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Microstructural properties of over-doped GaN-based diluted magnetic
semiconductors grown by MOCVD*
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Abstract: We have grown transition metal (Fe, Mn) doped GaN thin films on c-oriented sapphire by metal-organic
chemical vapor deposition. By varying the flow of the metal precursor, a series of samples with different ion con-
centrations are synthesized. Microstructural properties are characterized by using a high-resolution transmission
electron microscope. For Fe over-doped GaN samples, hexagonal Fe3N clusters are observed with FesN (0002) par-
allel to GaN (0002) while for Mn over-doped GaN, hexagonal MngN5 sg phases are observed with MngN» 55(0002)
parallel to GaN (0002). In addition, with higher concentration ions doping into the lattice matrix, the partial lattice
orientation is distorted, leading to the tilt of GaN (0002) planes. The magnetization of the Fe over-doped GaN sam-
ple is increased, which is ascribed to the participation of ferromagnetic iron and FezN. The Mn over-doped sample

displays very weak ferromagnetic behavior, which probably originates from the MngN; 5g.
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1. Introduction

The combination of ferromagnetism with semiconducting
properties in a III-V semiconductor makes it a promising ma-
terial for future applications of spintronics. Some successes in
preparing materials have been achieved. For instance, ferro-
magnetic Mn-doped InAs and Mn-doped GaAs with T¢ above
110 K have been obtained!!). However, from the viewpoint of
applications, the 7T¢ of Mn-doped III-As materials falls short
of the expected values. Compared to these Mn-doped III-As
materials, ferromagnetic DMS materials with 7 above room
temperature are desirable for practical applications. Accord-
ing to mean-field theory based on Zener’s model of ferromag-
netism, the Curie temperature of p-type Mn-doped GaN could
exceed room temperature, under the condition that the mate-
rial has a Mn concentration of 5% and 3.5 x 102 holes/cm?
which is necessary for carrier-mediated exchange[z]. This pre-
diction inspired great interest in the research into GaN-based
DMSs. A variety of techniques were employed to prepare Mn-
doped GaN, including solid-state diffusion(®/, MBE-5] ion
implantation!® and MOCVDL7~13l, However, the experimen-
tal results of magnetism in Mn-doped GaN are highly con-
troversial. Both ferromagnetism and paramagnetism in Mn-
doped GaN were reported. In addition, Fe-doped GaN has
also been explored and the exhibited magnetic behaviors are
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not yet understood. Using the ion-implantation method, Fe-
doped GaN showed ferromagnetic behavior with bce-Fe nano-
clusters!'4l or without observation of secondary phases(!>>16].
Also, Fe ions were introduced into GaN by the MOCVD
method during film growth, and ferromagnetic behaviors were
observed!!7=2%]_ 1t has also been presented by Ref. [18] that
two kinds of Fe-rich regions exist in (Ga, Fe)N: spinodal de-
composition, which does not involve the participation of an-
other crystallographic phase, e-Fe3N nanoclusters or Fe nano-
clusters. These two components all contribute to the exhibited
magnetic properties. However, no convincing proof has ever
been presented by anyone to prove that homogenous Mn or
Fe-doped GaN is ferromagnetic up to now. The origin of the
exhibited ferromagnetic characteristics is still under investiga-
tion. It is probably due to the homogeneous behavior of the al-
loy, or rather originates from ferromagnetic clusters imbedded
in the host GaN.

In this paper, we focus on the microstructural properties
of over-doped GaN based DMSs with Fe or Mn doping grown
by the MOCVD technique. The correlation between the struc-
ture and the exhibited magnetic behaviors has been discussed.
The microstructure and crystalline quality of films were ana-
lyzed by HRTEM. Both the plane and the cross-sectional views
were investigated. Cross-sectional samples were prepared us-
ing a conventional sandwich technique. The specimens were
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Fig. 1. (a), (b) Cross-sectional TEM images of Gag.g9Feg.o1N. (¢) Plane-view TEM image of Gag.96Mng.04N and (d) the corresponding FFT

image.

first thinned mechanically and then Art ion milling was ap-
plied as the final stage of thinning. All TEM observations were
carried out with a JEOL JEM-3000F system operated at an ac-
celerating voltage of 300 kV.

2. Experimental procedures

The epilayers in this work were grown by conven-
tional MOCVD with a horizontal reaction chamber. The
c-sapphire substrates put on graphites were heated by
radio frequency (RF). The undoped GaN layers used as
the templates were grown at 1050 °C followed by the
growth of doped GaN epilayers at 1050 °C (for Fe-doped
samples) or 900 °C (for Mn-doped samples). Trimethyl-
gallium (TMGa), bis(cyclopentadienyl)iron  (CpzFe),
bis(methylcyclopentadienyl)manganese ~ (MCp,Mn)  and
ammonia (NH3z) were used as the gallium, iron, manganese,
and nitrogen precursors, respectively. The other growth
conditions were as follows: a reactor pressure of 76 Torr, H,
carrier gas, the bubbler temperature of 440 °C for both Cp,Fe
and MCp,Mn. The concentration of Fe in the films was varied
up to 1% (the mole fraction was estimated by using energy
dispersive spectrometry) by controlling the molar flow ratios
of the precursors while the Mn concentration increased up to
4%. The doped GaN layer is about 1 um thick and all of the
films had a semi-insulating property.

3. Results and discussion

By using the X-ray diffraction (XRD) technique, our previ-
ous work on Ga;_,Fe,N (x denoted mole fraction of cations)
has shown that no second phase is detected for all samples
with x < 1%, while precipitations are detected for sample
Gag.99Feg.01 N2, The peaks ascribed to the (0002) reflection
of e-Fe3N, the (1010) reflection of e-Fe and the (110) reflection
of a-Fe, respectively, were observed. Although the peak cor-
responding to e-FesN (0002) is very weak, the precipitation of
Fe3N has been detected definitely through TEM measurement
and this will be discussed with the TEM results.

For cross-sectional images of Gag.g9Feg.01N, the enclo-
sure nano precipitations are observed directly. Figures 1(a)
and 1(b) are cross-sectional images of the Gag.ggFeg o1 N sam-
ple. As shown in the images, the enclosure precipitations of
Figs. 1(a) and 1(b) are identified as e-FesN and the observed

Moiré fringes are interpreted by the overlapping of GaN (0002)
planes and FesN (0002) planes. It can be calculated that the
d-spacing related to planes of nano precipitations along the
growth orientation are 0.226 nm and 0.222 nm, which are as-
cribed to the (0002) planes of e-FezNI[!91. Many other ¢-FesN
precipitations of similar size have been observed in images
from different locations of the sample, and we can evaluate the
average value for the diameter to be about 15 nm. It was also
suggested by Ref. [18] that the precipitation occurs by a nu-
cleation mechanism in which only nanocrystals with a critical
size can form.

Based on the previous XRD and demonstrated TEM re-
sults, it is suggested that hexagonal Fes;N could be formed
in our Fe over-doped GaN sample during growth. Signif-
icantly, FesN precipitations are also c-oriented in the c-
oriented GaN matrix. However, FesN has not been observed
for Gag.g9Feg 01N in the plane-view images and this may be
due to the fact that the precipitations exist with FesN (0002)
parallel to GaN (0002) planes. Both FesN and GaN belong
to the h.c.p. crystal group, and, more importantly, the lattice
mismatch between the Fe;N (0002) and GaN (0002) planes is
about —1.8%, which makes the precipitations difficult to ob-
serve from the plane-view image!?2!. Although e-Fe and a-Fe
phases are detected in the XRD spectra, we have not found
them in TEM images. According to another report, the de-
tectible Fe phase by XRD may exist close to the surface due
to nitrogen evaporation at the growing surface') or exist in
the surface due to the Fe segregation!?3!. Even though we have
achieved several HRTEM images over large areas, no other
structure of second-phase or metal-cluster segregation was ob-
served directly. However, the HRTEM can only detect an ex-
tremely tiny area at a time and so the possibility of the existence
of other phases still cannot be excluded.

For our Ga;_,Mn,N samples, previous work has shown
that no other participate has been detected by XRD with x <
2.7% while an unconfirmed MnxN,, phase has been observed
in Gag.96Mng 04N with a wide and weak peak at a 260 value
of around 36.5°112- 131 Combined with the following TEM re-
sults, it is suggested that this peak is ascribed to the (0002) re-
flection of hexagonal MngN, sg. Figure 1(c) is the lower mag-
nification TEM plane-view image of Gag.96Mng g4 N and Fig-
ure 1(d) is the corresponding fast Fourier transformation (FFT)
image. Besides the spots relating to the c-oriented hexagonal
GaN lattice, another really weak spot is observed, as indicated
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Fig. 2. Cross-sectional HRTEM images and corresponding FFT images of (a, b) Gag.g99Feg.o1 N and (c, d) Gag.96Mng 04 N.

by the arrows. Using aga,n = 0.3189 nm, the calculated distance
of lattice planes related to this spot is 0.2435 nm, and this group
of planes is considered to be the (1150) planes of MngNj ss,
the lattice of which is hexagonal with a = 0.4891 nm and ¢ =
0.4554 nm. Although MngN, 55 precipitations have not been
observed directly from the HRTEM images, it is suggested that
MngN, 55 could be formed in our Mn over-doped GaN sam-
ples. Significantly, the embedded hexagonal MngN,; 55 would
be also c-oriented in the c-oriented GaN matrix. In this view,
it is suggested that by using the MOCVD method, the doping
level of Fe in homogenous Ga;—Fe, N is less than 1% and that
of Mn in Ga;—,MnyN is less than 4%.

Meanwhile, clear zipper-like features are observed in
both of the over-doped GaN samples (Gag.g9Feg 01N and
Gagp.96Mng 04N) by HRTEM. Figures 2(a) and 2(b) are cross-
sectional images of Gag.g9Feg.01 N while Figures 2(c) and 2(d)
are cross-sectional images of Gag.gsMng g4N. In Fig. 2, clear
zipper-like features related to the Moiré fringes caused by two
sets of GaN (0002) planes with a small angle 6 between them
can be seen. The 6 can be determined by the following equa-
tion:

d(0002)

1
2dmoire ' ( )

0= larcsin
2

where d(goo2) is the lattice distance of the GaN (0002) plane,
while dyyoire 18 the period distance of the Moiré fringe which can
be determined by the TEM image or by FFT spots. Using Eq.
(1), we can determine 8 = 4.0° in Fig. 2(a). In Fig. 2(b), two
sets of Moiré fringes are observed, which are marked A and B
as the arrows point in the corresponding FFT image, and we
can also determine the 6 value of 4.8° and 3.9°, respectively.
As shown in Figs. 2(c) and 2(d), many more Moiré fringes are
observed for sample Gag 96Mng 04 N. Following the same pro-

Fig. 3. Scheme of the tilted GaN planes.

cedure, we can get 6; = 4.09°, 6, = 8.68°, 03 = 6.38°, 04 =
3.20°, and it is also noticeable that 6, &~ 26, 63 ~ 204. By
using the scheme shown in Fig. 3, it is clear that Moiré fringes
dy and dy4 are formed by the tilting of the GaN (0002) plane
to the mother lattice with the angle 6, while fringes d, and d3
are formed by two tilted GaN (0002) planes with the angle 26
between them.

Based on the above discussion, it is suggested that precip-
itations are formed in over-doped GaN based DMSs. Mean-
while, an over amount of ion doping decreases the crystal qual-
ity of the sample and makes partial areas of the GaN lattice
distorted, which leads to the tilting of GaN (0002) planes. It
is also the reason why other XRD diffraction peaks not corre-
sponding to c-oriented GaN (such as GaN (1100)) have usually
been observed in over-doped GaN based DMSs films grown on
c-sapphire21].
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In view of the above results, the correlation between the
structure and magnetic behaviors has also been discussed.
For different Ga;_,Fe,N samples, clear hysteresis is vis-
ible in every magnetization versus the field curve, which
means all of the samples show room temperature ferromag-
netic behaviorsi2!l. Through increasing the Fe doping con-
centration, the magnetization changes from 0.50, 0.74 to
1.40 emu/cm3 for GaovggogFeo,oozN, Gao,ggosFeo.OosN and
Gag.g99Feg.01N, respectively. The magnetization of the over-
doped Gag g9Feg.01 N sample increases a lot, which is ascribed
to the participation of ferromagnetic iron and FesN as previ-
ous XRD and the presented TEM results indicate. Meantime,
we can see that (Ga,Fe)N materials exhibit ferromagnetic be-
haviors even without other crystallographic phases detected.
Moreover, the average concentration of iron ions is far be-
low the percolation limit of the nearest neighbor coupling, and
at the same time the free carrier density is too low to medi-
ate an efficient long-range exchange interaction. So, the ori-
gin of the ferromagnetic behaviors could not be ascribed to the
double-exchange interactions or carrier-mediated exchange in-
teractions, and this still needs more indisputable results. For
our Ga;_,Mn,N samples, paramagnetic behaviors have been
observed for x < 2.7% while very weak ferromagnetic be-
havior can be observed for over-doped Gag.osMng s N2, As
the above results indicate, MngN, sg has been observed in
Gag.96Mng 04 N. So it is suggested that the observed weak fer-
romagnetism may probably originate from MngN> ss.

4. Conclusion

We have grown Fe-doped GaN and Mn-doped GaN film
by using the MOCVD method with different concentrations
of Fe and Mn ions. The results show that our grown homo-
geneous Gaj—,Mn,N films are not ferromagnetic, while the
Gaj—xFexN films are ferromagnetic, and, most importantly,
hexagonal Fe or a Mn nitride phase are easily formed during
the film growth with the c-axis parallel to the c-axis of hexago-
nal GaN. However, the origin of the exhibited magnetism still
can not been determined definitely and more convincing ex-
perimental results are required in order to confirm our results.
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