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GaÕN flux ratio influence on Mn incorporation, surface morphology, and
lattice polarity during radio frequency molecular beam epitaxy of „Ga,Mn…N
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C. V. Kelly and Y. Ijiri
Department of Physics and Astronomy, Oberlin College, Oberlin, Ohio 44074

~Received 25 September 2002; accepted 13 February 2003!

The effect of the Ga/N flux ratio on the Mn incorporation, surface morphology, and lattice polarity
during growth by rf molecular beam epitaxy of~Ga,Mn!N at a sample temperature of 550 °C is
presented. Three regimes of growth, N-rich, metal-rich, and Ga-rich, are clearly distinguished by
reflection high-energy electron diffraction and atomic force microscopy. Using energy dispersive
x-ray spectroscopy, it is found that Mn incorporation occurs only for N-rich and metal-rich
conditions. For these conditions, although x-ray diffraction in third order does not reveal any
significant peak splitting or broadening, Rutherford backscattering clearly shows that Mn is not only
incorporated but also substitutional on the Ga sites. Hence, we conclude that a MnxGa12xN alloy is
formed ~in this casex;5%), butthere is no observable change in thec-axis lattice constant. We
also find that the surface morphology is dramatically improved when growth is just slightly metal
rich. When growth is highly metal-rich, but not Ga-rich, we find that Ga polarity flips to N polarity.
It is concluded that the optimal growth of Ga-polar MnGaN by rf N-plasma molecular beam epitaxy
occurs in the slightly metal-rich regime. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1565511#
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I. INTRODUCTION

The formation of magnetic semiconductors is of wid
spread interest due to the possibility of making highly e
cient spin injectors for spintronics applications. According
the prediction of Dietlet al.1 ferromagnetic MnGaN is very
promising since it should have a Curie temperature ab
room temperature~300 K!. Therefore, the formation of a
uniform MnGaN alloy is a crucial issue which needs to
explored.

There are many challenges to the formation of a unifo
MnGaN alloy film. For example, Mn–N growth results
films in which Mn has octahedral bonds with N, whereas
prefers tetrahedral bonding.2 In the case of alloy growth, it
may also be relevant that the vapor pressure of Mn meta
about 100 times greater than that of Ga metal. Generally,
challenges combined with the great technological possib
ties render the MnGaN system quite interesting to study, a
also evident by the appearance of several theore
works.3–5

Already, many experimental efforts have been repor
regarding the preparation and magnetic properties
~Ga,Mn!N layers.6–8 There have been a number of reports
the use of molecular-beam epitaxy~MBE! to grow
~Ga,Mn!N using either radio frequency~rf! plasma,6,9–11

electron-cyclotron-resonance~ECR! plasma,12 or ammonia13

for the nitrogen source. Despite many promising results,
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smitha2@ohio.edu
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reported growth conditions, as revealed by reflection hi
energy electron diffraction~RHEED!, appear to vary widely.
For example, Kuwabaraet al.6 who used rf N-plasma,
showed a streaky RHEED pattern and reported Mn incor
ration as high as 11% without macroscopic precipitation fo
substrate temperature of 600 °C. On the other hand, O
berget al.10 who also used rf N-plasma reported a partia
spotty RHEED pattern and a Mn concentration of 7.0 at.
Sonodaet al.,13 who used ammonia, reported a sample wh
was apparently grown with a streaky RHEED pattern a
without precipitation. Yet, Cui and Li12 reported that ECR
MBE using a nitrogen–hydrogen plasma resulted in a sp
RHEED pattern and a MnxGa12xN alloy without precipita-
tion. Thus, while it is therefore unclear whether streaky
spotty RHEED patterns are preferable for incorporation, i
well known that a spotty RHEED pattern implies roug
three-dimensional~3D! growth whereas a streaky RHEE
pattern, implying smooth two-dimensional growth, is mu
more desirable from the point of view of forming smoo
interfaces for heterostructures. In addition, few reports h
mentioned lattice constant changes for MnGaN with resp
to GaN, except for those cases involving growth in the pr
ence of hydrogen.12,14Thus, it is also unclear whether growt
with hydrogen is necessary for incorporation on subst
tional sites.

Therefore, it is important to investigate the growth co
ditions without hydrogen which may result in both Mn in
corporationand smooth surface morphologyand to provide
compelling evidence that the Mn incorporation is occurri
on Ga sites. To achieve these goals requires systemati
il:
4 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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vestigations of the effects of various growth conditions
the film properties. One of the most important variables
the growth of MnxGa12xN is the Ga/N flux ratio. Here, we
present a study of the effects of the Ga/N flux ratio on
aforementioned properties using rf N-plasma MBE. It will
shown that this parameter is critical in determining both
corporation and film morphology, and the growth conditi
will be shown which can optimize these two properties.
addition, it is also shown that the Ga/N flux ratio affects t
resulting film polarity. The results are explained in terms
three separate regimes of growth, each corresponding
certain type of surface structure.

II. EXPERIMENT

The growth experiments are performed in a cust
MBE system utilizing gallium and manganese effusion ce
and a rf-plasma source with N2 as the source gas. The su
strates are wurtzite Ga-polar GaN~0001! grown by metalor-
ganic chemical vapor deposition~MOCVD! on sapphire and
are either Si-dopedn type at 1 – 331018 cm23 or uninten-
tionally dopedn type at 531016– 531017 cm23. The sub-
strates are loaded into the MBE chamber and heated u
550 °C which is maintained throughout the entire grow
The N-plasma source is applied using 500 W with a N2 flow
rate of 1.1 standard cubic centimeters per minute. The ch
ber background pressure5931026 Torr. The Ga and Mn
fluxes, JGa and JMn , are measured by a crystal thickne
monitor held at room temperature. The Ga/N flux ra
(JGa/JN) is set in the range from 0.7~N-rich! to 1.46 ~Ga-
rich! with constant N flux. The Mn/N flux ratio (JMn /JN) is
set to;0.07. The growth begins with a 30 nm thick Ga
buffer layer~no intentional doping!, and then the Mn shutte
is opened to grow the~Ga,Mn!N layer with thickness in the
range 0.3–0.6mm. Finally, a 30 nm thick GaN cap layer i
grown.

The growth is monitoredin situ by RHEED, and the
films are studiedex situ by scanning electron microscop
~SEM!, energy dispersive x-ray spectroscopy~EDX!, x-ray
diffraction ~XRD!, atomic force microscopy~AFM!, ruther-
ford backscattering~RBS!, and vibrating sample magnetom
etry ~VSM!. The XRD machine uses CuKa x rays, and the
RBS uses an incident beam of 3.05 Mev He ions.

III. RESULTS AND DISCUSSION

A. Surface structure

In the case of binary GaN growth, there are two grow
regimes—namely, N-rich and Ga-rich.15–17The line between
these two regimes is the point at which the net Ga flux
equal to the net N flux, and this line is easy to determ
experimentally. For a dilute ternary alloy like~Ga,Mn!N,
there are three growth regimes—namely, N-rich, metal-ri
and Ga-rich, as indicated by the growth map for~Ga,Mn!N
shown in Fig. 1. We should expect that the~Ga,Mn!N film
properties will be different in these three regimes as they
quite different for the two regimes of GaN growth.

Yet, it is not a simple matter to define these three con
tions quantitatively based upon the measured Ga, Mn, an
fluxes since the surface sticking coefficients for these ato
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vary with surface structure. However, we find that these th
regimes can be defined qualitatively as follows:~1! N-rich:
Surface N atoms more than surface metal atoms;~2! metal-
rich: Surface metal atoms~Ga plus Mn! more than surface N
atoms; and~3! Ga-rich: surface Ga atoms more than surfa
N atoms. The ratio of the chemical species present on
surface ~e.g., Ga/N! is a function of the Ga, Mn, and N
fluxes, but it is certainly not directly equal to the ratio
those flux values. This is because the sticking coefficienS
for each species varies as a function of the chemical pote
of the surface, which in turn is a function of the flux ratio
And, the chemical potential of the surface in turn determin
the surface structure which affects the growth mode.
example, under Ga-rich growth conditions in which the
teraction is mainly between Ga and weakly bound Ga on
surface,SGa will be smaller thanSGa under Ga-poor condi-
tions in which there is not only a Ga–Ga interaction but a
a stronger Ga–N interaction between the incident Ga and
surface. Thus, it is difficult to determinea priori where the
lines should be drawn between these separate growth
gimes just based on the flux ratios.

However, in the following, we shall describe the resu
in terms of the Ga/N flux ratio, which we define equal
unity at the metal-rich/Ga-rich transition point. We find th
transition point to be identical, within uncertainty, to th
transition point for binary GaN growth, for reasons to
explained later. Setting the Ga flux at this transition po
equal to the N flux allows us to define the Mn/N flux rati
and for this study, that has been held constant atJMn /JN

50.07.
Shown in Figs. 2~a!–2~e! are RHEED patterns during

~Ga,Mn!N growth as a function of the Ga/N flux ratio as se
along @112̄0#. Results for the first sample are presented
Fig. 2~a! for JGa/JN50.76 (Jmetal/JN50.83). The RHEED
pattern is very spotty, indicating a 3D growth mode. For t
case ofJGa/JN50.84 (Jmetal/JN50.91), as shown in Fig.
2~b!, the pattern is much less spotty, indicating smoot
growth. In Fig. 2~c! is the case forJGa/JN50.92 (Jmetal/JN

50.99), in which the RHEED pattern shows distinct nod
Shown in Fig. 2~d! is the case forJGa/JN50.98 (Jmetal/JN

51.05) and, here, the RHEED pattern is more streaky.
nally, shown in Fig. 2~e! is the case forJGa/JN51.01
(Jmetal/JN51.08). The RHEED pattern is very streaky, ind
cating a very smooth growth surface. This is also seen e
at very high Ga/N flux ratios~e.g.,JGa/JN51.46). All of the
RHEED patterns during growth are 131 without any frac-
tional streaks. The samples of Figs. 2~a!–2~d! are all shiny
with a slight tan color, whereas the sample of Fig. 2~e! has a
hazy appearance.

FIG. 1. Growth map for~Ga,Mn!N showing three growth regimes and th
corresponding schematic surface structure models.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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AFM images were acquired to measure the morpholo
of the films and to correlate with the RHEED patterns.
these AFM studies, special samples were grown under
same conditions but without the GaN cap layer so that
~Ga,Mn!N surface could be studied directly.

Shown in Fig. 3~a! is the AFM image of the~Ga,Mn!N
film grown under the conditionJmetal/JN50.83. The image
in Fig. 3~a! shows a very rough surface, correlating well wi
the spotty RHEED pattern of Fig. 2~a!. A zoom-in AFM
image of the same surface is shown to the right-hand s
The surface consists of small hillocks of about 0.25mm in
lateral dimension, and these are spaced closely together
root-mean-square~rms! surface roughness is 81 Å with
peak-to-valley height of 685 Å. Thus, a 3D growth mode
observed. We find that this surface is consistent with gro
under N-rich conditions.

Rough 3D growth is well known to occur under N-ric
conditions in the case of GaN grown by rf N-plasm
MBE.15–17 Here, we find that the Mn atoms make little di
ference in this behavior, and a schematic model of the
face during growth is shown in Fig. 1~a!. Under N-rich con-
ditions, it is understood that the N accumulates on the G

FIG. 2. ~a–e! RHEED patterns during~Ga,Mn!N growth as a function of

Ga/N flux ratio along@112̄0#; ~f–j! RHEED patterns after Ga-rich GaN
overgrowth and cooling to below 200 °C.
Downloaded 25 Aug 2003 to 132.235.22.111. Redistribution subject to A
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surface, resulting in a dramatically reduced surface diffus
for both Ga and N atoms.18 The diffusion barrier for Mn
atoms on such a N-rich surface is expected to be simila
high. This will prevent Mn from accumulating in precip
tates, but will result in a rough 3D growth.

Shown in Fig. 3~b! is the AFM image of the film surface
for Jmetal/JN50.91 together with a zoom in. In contrast
the surface of Fig. 3~a!, this surface is clearly smoother, co
relating well with the RHEED pattern of Fig. 2~b!. The rms
surface roughness of the zoom-in region is;12 Å, substan-
tially less than for N-rich growth. Such a strikingly smooth
growth morphology indicates a major change in the grow
mode; thus, we conclude that this sample was not grown
N-rich conditions but rather in slightly metal-rich condition

The smoothening behavior for this sample suggests
the surface diffusion is substantially increased compared
N-rich conditions. This could well be explained as being d
to the effect of the excess surface metal, as indicated s

FIG. 3. AFM images following~Ga,Mn!N growth as a function of Ga/N
flux ratio.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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matically in the surface model shown in Fig. 1~b!. Since
metal atoms are dominant on the surface, N atoms are
vented from accumulating on the surface. This results
larger surface diffusion length, and the surface is smoo
compared to N-rich growth.

Further evidence that the surface is metal rich is giv
by the appearance of tiny dots, as seen in the AFM imag
Fig. 3~b!. Their lateral dimension is about 0.5mm with
height of 0.01–0.03mm, and there are;0.1 dotsmm22.
Since such dots are not observed for the case of binary G
growth, they are evidently caused by the Mn at the surfa
The excess metal which is not used up eventually forms
tallic precipitates. We emphasize that the metal-rich con
tions refer to the surface and is therefore a function of
atom sticking coefficients as well as the flux ratio, which
why a metal/N flux ratio of 0.91 is entirely consistent wi
metal-rich conditions. The lack of any other good explan
tion for the growth mode transition we observe ne
Jmetal/JN50.91 further supports our conclusion.

Shown in Fig. 3~c! are AFM images of the surfac
grown with Jmetal/JN50.99. Clearly, we observe an in
creased density of the tiny dots on the surface. This increa
density is attributed to the increased metal-rich surface c
ditions. The dots themselves have lateral dimension of ab
1 mm with a height of about 0.1–0.2mm, and we observe
;0.3 dotsmm22. The areas between the tiny dots are som
what rougher in comparison to Fig. 3~b!, having a rms
roughness of;90 Å. This rough surface correlates well wit
the RHEED pattern of Fig. 2~c!.

Shown in Fig. 3~d! are AFM images of the~Ga,Mn!N
film grown with Jmetal/JN51.05. Here, we observe a furthe
increase of the dotlike features. They have typical late
dimension of;0.25mm with a height of 0.05–0.1mm and a
density of;7 dotsmm22. Therefore, about 33% of the tota
surface area is covered by the dots. However, some a
between the dots appear somewhat smooth, which ag
well with the fairly streaky RHEED pattern of Fig. 2~d!.

Thus, over the range of metal-rich conditions we fi
clear evidence for tiny dotlike precipitates which increase
density as the conditions become more metal rich. As co
tions become closer to N-rich, the size of the dot decrea
These tiny dots do not significantly affect the RHEED p
tern, probably because they have a random crystalline al
ment with the substrate. We also find that when the den
of the dots becomes small~going toward N-rich conditions!,
the surface shows much improved smoothness. This imp
that the less excess metal there is on the surface, the b
the surface morphology. Beyond this, when the conditio
become N rich, the dots no longer appear since there is
excess surface metal, N atoms accumulate on the surfa18

and 3D growth occurs.
Shown in Fig. 3~e! is the AFM image for a sample

grown withJGa/JN51.01 (Jmetal/JN51.08) and the zoom in
image of that surface. This image clearly reveals a qua
tively different type of surface morphology characterized
very smooth areas and some large precipitates. These
cipitates have irregular shapes, some being more com
and some having a linear shape. The compact ones
lateral dimensions ranging from 2–10mm, heights varying
Downloaded 25 Aug 2003 to 132.235.22.111. Redistribution subject to A
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from 0.1–0.9mm, and we see;531023 mm22. The linear
islands can be very long; in some SEM images, they go
for several hundredmm or more.

The zoom in image of the smooth area between the la
precipitates shows the typical morphology of a smooth G
surface grown under Ga-rich conditions by rf MBE.17 A fur-
ther zoom in~not shown! of this smooth surface reveals in
dividual atomic-height steps.

The precipitates contain large amounts of Mn as
vealed by EDX~see next!. To understand why the Ga-ric
conditions lead to large Mn precipitation with atomical
smooth regions in between the precipitates, it is usefu
consider the structure of the GaN surface under Ga-rich c
ditions. As has been previously reported in several differ
places, it is now well understood that the Ga-rich surface
Ga-polar GaN consists of a liquid Ga bilayer.17,19,20This liq-
uid layer of Ga metal at the growth temperature is like
‘‘sea’’ of atoms all moving rapidly. Based on the strong sim
larity of the growth behavior in Ga-rich conditions fo
~Ga,Mn!N and GaN, we conclude that the surface structur
nearly the same for the two cases. For~Ga,Mn!N, Mn dop-
ants added to this liquid Ga bilayer are evidently not able
penetrate it. This is reasonable considering the high-energ
stability of the Ga bilayer and the fact that the vapor press
of Mn is of the order of 102 larger than Ga at the growth
temperature. So instead, the Mn dopants are carried alon
top of the layer or within the top monolayer.

The schematic picture of the surface during growth
shown in Fig. 1~c!. Since most likely it is the lower mono
layer of Ga atoms which mainly participates in GaN grow
~at step edges for example!, the Mn atoms are never able t
come into contact with the top-most GaN bilayer~growth
sites!. Thus, the Mn is not incorporated. The Mn atoms a
carried along the surface until Mn-rich islands begin to for
The liquid Ga sea continues to bring Mn to these islands
they grow, resulting in the observed precipitates seen in
3~e!. The linear features in Fig. 3~e! are presumably cause
by the anisotropic growth of the Mn-containing islands. T
tallest islands also correspond to the ones having sma
lateral dimensions. Finally, the fact that Mn atoms are e
dently swept away by the Ga bilayer is also the explanat
for why the Ga-rich transition point is changed little com
pared to growth without Mn.

B. Effect of flux ratio on film polarity

Now, we address the issue of the film polarity. RHEE
patterns have been shown to be identifiers of the polarity
GaN by Smith et al.21 To verify the polarity of our
~Ga,Mn!N films, they were overgrown with GaN and the
cooled to less than 200 °C. It is known that if the film has G
polarity, a pseudo– 131 ~‘‘1 31’’ ! pattern will be observed
at low temperatures. On the other hand, if a 333 or 636
pattern emerges, then the film has N polarity.

As shown in Fig. 2~f! for the N-rich grown~Ga,Mn!N
film, the pattern after overgrowing and cooling clearly sho
the 131 with faint outside additional streaks, the charact
istic of the ‘‘131’’ surface, thus showing the Ga polarity o
the substrate was maintained.21 Similarly, we observe the
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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‘‘1 31’’ pattern for the case of slightly metal-rich growth, a
shown in Fig. 2~g!, again proving the Ga polarity of th
substrate is maintained for the film.

When the conditions of growth become more metal-ri
however, we observe a different result. Namely, after cool
the Ga-rich overgrown layer, the RHEED pattern shows b
333 and 636 structure, as shown in Figs. 2~h! and 2~i!,
respectively. This indicates that the polarity of the~Ga,Mn!N
film, grown on a Ga-polar GaN substrate, has appare
flipped to become N polar.21

Finally, the result of the polarity test for the case
Ga-rich growth of ~Ga,Mn!N is displayed in Fig. 2~j!.
Clearly, upon cooling, the RHEED pattern shows the ch
acteristics of the ‘‘131’’ with no sign of 333 or 636. Thus,
the ~Ga,Mn!N film grown under Ga-rich conditions remain
Ga polar.

Based on our previous discussions of the surface st
ture during growth for the three different regimes, the pol
ity dependence can be understood as follows. Under N-
or slightly metal-rich conditions, Mn atoms at the surface
not build up much higher concentration than in the bu
(;5%). They are thus incorporated and do not modify t
polarity. Under Ga-rich conditions, the Mn atoms are sw
away by the liquid Ga bilayer and also cannot modify the
polarity. However, under substantially metal-rich conditio
~but not Ga-rich!, it may be that excess Mn accumulates
the surface, forming a Mn-rich surface layer. It has be
reported that a magnesium-rich surface layer causes pol
flipping from Ga to N polar.22 Thus, we infer that a similar
mechanism occurs for the case of manganese.

C. Bulk structure and chemical content

The samples were analyzed using SEM, and EDX sp
tra were collected to assess the chemical content. Show
Fig. 4~a! is the EDX spectrum of the N-rich grown samp
(JGa/JN50.76) corresponding to Figs. 2~a! and 3~a!. The Ga
Ka1 and GaKa2 peaks are evident, and also small MnKa1

and MnKa2 peaks are seen. The Mn/Ga peak area rati
about 4.3%, which also samples the Ga of the GaN subst
As the AFM image of this sample@Fig. 3~a!# indicates a
homogeneous layer without any precipitates, we infer t
the Mn is incorporated uniformly in the layer.

Shown in Fig. 4~b! is the EDX spectrum of the meta
rich grown sample (Jmetal/JN51.05) corresponding to Figs
2~d! and 3~d!. Both Mn and Ga peaks are observed, and
Mn/Ga peak area ratio is similar to that of the N-rich grow
sample. The AFM image of Fig. 3~d! indicates a homoge
neous surface at a large scale but some inhomogeneities
smaller scale. However, the EDX spectrum averages o
these small features and, therefore, it only suggests the M
possibly incorporated in the layer for this metal-rich con
tion.

Shown in Fig. 4~c! are EDX spectra for a Ga-rich grow
sample (JGa/JN51.21) with a surface similar to that show
in Fig. 3~e!. These spectra were acquired with the elect
beam focused on particular regions. The lower spectrum
representative of the compact precipitates seen in the A
image. It shows Mn peaks which are almost half as large
Downloaded 25 Aug 2003 to 132.235.22.111. Redistribution subject to A
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the Ga peaks, and the Mn/Ga peak area ratio is;43% ~Note:
The Ga signal may also partly come from the GaN su
strate!. Thus, the Mn content of these precipitates is qu
large. Also, for the linear features, we observe a large Mn
peak area ratio of;18% ~spectrum not shown!. The upper
spectrum is representative of the smooth areas in betwee
precipitates. These areas have a quite different chem
content—the EDX spectrum shows no sign of Mn pea
Therefore, these regions have little if any Mn. Thus, for G
rich growth conditions, the resulting film has a highly no
uniform Mn incorporation. Indeed, it appears that most of
film is mainly GaN with the Mn precipitating into concen
trated clumps and linear features. This is consistent w
what Cui and Li12 observed for their growth without addin
hydrogen. The crystalline structure of these microscopic p
cipitates has not been determined.

To provide an additional independent measurement
garding Mn incorporation, RBS was performed on the film
Results for the N-rich, metal-rich, and Ga-rich~Ga,Mn!N
films are shown in Figs. 5~a!, 5~b!, and 5~c!, respectively.

FIG. 4. EDX spectra as a function of the Ga/N flux ratio:~a! N-rich
(JGa/JN50.76), ~b! metal-rich (JGa/JN50.92), and~c! Ga-rich (JGa/JN

51.21). For~c!, upper spectrum is for the region between the precipita
lower spectrum is for one of the compact-shaped precipitates, showi
Mn/Ga peak area ratio of 43%.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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For N-rich growth, Fig. 5~a! shows the random~incident
beam randomly aligned with sample normal! spectrum~dark
dots!, clearly revealing the presence of a Mn hump at
energy of;2.28 MeV. The data agree well with the Ruthe
ford universal manipulation program~RUMP! simulated spec-
trum ~black line! for a layer having;5% Mn/Ga.23 The
smaller data values compared to the model fit near the
onset ~surface region! are due to the surface roughne
shown in Fig. 3~a! not taken into account in the model. Th
aligned spectrum~light triangles! shows a rapidly rising sig-
nal, indicating poor channeling for the film, followed by

FIG. 5. RBS spectra as a function of Ga/N flux ratio:~a! N-rich (JGa/JN

50.76), ~b! metal-rich (JGa/JN50.92), and~c! Ga-rich (JGa/JN51.21).
Dark dotted data points represent the randomly aligned data; light tria
points represent the aligned data~crystal axis aligned with He ion beam!.
The continuous black curves represent simulations using theRUMP code.
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more slowly rising part, indicating good channeling for th
substrate. A likely cause of the poor film channeling could
the presence of interstitial metal atoms; we also obser
similar behavior for MBE-grown GaN under N-rich cond
tions.

For the case of metal-rich growth@Fig. 5~b!#, the pres-
ence of Mn is also revealed by the Mn onset at ene
;2.28 MeV in the random spectrum~dark dots!. The data
agree well with theRUMP simulated spectrum~black line! for
a layer having;5% Mn/Ga. In addition, the aligned spec
trum ~light triangles! in Fig. 5~b! shows a slowly rising sig-
nal, indicating good film channeling and no clear Mn hum
This suggests that the Mn atoms in the film are well align
with the Ga atoms and that there are negligible intersti
atoms. This is strong evidence that the incorporated Mn
substitutional on the Ga sites. Thus, the slightly metal-r
growth regime has the attributes of a comparably smo
surface@indicated by the AFM image of Fig. 3~b!# as well as
Mn incorporation and is thus a candidate for the ideal c
ditions for growing the highest-quality MnGaN layers usin
rf N-plasma MBE.

For Ga-rich growth, the random~dark dots! spectrum in
Fig. 5~c! indicates the presence of Ga only in the film, a
there is no indication of any Mn signal. The aligned spe
trum ~light triangles! shows an interface between the fil
and MOCVD GaN at energy 2.1 MeV and also no eviden
for any Mn. Although the EDX clearly reveals Mn on th
surface in the form of precipitates, the RBS is sensitive to
total volume fraction of Mn, which is apparently very sma

The crystallinity of the layers was assessed using XR
Shown in Fig. 6 are the XRD results for four films:~1! MBE-
grown GaN on MOCVD GaN substrate~control sample in
N-rich conditions,JGa/JN50.7), ~2! ~Ga,Mn!N under N-rich
conditions (JGa/JN50.76), ~3! ~Ga,Mn!N under metal-rich
conditions (JGa/JN50.92), and~4! ~Ga,Mn!N under Ga-rich
conditions (JGa/JN51.21). Shown is the third-order 000
peak region for GaN near 2u5126°. Both theKa1 and the

le

FIG. 6. XRD 2u spectra near 126° for MBE-grown GaN~control sample!,
N-rich grown ~Ga,Mn!N, metal-rich grown~Ga,Mn!N, and Ga-rich grown
~Ga,Mn!N, showing the 0006 GaN peak region. Vertical offsets have b
added for clarity.
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Ka2 peaks are clearly resolved for all four films at 125.9
and 126.53°, respectively. Given thatl~CuKa1)51.540 Å
and l~Cu Ka2)51.544 Å, the known lattice constant o
GaN,c55.186 Å, is obtained.24

Surprisingly, the positions of the peaks are the same
all four films to within 0.005°, implying a lattice constan
change of,0.0001 Å with respect toc of GaN. We also find
little evidence for broadening of the 0006 peak for the th
~Ga,Mn!N films.

Only Cui and Li12 and Sonodaet al.14 reported lattice
constant shifts for their GaMnN samples grown using N2H2

plasma and ammonia, respectively. In fact, we note that
and Li12 reported an increase in thec-axis lattice constan
while Sonodaet al.14 reported a decrease in thec-axis lattice
constant.

Our observations are consistent with many other pap
not reporting peak shifts for MnGaN samples grown using
N-plasma MBE.6,9–11And, our EDX and RBS results clearl
show the incorporation of;5% Mn in our N-rich and metal-
rich grown films. Thus, we can only conclude that the bilay
spacing in wurtzite GaN is not very much affected by su
small Mn concentrations.

D. Magnetic properties

Lastly, we compare the magnetic properties of the fil
using VSM. The magnetic measurements have been don
room temperature and are shown in Figs. 7~a!–7~c!.

The VSM measurement of the N-rich grown samp
(JGa/JN50.76) is shown in Fig. 7~a!. After subtraction of
the diamagnetic contribution from the sapphire substrate,
film shows a weak diamagnetic behavior with little indic
tion of ferromagnetic~FM! behavior.

The VSM measurement of the metal-rich grown sam
(JGa/JN50.92) is shown in Fig. 7~b!. Again, only a weak
diamagnetic behavior is observed with little sign of FM b
havior. However, we do note that both the N-rich and me
rich grown films show a tiny separation in their hystere
loops.

There are several probable explanations for the ne
gible FM behavior for N-rich and metal-rich growth. On
reason could be that VSM lacks the sufficient sensitivity
observe it. A second possible explanation is that the sam
needs to have the correct carrier type and concentra
whereas we have not yet attempted to specifically dope
film. The Mn may act as an acceptor in a film which wou
otherwise ben type due to small concentrations of N vaca
cies or other unintentional impurities. Thus, the film cou
even be insulating. A third possibility is that the Mn conce
tration needs to be higher or lower, as indicated by a rec
theory paper.25 Future studies will need to focus on the e
fects of Mn concentration and intentional doping.

The VSM result for the Ga-rich grown sample (JGa/JN

51.21) is shown in Fig. 7~c!. After subtracting the diamag
netic contribution from the sapphire substrate, a small
loop is observed. This small FM behavior cannot however
attributed to the~Ga,Mn!N since the previously discusse
RBS and EDX results show that very little Mn is incorp
rated into the GaN in the Ga-rich growth case. Ga-r
Downloaded 25 Aug 2003 to 132.235.22.111. Redistribution subject to A
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growth leads to microscopic precipitation of Mn-rich r
gions. It is known that both GaMn and Mn4N have FM be-
havior~ferro and ferri, respectively!.26,27Therefore, the small
FM loop for this sample is attributed to such types of met
lic precipitates.

FIG. 7. VSM measurements of~a! N-rich grown film (JGa/JN50.76), ~b!
metal-rich grown film (JGa/JN50.92), and ~c! Ga-rich grown film
(JGa/JN51.21). The diamagnetic substrate background has already b
subtracted from the original data.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



a
is
oo
e-
e
g

nc
G
t

st
ic
a
a
ca
m
l-

pi
re

d
n
ob

n
o

s
r
s
c

a
d
by

or
r,

d
r

ch
ss
al
ce

m

a-
c-
an
up-

l.

ii,

a E

.

.

. J.

, K.

. J.
en,

yst.

.-I.

n,
.
nd

eck,

. E.
.

J.

Rev.

J.

J. E.

eck,

5281J. Appl. Phys., Vol. 93, No. 9, 1 May 2003 Haider et al.
Although we have not yet observed the FM behavior
room temperature in our MnGaN films in which the Mn
incorporated on the Ga sites, we have shown that by ch
ing the N-rich or metal-rich growth conditions, the FM b
havior due to metallic precipitation is eliminated. This mak
it possible to move to the next step of intentional dopin
Thus, these results imply that FM behavior is possible si
Mn has been proven to be incorporated into the film on
sites, an important step to achieving the FM MnGaN dilu
magnetic semiconductor.

IV. SUMMARY

The growth of~Ga,Mn!N by rf N-plasma MBE under
Ga-rich, metal-rich, and N-rich conditions has been inve
gated. RHEED shows a streaky dim pattern for Ga-r
growth, a bright spotty pattern for N-rich growth, and
partly streaky pattern for slightly metal-rich conditions. G
rich growth results in microscopic precipitation and chemi
inhomogeneity, while N-rich growth results in more unifor
incorporation without microscopic precipitation. For meta
rich growth, Mn is incorporated but excess metal preci
tates. RBS has shown that slightly metal-rich conditions
sult in Mn substituting for Ga at the level of;5% in this
study, and AFM confirms minimal precipitation. We also fin
that it is very difficult to determine the incorporation of M
based on XRD analysis; negligible 0006 peak shifts are
served in our experience.

We have thus shown that either metal-rich or N-rich co
ditions are necessary for achieving substitutional Mn inc
poration on the Ga sites. Metal-rich conditions result in film
with better crystallinity compared with N-rich conditions, a
determined by RBS channeling. This is presumed to be
lated to increased surface diffusion for the metal-rich ca
Moreover, our AFM study finds that the smoothest surfa
morphologies occur for either Ga-rich conditions~not includ-
ing the precipitates! or for slightly metal-rich conditions.
Therefore, in order to provide both Mn incorporation on G
sites and the smoothest surface morphology, it is conclu
that the optimal growth conditions for Ga-polar MnGaN
rf N-plasma MBE are in the slightly metal-rich regime.

We also found that the Ga polarity is maintained f
N-rich, slightly metal-rich, and Ga-rich conditions. Howeve
for increasingly metal-rich conditions~but not Ga-rich!, the
polarity is flipped, resulting in N polarity. This is attribute
to Mn building up and forming a Mn-rich surface laye
which leads to the inversion.

Finally, we reemphasize that the slightly metal-ri
growth regime occurs for a metal/N incident flux ratio le
than one in our definition due to the fact that N-rich, met
rich, and Ga-rich are surface properties. The surface con
tration ratios depend on both the flux rates of metal and
atoms and also the sticking coefficients of metal and N ato
~which vary with the flux rates!.
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