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Gd-doped GaN (Ga1�xGdxN) thin films were grown on a GaN(001) template by radio frequency

plasma-assisted molecular beam epitaxy and characterized by means of x-ray diffraction (XRD)

and transmission electron microscopy (TEM). Three samples with a different Gd composition were

prepared in this study: x¼ 0.02, 0.05, and 0.08. XRD and TEM results revealed that the low Gd

concentration GaN possesses the wurtzite structure. On the other hand, it was found that an ordered

phase with a quadruple-periodicity along the [001] direction in the wurtzite structure is formed

throughout the film with x¼ 0.08. We proposed the atomistic model for the superlattice structure

observed here. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4751245]

Diluted-magnetic semiconductors have attracted much

attention, because the introduction of the spin degree-of- free-

dom is anticipated to bring rich functionalities into semicon-

ductor devices.1 For practical applications of magnetic

semiconductors, it is of technological importance to enhance

their Curie temperature higher than room temperature. Theo-

retical studies predicted that transition-metal-doped gallium

nitride (GaN) shows ferromagnetism above room tempera-

ture,2,3 and the room temperature ferromagnetism is experi-

mentally observed in GaCrN (Ref. 4) and GaMnN.5

Rare-earth (RE) elements have partially filled f-orbitals which

give rise to magnetic moments, and therefore they are consid-

ered as alternate magnetic dopants for semiconductor materi-

als. In addition, RE-doped GaN shows the sharp luminescence

associated with the intra-f optical transitions of the RE ions in

the visible, which are independent of temperature and almost

independent of the host.6 From this viewpoint, the GaN-based

magnetic semiconductors are promising candidates for semi-

conductor spintronic devices which can control charges (elec-

trons and holes) and spins as well as photons.

Among a variety of RE elements, gadolinium (Gd) dop-

ing of GaN has been extensively studied7–12 since Teraguchi

et al. reported ferromagnetism in Ga0.94Gd0.06N thin films

with a Curie temperature of >400 K.13 To realize desirable

materials properties, it is of technological importance to

obtain information on atomic configurations. However, the

investigations of structural properties of Gd-doped GaN are

relatively limited as compared with those of its magnetic

properties. In the present study, we examined atomistic

structures of Ga1�xGdxN as a function of composition. As a

consequence, we found that strong atomic ordering occurs in

high Gd concentration GaN.

GaN templates deposited on c-axis sapphire (Al2O3)

wafers were used for the substrate. First, GaN buffer layers

were deposited on the templates, then the 250–300 nm-thick

Ga1�xGdxN thin films were grown at 700 �C by radio fre-

quency (RF) plasma-assisted molecular beam epitaxy.

Finally, GaN layers were capped on the top of GaGdN layers

as an antioxidant layer. Elemental Ga (purity: 7N) and Gd

(3N) and RF plasma-enhanced N2 were used as sources. Dur-

ing growth, the RF plasma power was 180 W with a nitrogen

flow rate of 1.5 SCCM. The Ga cell temperature was fixed at

861 �C, while the Gd cell temperature changes from 1100 to

1150 �C to control the Gd composition. The samples

obtained here were analyzed using x-ray diffraction (XRD)

and transmission electron microscopy (TEM). XRD meas-

urements were carried out on a Philips X’pert x-ray diffrac-

tometer using Co-Ka radiation (x-ray wave-length of

k¼ 0.1789 nm) at 45 kV and 40 mA. Cross-sectional TEM

observations were performed using a JEOL JEM-3000F

TEM operated at 300 kV. Energy-dispersive x-ray (EDX)

spectra were obtained using an ultra-thin-window, energy

dispersive x-ray spectrometer manufactured by EDAX. To

estimate the Gd composition, Rutherford backscattering

spectroscopy analysis is also performed at Toray Research

Center. RBS measurements were made using 2.3 MeV He2þ

beam and a conventional solid-state detector positioned to

detect ions backscattered through an angle of 160�. The sub-

strate was oriented 8� off-normal to the incident ion beam in

order to minimize channelling effects.

We prepared three samples with a different average Gd

composition: “low,” “medium,” and “high” Gd concentration

GaN. Figure 1(a) shows XRD profiles, obtained by x-2h
scan, as a function of Gd composition. In addition to the

Bragg reflections associated with the GaN template and sap-

phire substrate, the peaks due to epitaxially grown GaGdN

thin film are observed in all the specimens. The GaGdN peak

is located at the lower angle side of the GaN peak, and their

split becomes more pronounced with increasing Gd composi-

tion: the lattice parameter of c-axis for GaGdN increases

with the incorporation of Gd atoms. The features of the pro-

file are almost the same between the low and medium Gd

concentration GaN, while it is apparent that additional peaks

exist in the profile of the high Gd concentration specimen.

The peaks at 2h¼ 35.7� and 75.7� can be indexed as GdN

111 and 222 reflections, respectively, suggesting the forma-

tion of epitaxially grown GdN precipitates in the GaGdN

thin film.14 On the other hand, the peaks marked with “s”

(2h¼ 9.8�, 29.7�, 50.5�, and 73.5�) cannot be explained in

terms of the possible secondary phases reported so far, such

as GdN, Gd3Ga2, and Gd. The details of these “s” peaks are

described later.
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The Gd composition was estimated by TEM equipped

with an EDX spectrometer. Stationary probe EDX composi-

tion measurements were made using a probe size of

�100 nm. Figure 1(b) shows the EDX profiles of the GaGdN

films, which are normalized by the Ga-Ka (9.25 keV) peak.

A significant difference is observed in the Gd peak (Gd-La:

6.06 keV, Gd-Lb: 6.71 keV). The atomic composition was

estimated by integrating the Ga-K and Gd-L peaks. (The N

content is certainly underestimated due to strong self-

absorption effects for the soft N-Ka x-rays, even in the

thinned TEM specimen.) Quantification was carried out with

the software “EDAX Genesis” using standard-less analysis

and manual background correction. From the quantitative

EDX analysis, the composition of Ga1�xGdxN was estimated

to be x¼ 0.02, 0.05, and 0.08 for the low, medium, and high

Gd concentration GaN, respectively. As compared with the

Gd composition (<1020 cm�3) reported by other research-

ers,15 a quite large amount of Gd atoms is incorporated in

our specimens. To confirm the validity of the EDX results,

we also analyzed the high Gd concentration GaN by Ruther-

ford backscattering spectroscopy. Figure 1(c) shows the RBS

spectrum and the depth distribution of Ga and Gd atoms

(inset). It is clearly seen that the Gd atoms are uniformly dis-

tributed in the GaGdN thin film with x¼ 0.05. The RBS

results support the remarkable incorporation of Gd atoms in

our specimens. Hereafter, we use the Gd composition deter-

mined by EDX.

In addition to a rocksalt GdN phase, the formation of an

unknown phase was confirmed in Ga0.92Gd0.08 N by XRD

measurements. To identify the reflections indicated by “s” in

Fig. 1(a), cross-sectional TEM observations were performed.

Figure 2 shows electron diffraction patterns obtained from

FIG. 1. (a) XRD profiles of Ga1�xGdxN/GaN/sapphire and (b) EDX spectra

of Ga1�xGdxN as a function of Gd composition: “low” (bottom), “medium”

(middle), and “high” Gd specimens (top). XRD measurements were carried

out using Co-Ka radiation (x-ray wave-length of k¼ 0.1789 nm). The

“double” means the forbidden reflection appearing by double diffraction.

The EDX spectra are normalized by the Ga-Ka (9.25 keV) peak. A character-

istic x-ray peak of copper originates from the mesh supporting the TEM

specimen. (c) RBS spectrum of the high Gd concentration GaN the depth

profile of Gd atoms (inset). It is clearly seen that Gd atoms are uniformly

distributed within the depth resolution of �10 nm.

FIG. 2. Electron diffraction patterns of Ga1�xGdxN with (a,b) x¼ 0.02 and

(c,d) 0.08. Electron beam is aligned along (a,c) [1�10] and (b,d) [110] with

respect to the wurtzite GaN structure. The diffraction patterns are indexed as

the hexagonal coordinates of the original wurtzite structural unit. The reflec-

tions marked with “s” correspond to the unidentified “s” peaks observed in

Fig. 1(a). It should be noted that the intensity of the 001 extra reflection indi-

cated by a triangle is much weaker than that of the 001
2

and 003
2

reflections.
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the Ga1�xGdxN layer with (a, b) x¼ 0.02 and (c, d) x¼ 0.08.

The incident electron beam was focused to a diameter of

�200 nm. The diffraction patterns obtained from the low Gd

concentration specimen correspond to electron beam orienta-

tions (a) [1�10] and (b) [110] (hexagonal indices) of the wurt-

zite structure, and therefore they are indexed in terms of the

basic wurtzite structural unit. In addition to the fundamental

lattice spots due to the wurtzite structure, extra reflections

appear along the [001] direction in the high Gd concentration

GaN (Figs. 2(c) and 2(d)). They are located at the one-fourth

of two neighboring fundamental Bragg reflections, e.g., 002

and 004, in Fig. 2(c) and their positions are consistent with the

“s” peak locations in the XRD profile of Fig. 1(a). This means

that quadruple-period atomic ordering along the [001] direc-

tion occurs in this specimen. It was confirmed that the same

ordered phase is partially formed in x¼ 0.05, though the “s”

peaks are not detected in the XRD profile of Fig. 1(a).

It is known that many defects are included in Gd-doped

GaN.15–17 We have recently found that stacking faults are

arranged periodically in Au ion irradiated GaN,18 and there-

fore there is a possibility that the similar superlattice-like

stacking fault array is formed in Gd-doped GaN. However, it

was confirmed that the defects in the present specimens are

mainly dislocations and the amount of stacking faults is very

low (not shown). This means that the superlattice structure

observed here is not due to the periodic arrangement of the

defects. To clarify the origin of the superlattice reflections,

high-resolution TEM observations were performed. Figure 3

shows the high-resolution TEM images of Ga0.92Gd0.08 N,

viewed along (a) the [1�10] and (b) [110] directions. It is

apparent that a layer with a bright (or dark) contrast, parallel

to the basal plane, exists every �1 nm, and their Fourier

power spectra (Figs. 3(c) and 3(d)) are consistent with the

electron diffraction pattern of Figs. 2(c) and 2(d). It is

reported that the third element in GaN sometimes arranges

regularly, resulting in the formation of a long-period super-

lattice structure.19–21 We speculate that the superlattice struc-

ture in the present study is also induced by the ordered

arrangement of the basal planes with a different Gd composi-

tion. As described above, the Gd composition is much higher

than that reported by other researchers.15 The remarkable

incorporation of Gd atoms into GaN is probably due to the

formation of ordered structure.

We propose here an atomistic structural model for the

ordered phase. The fundamental lattice spots in the electron

diffraction patterns of Figs. 2(c) and 2(d) correspond to those

due to the wurtzite structure, and therefore a structural model

was constructed based on the wurtzite structure (Fig. 4(a)).

The appearance of the superlattice reflections, located at the

one-fourth between the 000 and 002 reflections, indicates

that the lattice parameter of c-axis is twice as large as that of

the original wurtzite structure of GaN. It should be noted

that the 001reflection indicated by a triangle in Fig. 2(c) is

very weak as compared with the 00 1
2

and 00 3
2

spots. (The

strong 001 reflection in Fig. 2(d) is due to double diffrac-

tion.) Figure 4(b) shows a structural model which can

reproduce the features of electron diffraction patterns and

high-resolution TEM images mentioned above. The lattice

parameters are set to be a¼ 0.362 nm and c¼ 1.048 nm, and

the atomic positions and compositions are shown as table.

The subscript of “Ga1�xGdx” reveals the probability of the

site occupancy, and it expresses the color strength in Fig.

4(b). In this model, the compositional modulation is intro-

duced along the c-axis of the wurtzite structure. The average

Gd composition is x¼ 0.10, which is nearly the same as that

estimated by EDX analysis. The Gd composition at z¼ 0.25

and 0.75 should be nearly equal to the average value of z¼ 0

and 0.5, in order to satisfy the extinction or very weak inten-

sity of the 001 reflection.

FIG. 4. Atomic configurations of (a) wurtzite and (b) ordered structures.

Large and small circles denote Ga1�xGdx and N, respectively. The table

shows the atomic positions and site occupancies in the ordered phase.

FIG. 3. High-resolution TEM images of Ga0.92Gd0.08N, viewed along (a) the

[1�10] and (b) [110] directions. It is apparent that a modulated structure with

a quadruple-periodicity along the [001] direction in the wurtzite structure is

formed. (c) and (d) Fast Fourier transforms obtained from the high-

resolution TEM images. The diffractograms are in agreement with the elec-

tron diffraction patterns of Figs. 2(c) and 2(d).
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Using the model described in Fig. 4(b), we calculated

the electron diffraction patterns based on the kinematical

approximation, Fhkl¼Rfnexp{2pi(hxnþkynþlzn)}, where fn
is the atomic scattering factor for atom n at a fractional coor-

dinate (xn, yn, zn). Figure 5 shows the resulting diffraction

patterns viewed along (a) [1�10] and (b) [110]. Our proposed

structure is likely too simplistic because the deviation from

the ideal atomic position of the wurtzite structure, associated

with the compositional modulation, is not considered. (This

parameter mainly affects the diffraction intensities.) Never-

theless, the agreement between the observed (Figs. 2(c) and

2(d)) and simulated diffraction patterns (Figs. 5(a) and 5(b))

is remarkably good. This suggests that the present structural

model is basically correct.

Previous theoretical studies predicted the magnetic

properties of diluted-magnetic semiconductors based on the

complete random distribution of magnetic elements on the

lattice sites. On the other hand, we found experimentally that

a strong atomic ordering occurs in Gd-doped GaN. Atomic

ordering is often observed in epitaxially grown III-V semi-

conductor alloys, and it has been reported that the degree of

order strongly depends on the growth conditions, such as

temperature, composition, and growth rate.22–29 Based on

this result, there is a possibility that Ga atoms are not ran-

domly substituted with magnetic impurities, but short-range

ordered correlation exists even though the degree of order

and/or Gd concentration is low. We think the deviation from

the complete disordered state affects the prediction of mag-

netic properties in diluted-magnetic semiconductor materi-

als. In fact, a recent theoretical study showed that the Curie

temperature of diluted-magnetic semiconductors is affected

by the inhomogenety of atomistic structures.30

In conclusion, the atomistic structures of Ga1�xGdxN/

GaN/sapphire were examined by XRD and TEM. In addition

to a rocksalt GdN phase, it was found that a strong atomic

ordering occurs in high Gd concentration GaN. This ordered

phase possesses a compositional modulated structure with a

quadruple-periodicity along the [001] direction in the wurt-

zite structure.
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