Er2O3(222) peak becomes sharp and shifts to lower 2h values when the film

is thicker. (b) Out-of-plane (red square marks with the left vertical axis) and in-plane (blue triangle marks with the right vertical axis) d-spacing converted

from C-Er2O3(222) and (-440) reflections, respectively, correlating with the film cycle-numbers.

FIG. 8. The crystal structure viewed along the C-Er2O3h111i jj
GaN h0001i direction (simulated by VESTA).
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offset.65–68 Coan et al.65 found that HfO2/GaN has a larger

interface dipole than Al2O3/GaN owing to the existence of

an interfacial oxide layer between HfO2 and GaN. Chambers

et al.66 also demonstrated the impact of an interfacial SiO2

layer on the band alignment of the SrTiO3/Si heterostructure.

The interface dipole (D) for C-Er2O3/GaN can be estimated

by the following equation:65

D ¼ vEr2O3
þ E Er2O3

g � E Er2O3

V

� �� �

� vGaN þ E GaN
g � E GaN

V

� �� �
þ DEGa3d; (3)

where v is the electron affinity and DEGa3d is the change in

band bending determined by the shift of the Ga 3d core level.

The possible effect of an interface dipole on the band dia-

gram is shown in Fig. S3 in the supplementary material.

However, because the theoretical/experimental electron

affinity value for Er2O3 is not reported, the interface dipole

remains unknown and requires further study.

IV. CONCLUSION

Overall, this work demonstrates a low temperature, all-

chemical process for the growth of crystalline C-Er2O3 on

GaN(0001) by ALD. The cleaning protocol for the

GaN(0001) substrate consisting of a combination of ex situ
(1 min HClþ 1 min NH4OH) and in situ methods (1 h N2

plasma at 650 �C) gives the best result, leading to a Ga/N

ratio of 1.02 with carbon and oxygen contamination on the

surface below the detection limit of XPS. The successful

deposition of Er2O3 thin films with a smooth surface and

good crystallinity on this clean template is conducted at

250 �C by ALD, and the growth rate is 0.90 Å/cycle by XRR.

The cubic structure of the Er2O3 films and the orientation

relationships between the C-Er2O3 film and GaN substrate

are confirmed using XRD measurements. In out-of-plane

XRD, C-Er2O3(222) and (444) reflections are observed,

while C-Er2O3(-440) and (-211) reflections are detected

along GaN h11-20i and GaN h1-100i for in-plane XRD,

respectively. Based on the STEM analysis, the microstructure

of a C-Er2O3 film also shows an excellent agreement with the

simulated atomic positions along both GaN h11-20i and

GaN h1-100i, further verifying its cubic structure. An interfa-

cial layer is found to be formed during the ALD growth,

which grows thicker after annealing. For annealed C-Er2O3/

GaN, two transition layers including crystalline GaNwOz and

crystalline GaErxOy are proposed between GaN and C-Er2O3,

while the crystalline GaNwOz and a mixture of C-Er2O3 and

GaN are found as transition compounds for the unannealed

sample. The strain due to lattice and thermal mismatch

at the interface is investigated between C-Er2O3(111) and

GaN(0001). The change in d-spacing with opposite trends for

out-of-plane C-Er2O3(222) and in-plane C-Er2O3(-440) reflec-

tions as a function of film thickness reveals the tensile strain

at the interface, which is consistent with the theoretical lattice

mismatch of 6.90%. The stress relaxation occurs when the

film thickness increases. A �13-nm sample showing a lattice

constant close to the bulk value of 10.547 Å is believed to be

fully relaxed. In addition, the band offsets of the C-Er2O3/

GaN heterostructure are determined by XPS analysis, demon-

strating a valence band offset of 0.7 eV and a conduction band

offset of 1.2 eV. The sufficient offsets in both bands indicate

that C-Er2O3 could effectively suppress the leakage current

and could be a potential material for GaN devices.

SUPPLEMENTARY MATERIAL

See supplementary material for the RHEED image of

the GaN surface with 1� 1 reconstruction, the calculations

of strain in C-Er2O3, the valence band spectra of GaN and C-

Er2O3, and a possible band diagram with the interfacial

dipole included.
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