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ABSTRACT

The post-annealing process is an effective method to improve the properties of

gallium oxide (Ga2O3) single crystal films. However, the studies on post-an-

nealing of Ga2O3 films have been largely limited to the annealing temperature,

with few reports of the annealing time. Here, we show the effect of annealing

time on the Er-doped b-Ga2O3 (-201) epitaxial films deposited by pulsed laser

deposition. The Ga2O3 film with a bandgap of* 4.98 eV and annealed at 900 �C
for 15 min, exhibits the best crystal quality and optical property in comparison

with the films before and after the annealing for 7 and 30 min in air. The epi-

taxial relationship between the film and substrate is Ga2O3 [010] k GaN

[-12-10] with Ga2O3 (-201) k GaN (0001). Moreover, the resistivity of the

15 min-annealed Ga2O3 film, which is about 180 X�cm, still maintains a low

level.

1 Introduction

Gallium oxide (Ga2O3) has shown great potential in

optoelectronics and power electronics due to its

excellent properties such as the wide band gap of

* 4.9 eV, high breakdown electric field of 8 MV/cm,

and high Baliga’s Figure of Merit of 3444 [1–7]. In

particular, the epitaxial b-Ga2O3 films, as an ideal

host material for rare earth (RE-) dopants, have been

successfully used to fabricate Ga2O3-based LEDs

[8, 9]. These Ga2O3-based LEDs have drawn huge

attention for their low drive voltage, long service life,

and stable light output [10, 11]. However, with the

weak luminous efficiency, the application of Ga2O3-

based LEDs has been limited. To the best of our

knowledge, the key to fabricating high-performance

devices lies in the quality of Ga2O3 films [12, 13]. This

is where we are devoting our efforts.

For RE-doped Ga2O3 films, in addition to opti-

mizing the deposition conditions, the post-annealing

process is an effective method to improve the crystal

quality and optoelectronic properties. In our previous

study, the single crystal Er-doped Ga2O3 (Er-Ga2O3)

film, which could be used to fabricate LEDs with a

low voltage-driven green emission [10], has been

successfully deposited on the etched nanoporous

(NP) GaN substrates via pulsed laser deposition

(PLD) [14]. Furthermore, we find that the crystalline

quality and photoluminescence efficiency of Ga2O3
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films could be improved significantly after annealing

at 900 �C in comparison with other annealing tem-

peratures [8]. Notably, the annealing time is an

important factor for the recrystallization process on

many semiconductors and metals oxide, such as

ZnO, NiO, FeO, CuO, CoO, etc[15–22], and its effect

cannot be neglected. However, research on the

annealing time of Ga2O3 films has been rarely

reported, which is the aim of this work.

In this work, NP GaN wafers with a porosity of

40% were obtained by electrochemical (EC) etching,

and then the Er-Ga2O3 films were deposited on the

NP-GaN wafers by PLD. After deposition, the Ga2O3

films were annealed at 900 �C for 7, 15 and 30 min in

air, respectively. The microstructure, crystal quality

and optoelectronic properties of the films show a

remarkable correlation with the annealing time. In

comparison to the simples before and after annealing

for 7 and 30 min, the Er-doped Ga2O3 film annealing

for 15 min exhibits the best crystal quality and optical

properties. Furthermore, the resistivity of the 15 min-

annealed Ga2O3 film is only * 180 X cm.

2 Experimental

Firstly, the n-GaN wafers were transformed into NP-

GaN by the EC etching [23], and the detail of EC

etching for n-GaN was provided in supplementary

materials (Fig. S1). Subsequently, the NP-GaN with a

porosity of 40% was used to deposit Er-Ga2O3 films

by PLD system. The wavelength of the KrF laser is

248 nm, and the laser power was * 6 J/cm2 with a

frequency of 2 Hz. The pressure of the reactor

chamber was 0.09 Pa in N2 condition with a flow of

25 sccm. The distance between the substrates and

Ga2O3 pellet targets (with 2.5 at% erbium oxide) was

about 100 mm. The substrates were heated to 700 �C,
and the PLD experiment lasted 60 min. After depo-

sition, the Er-Ga2O3 films were annealed at 900 �C for

7, 15 and 30 min in air, respectively.

The morphologies of Er-Ga2O3 films were mea-

sured using Scanning electron microscope (SEM,

Helios G4 UC). The crystal quality and epitaxial

relationship were analyzed via High-resolution X-ray

diffractometer (HRXRD, Smartlab3kW). The chemical

composition studies were carried out via X-ray pho-

toelectron spectroscopy (XPS, ESCALAB MK II). The

X-ray source was Al ka (hv = 1486.6 eV), electron

emission angle was 58�, and the base pressure was

8 9 10–10 Pa. The size of the analyzed sample area

was 500 lm in diameter. Before the XPS measure-

ment, the sample was not sputter-etched by using

Ar?, the charge neutralizer was used. A high-reso-

lution transmission electron microscope (HRTEM,

JEM-2100) with Tecnai F30 transmission electron

microscope was employed to investigate the atomic

arrangements and selected area electron diffraction

(SAED). Photoluminescence (PL) spectra were

obtained using a confocal Raman imaging system

(Renishaw inVia-Reflex Raman Microscope), 532 nm

laser with 1800 lines mm-1 grating is used. The

wavelength range is 540–560 nm, and the laser power

is 10 mW, the integration time is 5s.

3 Results and discussion

Figure 1a shows the XRD spectra of Er-Ga2O3 films

deposited on NP-GaN before and after annealing at

900 �C for 7, 15 and 30 min, respectively. In addition

to the peaks related to sapphire and GaN, three peaks

located at * 18.8, * 38.3 and * 59.08 were clearly

observed, corresponding to the (-201), (-402) and

(-603) diffraction planes of b-Ga2O3 (JCPDS NO.43-

1012), respectively. This implies that the films are b-
Ga2O3 growing along the [-201] direction. The full

width at half maximum (FWHM) of the (-201) peaks

is * 0.501, * 0.462, * 0.311 and * 0.4438, respec-
tively, indicating that the 15 min-annealed Ga2O3

film exhibits the best crystal quality. The rocking

curve of (-201) peak presents good symmetry with

an FWHM of * 1.41�, implying the excellent crystal

quality of 15 min-annealed Er-Ga2O3 film (Fig. 1b).

This indicates that the re-crystallization process can-

not complete as the annealing time is not enough. On

the contrary, the crystal lattice structure could be

damaged (lattice distortion increase) due to the extra

energy (thermal energy) after complete recrystalliza-

tion ([ 15 min). This could be attributed to the dif-

ference of the thermal expansion coefficient between

the GaN substrate and Ga2O3 film [24, 25]. Moreover,

we find the (-201) peaks slightly shift to a large angle

with increasing the annealing time, as shown in

Fig. 1c. The shift is due to the decrease in grain size of

the films or the increase in stress between the films

and the substrates [26]. The b-Ga2O3 grown on GaN

has a large tensile stress [14], thus the shift suggests

that internal stress of the film is released.
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SEM was performed to further investigate the

change in the grain size of the films. Figure 2 shows

the top-view SEM images of the Er-doped Ga2O3

films before and after annealing at 900 �C for 7, 15

and 30 min, respectively. The Er-Ga2O3 film before

annealing consists of irregular-shaped grains, and the

blurred boundaries of the grains led to the large

crystal grain size (100 nm in diameter), as shown in

Fig. 2a. However, the regular-shaped grains with

well-defined boundaries are observed at the surface

of the annealed films, due to the recrystallization

phenomenon caused by high temperature annealing

[27–31]. The average grain sizes of the films after

annealing for 7, 15 and 30 min are * 85, * 60 and

* 40 nm, respectively. According to Fig. 1c, the

decrease in grain size of the films resulted in XRD

peaks slightly shift to large angle. This result

demonstrates that the annealing process could affect

the microstructures of the films. More specifically,

both the grain size and the density decreased with

increasing the annealing time. In the meanwhile,

boundaries shape. The regular and dense grains lead

to the best crystal quality for 15 min-annealed Er-

Ga2O3 film [32]. The following discussion will focus

on the epitaxial relationship and stoichiometry of the

15 min-annealed Er-Ga2O3 film.

The out-of-plane epitaxial relationship between the

15 min-annealed films and the substrate was evalu-

ated using TEM. Figure 3a depicts the cross-sectional

HRTEM image of the 15 min-annealed film. The

crystal lattice of the film is arranged orderly and

clearly, and the spacing of the interplane for the film

is 0.471 nm, indicating the out-of-plane epitaxial

relationship between the substrate and the film is

GaN (0001) k Ga2O3 (-201) [8, 33]. SAED pattern of

the interface area between the GaN and the film are

displayed in Fig. 3b. The diffraction dots of GaN

(111), (110), and (0001) as well as b-Ga2O3 (222), (800),

(400), and (-201), which were deduced via the inter-

planar spacing and angles, were marked by white

arrows, and further prove the out-of-plane epitaxial

relationship for GaN (0001) k Ga2O3 (-201). Figure 3c

depicts the low-magnification TEM graph. The

thickness of 15-min annealed film is 80 nm, and the

diameter of the crystal grain along the film surface is

60 nm, which is consistent with the SEM results.

Fig. 1 a XRD spectra of the Er-Ga2O3 films on the NP-GaN before and after the annealing at different time: as-deposited, 7 min, 15 and

30 min; b rocking curve of 15 min-annealed Er-Ga2O3 film (-201) peak, and c magnified XRD spectra of the (-201) peak
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The U scan XRD of Ga2O3 {-401} and GaN {10–12}

planes were employed to study the in-plane rela-

tionship, as shown in Fig. 4. The inclination angles of

the GaN {10–12} and the Ga2O3 {-401} are 39.018 and
23.448. Six peaks separated by 608 were observed for

GaN {10–12} plane as well as Ga2O3 {-401} plane,

exhibiting the six-fold symmetry of GaN {10–12}

planes along GaN [0001]. For b-Ga2O3, however, the

{401} planes are twofold in-plane rotation symmetry

and therefore the 15 min-annealed film is tripartite

domain structure. In addition, the coincident

diffraction peaks of the GaN and Ga2O3 demonstrate

that the in-plane epitaxial relationship between the

substrate and the film is GaN [-12-10]kGa2O3 [010].

The result is in agreement with our previous resear-

ches [8, 14].

The stoichiometry and element composition of the

Er-Ga2O3 films were investigated via XPS measure-

ments, as shown in Fig. 5 and Fig. S2-4. For all sam-

ples, Ga2p, Ga3d, Ga LMM, O1s and O KILL Auger

peaks are detected, as shown in the survey spectra.

The binding energy was calibrated with the adven-

titious C1s peak via Eq. 289.58 - uSA [34], where uSA

is the work function of Ga2O3 (4.72 eV) [35]. Herein,

the value of C1s peak is calculated to be 284.96 eV (cf.

Figure 5b, Fig. S2b, S3b and S4b). The Ga 2p1/2 and

Ga 2p3/2 peaks are centered at 1145.4 and 1118.5 eV

(D = 26.9 eV) (cf. Figure 5c, Fig. S2c, S3c and S4c), as

expected for the Ga3? oxidation state (stoichiometric

Ga2O3) [36, 37]. For O1s peaks, only one single peak

located at 530.7 eV is observed, corresponding to the

Ga-O bonding in the film [38]. The atomic ratio of Ga

to O is 72.5%, 70.7%, 69.8% and 69.3% for 0, 7, 15 and

Fig. 2 Top-view SEM images of the Er-Ga2O3 films before and after the annealing at different time: a as-deposited, b 7 min, c 15 min and

d 30 min
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30 min-annealed films respectively, calculated by

atomic sensitivity factor method (supplementary

material). This suggests the decrease in oxygen

vacancy of the film during the post-annealing and

either a Ga-rich growth mode or the presence of

oxygen vacancies near the surface [37]. Furthermore,

the band gap of the films could be deduced by the

energy-loss spectrum of O1s [39, 40]. The maximum

negative slope segment was linearly extrapolated to

the datum, and then the energy band gap of * 4.88,

* 4.94, * 4.98 and * 5.02 eV could be determined

via the cross-point, as shown in the inset of Fig. 5 and

Fig. S2-4 [41, 42]. The increase of the band gap is due

to the decrease in oxygen vacancy of the film [43, 44].

The effect of the annealing time on the optical

properties of the Ga2O3 films were studied via PL

spectra, as shown in Fig. 6a. The strongest emission

peaks located at 548 nm, corresponding to the tran-

sition of 4S3/2 ?
4I5/2 of Er-Ga2O3, were observed in

all films [45, 46]. However, the satellite peaks cen-

tered at 553 nm are attributed to Stark splitting

caused by the spin-orbit splitting of the energy level.

In Fig. 1, we observe that the PL intensities of the

films are associated with the crystal quality. Thanks

to its superior crystal structure, the 15 min-annealed

film presents the highest PL intensity. This is the

consequence of the reduction of defects, which cap-

ture the photocarriers and thus degrade PL intensity.

Similar phenomenon has also been discovered in our

previous studies [14].

Based on the above, the post-annealing process

could improve the properties of Ga2O3 single crystal

films. However, the resistivity of the film, an impor-

tant factor for electronics application, could degrade

10 nm

10 1/nm

100 nm

Ga2O3 (800)

GaN (111) 

GaN (111) 
Ga2O3 (222) 

GaN (110) 

Ga2O3 (400)

Ga2O3 (-201)

GaN (0001) 

NP-GaN

Ga2O380 nm

(a) (b) 

(c) 

Fig. 3 a HRTEM, b SEAD pattern and c low magnification TEM images of the interface between the 15 min-annealed film and NP-GaN.

Fig. 4 U scan of GaN {10–12} planes for NP-GaN (0001)

substrate and Ga2O3 {-401} planes for 15 min-annealed Er-

Ga2O3 (-201) plane
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with the decrease in oxygen vacancy of the film

during the post-annealing [8, 47, 48]. Figure 6b dis-

plays the difference of the resistivity of Ga2O3 film

before and after annealing. The resistivity of the film

form * 4 X cm increase to * 900 X cm with

increasing the annealing time up to 30 min. Enough

annealing time benefits in decreasing the oxygen

vacancy which plays a major role in conductivity, in

line with the XPS results. The resistivity of 15 min-

annealed film is only * 180 X cm, remaining an

excellent level for optoelectronics application.

Fig. 5 XPS spectra of the Er-Ga2O3 film after 15 min annealed: a survey, b C1S, c Ga2p and d O1s. The inset is O1s energy-loss spectra

to deduced the band gap of the film

Fig. 6 a PL spectra and b resistivity of the Er-Ga2O3 before and after the annealing at different time.
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4 Conclusion

In conclusion, the Er-Ga2O3 films deposited on NP-

GaN substrates were annealed at 900 �C with differ-

ent annealing time. The effect of the annealing time

on Er doped Ga2O3 films was studied. The

microstructure, crystal quality and optoelectronic

properties of the films show a remarkable correlation

with the annealing time. The recrystallization process

cannot complete if the annealing time less than

15 min. On the contrary, the crystal lattice structure

could be damaged due to the extra energy after

complete recrystallization ([ 15 min). SEM images,

magnified XRD results demonstrate the crystal grain

size decreased, density decreased and boundaries

shaped as the annealing time increased. XPS results

imply that the band gap increased as the annealing

time increased, which should be attributed to the

decrease in oxygen vacancy of the film. The PL

intensities of the films are positively associated with

the crystal quality (depend on the annealing time),

and the 15 min-annealed film with the best crystal

quality presents the highest PL intensity. The resis-

tivity of the films increased as the annealing time

increased, this is due to the decrease in oxygen

vacancy (play an major role in conductivity) of the

film during the post-annealing. Furthermore, the

epitaxial relationship between the substrate and film

is GaN [-12-10] k Ga2O3 [010] with GaN (0001) k
Ga2O3 (-201). Limiting the annealing time to 15 min,

the resistivity of Ga2O3 film could keep up a low level

(* 180 X cm).
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