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ABSTRACT

This work focuses on the development of materials and growth techniques suitable for future spintronic device
applications. Metal-organic chemical vapor deposition (MOCVD) was used to grow high-quality epitaxial films of
varying thickness and manganese doping levels by introducing bis-cyclopentadienyl as the manganese source. High-
resolution X-ray diffraction indicates that no macroscopic second phases are formed during growth, and Mn containing
films are similar in crystalline quality to undoped films Atomic force microscopy revealed a 2-dimensional MOCVD
step-flow growth pattern in the Mn-incorporated samples. The mean surface roughnesses of optimally grown
Ga,..Mn,N films were almost identical to that from the as-grown template layers, with no change in growth mechanism
or morphology. Various annealing steps were applied to some of the samples to reduce compensating defects and to
investigate the effects of post processing on the structural, magnetic and opto-electronic properties. SQUID
measurements showed an apparent ferromagnetic hysteresis behavior which persisted to room temperature. An optical
absorption band around 1.5 eV was observed via transmission studies. This band is assigned to the internal Mn®*
transition between the °E and the partially filled *T, levels of the °D state. The broadening of the absorption band is
introduced by the high Mn concentration. Recharging of the Mn** to Mn®* was found to effectively suppress these
transitions resulting in a reduction of the magnetization. The structural quality, and the presence of Mn*" ions were
confirmed by EPR spectroscopy, meanwhile no Mn-Mn interactions indicative of clustering were observed. The
absence of doping-induced strain in Ga,.,Mn,N was observed by Raman spectroscopy.
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1. INTRODUCTION

1.1. Applications of diluted magnetic semiconductors nanostructures

The use of the spin property of the electronic represents a new field known as ‘spintronics’ [1-4]. The use of the spin
property of an electron as a carrier of electronic information is a distinct paradigm shift from traditional electronic
devices. Two fundamental characteristics make electron spin an interesting property: the non-volatile nature of spin
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makes it useful for memory applications, while the inherently quantum nature of electron spin means it may be suitable
for quantum computation. The addition of the spin degree of freedom to traditional devices could also benefit
optoelectronics. Through the use of optical domain polarization, up-conversion and down-conversion of the light source
through spin-based emitters and detectors can provide an interface that leads to enhanced functionality in traditional
semiconductor optoelectronic devices. In addition, many of the systems proposed for spintronics exhibit large magneto-
optical effects which could be used for integrated magneto-optic structure and nonvolatile optical memories.

Diluted magnetic semiconductors (DMS) are attractive materials candidates for spintronics, as they can have
the inherent properties of both semiconductor and ferromagnetic materials. These systems consist of a traditional III-V,
II-VI, or group IV semiconductor into which a small fraction of a magnetic element, such as interior transition metal
like Mn, has been introduced. These DMS materials can exhibit ferromagnetic behavior under certain doping and
processing conditions. These ferromagnetic materials could provide a stable source of spin polarized carriers, which
combined with the ease of integration into existing semiconductor technology, may enable future spintronic devices in
these DMS systems.

1.2. Theories of ferromagnetism in III-Nitride magnetic semiconductors

Traditional III-V DMS, such as Ga,;Mn,As, are well-established, though the Curie temperatures of these materials
are limited to only around 170K [5]. The ferromagnetic ordering is though to originate from a long range coupling of
the magnetic centers through the free hole carriers [6]. When applying this mean field model to the GaN system, the
Curie temperature is predicted to be above room temperature, though this model requires larger substitutional Mn
concentrations (~5%) and hole concentrations (1x10%°) than may be possible to achieve in the Ga;.JMn,N system. Other
models have been develops based on first principles density functional theory calculations using the local spin density
approximation that also predict ferromagnetism in the nitride compounds [7-9]. In these models, the Mn 3d levels do
not overlap and are not strongly hybridized with the GaN s,p levels as is seen in Ga;,MnAs; nevertheless,
ferromagnetism is expected in this system. Other theoretical predictions suggest that a Mn-induced impurity band
provides a mechanism for effective-mass transport that can be exploited for carrier mediation [7, 10]. Sato et al. [8]
showed that the incorporation of Mn facilitates the formation of a sharp ’E impurity band and a broader T, impurity
band altering the electronic structure in the bandgap of Ga;.,Mn,N. The broadening in the partially filled 3T, band
stabilizes the ferromagnetism via the double exchange interaction [8, 11] provided the Fermi level is in this defect band.

1.3. Obstacles to ferromagnetic applications of GaMnN

Experimental efforts have successfully grown Ga;,MnXN which has exhibited room temperature
ferromagnetism by a number of different means, including bulk crystal growth [12-14], ion implantation [15-21], post-
growth diffusion [22], and molecular-beam epitaxy [23-26). It is unclear at this point whether the ferromagnetic
behavior is due to the homogeneous behavior of the alloy, or rather due to ferromagnetic nanoclusters. All of the
ferromagnetic material grown at this time is either insulating or n-type, which is inconsistent with the prevailing theory
requiring a spin polarized hole gas to mediate ferromagnetism. In addition, the bulk crystallites grown by the
ammonothermal method exhibited paramagnetic behavior. Additionally, the Curie temperature reported for MBE grown
Ga; Mn,N has varied widely from 15K to 940K. Nanoscale clusters have been observed in some samples by
transmission electron microscopy [27], though only at extremely high doping levels (>8%) and it has not been shown
conclusively that this behavior will be the same at lower concentrations. MBE grown Ga; . Mn.N has not exhibited a
magnetic circular dichroism signal consistent with a spin-split density of states at the valence band typical of other
ferromagnetic DMS compounds [28]. Recently, a close correlation between transition metal occupancy on the Ga site
and magnetic behavior has been demonstrated in the GaCrN system [29]. Other work has provided evidence of a
correlation between Curie temperature increase and Mn doping level in GaMnN [30], though the variation in Curie
temperature is within the range of Ga/Mn stoichimetric variations in the ferrimagnetic metallic perovskite Mn,,Ga.N .,
which may by the leading impurity phase in GaMnN-based materials {24]. Thus, further work is needed prior to the
integration of these materials into room temperature spintronic devices.

Because these compounds are inherently non-equilibrium, it is imperative to understand both the non-
equilibrium growth processes involved as well as the effects of any post-growth processing on these material systems.
For example, Ga;.,Mn,As is grown almost exclusively by low temperature molecular beam epitaxy [5, 31], and during
growth and annealing there is always a competition between the dilute Ga,.,Mn,As phase and the MnAs second phase.
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Careful low temperature annealing can result in improved magnetic behavior due to the reduction of Mn interstials [32],
but at elevated temperatures can result in second phase segregation [33]. The growth and annealing effects in
Ga; Mn,N are less well established. As many of the initial results for Ga;, Mn,N were of implanted material, there
would always be some post processing required from this technique. Excessive annealing was also found to produce
second phases in as-grown and implanted material, though the exact phase produced varied from Mn;N, and MngN; 55
[34] to GaMn intermetallics [35] to Mn;GaN [16, 24] depending on the processing conditions. Ultimately, the optimal
growth and processing path for room temperature ferromagnetic Ga, ,MnN must be understood for future applications.

1.4. Use of nanostructures for spintronics

Nanostructures have been shown to enhance the performance and efficiency of optoelectronic devices. The
behavior of carriers in nanostructures may also allow for the enhancement of the ferromagnetic semiconductor behavior.
Quantum confinement within quantum wells allows for splitting of the heavy hole-light hole spin degeneracy and an
increase in the overall spin polarized recombination efficiency [36]. Quantum dots are also thought to be a method for
achieving quantum computation within the solid state [37]. In addition, quantum confinement may lead to an
enhancement of the Curie temperature as has been reported for InMnAs [38]. Quantum confined structures are also
expected to have longer coherence times than in the bulk, which may provide a pathway for increasing the spit lifetime
in nitride-based ferromagnetic semiconductor devices for practical applications. Because the growth constraints for 3-
dimensional nanostructures within the nitride system are so tight, it may not be possible to find conditions which will
support both the dilute magnetic semiconductor behavior and necessary size restrictions for quantum confinement.
Another obstacle to overcome will be that growth procedures which promote small island agglomeration may also lead
to magnetic atom clustering, which may not be practical for certain devices.

1.5. Overview

Ga,..Mn,N epilayers and nanostructures have been grown via MOCVD. The as-grown films are specular and have
a reddish tinge indicative of substitutional Mn incorporation with excellent single phase crystalline quality. SIMS
confirmed homogeneous Mn incorporation and no second phases (e.g., Mn,N,) were observed in XRD. Annealing in a
non-reactive atmosphere resulted in surface decomposition of the films. All the GaMnN samples showed room
temperature magnetism . except for the highest Si concentrations > 10 cm™. In this work, the experimental
identification of the Mn ion charge state and the presence of bands. in the bandgap of GaN is investigated by optical
spectroscopy and electron spin paramagnetic resonance (EPR) [9, 10, 39, 40]. Photoluminescence emission bands in
the blue (~3 eV) have been observed in"MOCVD-grown and Mn-implanted GaN:Mn [21, 41-44]. This provides
information on defects and disorder induced by the Mn incorporation in GaN. Additional information about the
position of the Fermi-level and the existence of an impurity band was obtained using absorption spectroscopy revealing
energy states around 1.1 eV, 1.5 eV and 1.8 eV. These states were assigned to interatomic transitions or to transitions
between the Mn-states and the valence band, or to both [10, 40, 41].

In this paper, an investigation of the Fermi level dependence of the optical and structural properties of Ga,.,Mn,N
with room temperature magnetization behavior is presented. MOCVD growth was applied in order to increase the
concentration of Mn incorporated on Ga sites in the desired charge state (Mn®") to support the ferromagnetism while
maintaining the diluted magnetic semiconductor properties. Broadening of the T, state according to the high Mn
concentration was confirmed by a broad absorption band detected around 1.5 eV. Its linewidth and magnitude scaled
with the Mn concentration, and showed a strong dependence on the position of the Fermi-level that was in addition
varied by silicon co-doping and/or annealing No strain and no significant concentration of free carriers were
introduced by Mn alloying as confirmed by Raman spectroscopy. This was consistent with electrical measurements that
showed the as grown material to highly resistive. These results suggest that a double exchange interaction is the most
likely mechanism for ferromagnetism in Ga; Mn,N.
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2. Methodology

2.1. Growth procedure

Ga,..Mn,N films with Mn concentration up to ~2% were grown in an Emcore MOCVD D-125 rotating disk reactor with
a short jar configuration. The reactor has a specially modified flow flange injection system which has been modified
with dual injector blocks to minimize prereactions of the gallium and manganese precursors in the transport phase. Mn
concentration in the film was varied up to ~2% by controlling the molar flow ratios of the cursors. All films were grown
at standard GaN growth temperatures on 2” sapphire substrates. Initially, two micron thick GaN buffer layer templates
were grown using standard GaN techniques on c-sapphire. Ammonia, trimethyl gallium (TMG) and bis-
cyclopentadienyl manganese (Cp,Mn), bis-cyclopentadienyl magnesium (Cp,Mg) and silane (SiH,) were used as the
nitrogen, gallium, manganese, p-, and n-dopant sources respectively for Ga,..Mn,N. A 30nm GaN capping layer was
deposited on top of some samples in order to provide a non-manganese terminated surface. Some samples were
subsequently annealed face-down on GaN templates in flowing nitrogen ambient at temperatures ranging from 700°C to
900°C.

2.2. Characterization

Detailed characterization of these films was performed, including X-ray diffraction (XRD), secondary ion mass
spectroscopy (SIMS), atomic force microscopy (AFM), superconducting quantum interference device magnetometry
(SQUID), and electrical transport measurements. Crystalline quality and phase purity were determined by high-
resolution XRD using a Philips X’Pert Pro MRD diffractometer. Atomic force microscopy (AFM) was performed using
a PSIA XE-100. Magnetic properties were analyzed using a Quantum Design MPMS 55 SQUID magnetometer at
temperatures from 5 to 300 K. Secondary Ion Mass Spectroscopy (SIMS) depth profiles were performed on the samples
using an Atomika Instruments Ionmicroprobe A-DIDA 3000. Photoluminescence (PL) data was obtained using a
frequency-doubled Titanium-Sapphire laser and transmission measurements were performed using the red and infrared
spectrum of a halogen lamp. The emitted and transmitted light was detected by a photomultiplier attached to a 0.24 m
monochromator with a spectral resolution of better than 1 nm for emission and better than 6 nm for transmission
experiments which is adequate for the broad band transitions investigated in this work.

3. Results and discussion

3.1. High Resolution X-Ray Diffraction

The as-grown films are specular and increased in
reddish tint with increasing thickness. Varying the.
temperature outside the optimal growth band resulted in the
appearance of hexagonal GaN growth temperature defects
which were visible via optical microscopy, or the loss of film
integrity. Secondary ion mass spectroscopy (SIMS) verified
the uniform incorporation of manganese within the layers.
High resolution x-ray diffraction (HRXRD) was performed in
order to examine the phase purity and crystalline quality of
the as-grown films. In the x-ray diffraction scans, no second
phases were observed in the as-grown scans, as seen in Figure
i I bt A 1. The peak position of the Ga,..MnN peaks did not shift

32 33 34 35 36 37 38 36 4D 41 42 43 relative to the GaN peaks at the low doping levels, indicating

26 (degrees) a lattice parameter similar to that of GaN, though this may be

Figure 1. XRD diffraction scans of (a) undoped GaN influenced by the underlying template layers in some of the
template layer, (b) as-grown MOCVD GaMaN layers, (c) films. The linewidth of the scans were within few hox'mdred
MOCVD grown GaMnN layer annealed at 700°C, and (d) arcsec, showing no significant increase compared to width of
MOCVD grown GaMnN layer annealed at 900°C the template: Rocking curve widths for the (0002) and (10-

XRD Intensity (au)
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12) reflections in samples doped at ~1% Mn were 150 and 522 arcsec, compared with 179 and 518 arcsec for the
underlying template layer. Upon annealing at temperatures as low as 700°C, other phases do appear in the ©—26 scans.
These most closely index to the (110) reflections of the MnyGaN phase. This phase has been observed previously as
noted above though this peak is quite close to 2 GaMn intermetallic phase which has been reported to be present [35].
This second phase is not observed in the samples capped with a thin GaN layer, even at annealing temperatures of
900°C, though further investigations are required to determine the post-annealing phase purity of the capped samples.
The MngN, s and Mn;N, phases were not observed via XRD in the annealed MOCVD grown samples as has been
previously reported in implanted samples [16].

3.2. Atomic Force Microscopy

Additional information about the growth mechanism and annealing effects is derived from studies of the
atomic force microscopy images of the Ga;,Mn,N layers. Figure 2 shows images of the as-grown layers and layers
annealed under various temperatures. The overall film quality is smooth with atomic layer surface steps visible. The
root mean square (RMS) surface roughnesses are between 4 and 11 A depending on the film and underlying template
layer. Clear step flow growth patterns are seen in the as-grown MOCVD sample scans, which are typical of two-
dimensional growth modes seen in GaN MOCVD; this mode does not change with the introduction of Mn into the
growth process. Films grown outside the optimal temperature bands exhibit hexagonal GaN temperature defects, which
can be seen in both the AFM as well as via optical microscopy. The RMS roughnesses of the Mn incorporated film is
similar to that of the underlying template layer (3.8 A vs 3.4 A). With low temperature annealing (700°C), there is little
change in the morphology of the layer. With annealing at higher temperatures, however, there is a significant difference
in the AFM images. The 900°C AFM image of the uncapped sample shows clear spots of what is likely second phase
precipitate on the surface. Close inspection of the 800°C image shows smaller spots of these second phases which are
likely at nucleation sites. On the other hand, the annealed capped samples show no change in surface morphology even
at the elevated temperature, This suggests that the primary mechanism for the decay of the thermodynamically unstable
Ga;,Mn,N compound is through nitrogen desorption and phase rearrangement of the surface at the Ga;.,Mn,N-to-
atmosphere interface in the absence of a reactive nitrogen environment that is present during MBE or MOCVD growth.

2) As grown b) 800°C 5 min " ¢)900°C 5 min d) 800°C 5 min, capped

Figure 2: Atomic force microscopy images from the Ga,.,Mn,N (x=0.015) terminated (a-c) and GaN terminated (d)
MOCVD grown Ga, . Mn,N samples under various annealing conditions. All scans are 10 pm x 10 pm. RMS roughness
values from left to right are: top row: 5.68 A, ,5.94 A, 7.71 A, and 6.88 A,
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3.3. Magnetic property measurements

SQUID magnetometry was performed to determine the overall magpetic behavior of the MOCVD grown
Ga;MnyN films. Ferromagnetic hysteresis was observed in the as-grown Ga;.Mn,N films. No evidence of second
phases or superparamagnetic clusters was observed in the magnetic property data. Figure 3 shows representative
magnetization behavior of these samples. The curves are shown at 300 K, and in general there is little deviation for
these curves at 5 K, indicating the hysteresis is due to a phase with a high Curie temperature (Tc>400 K). The saturation
magnetization of the as-grown Ga,,Mn,N samples with x=0.02 is 11.6 emw/cm®, which based on the expected doping
levels associated with the precursor molar flows
corresponds to a magnetic moment of 2.4 pg/Mn. Upon
annealing, this magnetization of the sample drops

precipitously, as seen in figure 3. There is still some 20- —o— As-grown

area remaining in the hysteresis loop observed in this 45—~ 159 | —~o— Si-codoped

sample, indicating that ferromagnetic phase is not E 0. 2 Aonealed

completely lost or their may be a small contribution S

from ferromagnetic second phases or local areas of the g 5+

alloy which were unaffected by the anneal. A close = 0_’

inspection of the zero-field cooled versus field-curves S 7

temperature dependent magnetization curves indeed 8 5

shows a small irreversibility which would suggest a B

minor contribution from ferromagnetic  phase 5;'1°:

precipitates. A similar behavior is seen in the MOCVD- g 154

grown samples co-doped with silicon, where prior to co- 0l 300K

doping, a large magnetic moment per atom can be seen. - T T T

Thz I%x’agnetlgc mognlllent decreasesp with increasingeeSi -iop. -s00 0 500 1000
Applied Field (Oe)

doping concentration and is nearly destroyed upon a

target doping concentration of 10%%cm’ Si. Figure 3: Magnetization vs applied field taken at room

The large decrease in the magnetization with
co-doping and annealing suggests a common origin to
the deterioration of the magnpetic properties of

terperature for as-grown Ga; ,Mn,N (x=0.01), and samples
following 800°C anneal and codoping with high levels of
silicon (~1€20). Note the decreased magnetic signature with

annealing or silicon codoping

Ga;. Mn,N with either doping or annealing. Recalling
the double exchange model of ferromagpetism in the
DMS described above, this can be understood. In order to be able to support ferromagnetism, the Fermi level of the
system must be in the spin split DOS Mn-impurity band, which is essentially midgap. The Fermi level must lie below
the Mn®"** acceptor level so that the t, band is only partially filled and can support hopping and double exchange that
stabilizes the ferromagnetism. Increasing the Fermi level by introducing donor states above this level results in trapping
of donor electrons filling the t, band and a conversion from the Mn** (d*) to the Mn®* (d°) configuration, thus
eliminating the hopping pathway necessary for ferromagnetic ordering. These donor states may be introduced by either
intentional co-doping, in the case of silicon co-doping, or by the introduction of vacancies and other shallow donor
defects during the annealing process. Data reported elsewhere [45] for these same samples showed a close correlation
between the optical properties and electron paramagnetic spectrum with the valence state variation and magnetic
properties in this system.

3.4. Optical properties

Optical and structural measurements have been used to investigate the origin of the room temperature (RT)
ferromagnetism (FM) observed in GaMnN epilayers. A detailed description of the magnetization behavior is given
elsewhere but will referenced as needed [46-48]. In general, RT ferromagnetism scaled with the Mn concentration. RT
FM was also observed, but significantly weaker, in MOCVD-grown semi-isolating and n-type epilayers. As described
above, FM could be completely suppressed when co-doping with > 10'*%° cm™ silicon atoms. This indicates that the
RT FM is very sensitive to the position of the Fermi level in order that the Mn ion is in the Mn** state; however, the
magnetization data alone do not provide enough information to reveal the actual origin of the RT ferromagnetism.

394  Proc. of SPIE Vol. 5732



£ [GaN:Mn =K
c

3 | si-conc.: 2e19 cm™

'3 i \ Gao%MnOMN Si
g h e e nert T
g I

al Gao.sasMno.msN
o

(=l

B

: .

[1+]

e b

Yo

14 15 16 17 18 18

Figure 4: Transmission spectra of Ga,.,Mn,N with
varying Mn concentrations. In addition, a transmission
spectrum of a co-doped Gay.,Mn,N:Si sample is shown.
The spectrum of the Si co-doped sample is vertically
shifted for clarity.

In order to reveal the charge state of the incorporated Mn
ions incorporated in GaN, both transmission and emission
studies were performed. The transmission spectra of two
samples differing in their Mn content are shown in Figure 4.
The incorporation of Mn into GaN layers during MOCVD
growth leads to a broad absorption band (dip in transition
spectra) and a spectrally diffuse line around 1.5eV with a
larger linewidth (full width at half of maximum — FWHM) as
it was observed in MBE-grown and implanted GaMnN
epilayers [10, 41]. The relatively large FWHM of ~150 meV
for this absorption band and an increase of its FWHM and
intensity with increasing Mn concentration were observed.
Mn*" transitions from the E state to the partially filled T,
levels of the °D state are assigned to the observed absorption
band and broadened due to the high Mn concentration [8].
The transmission of the third sample, shown in Figure 4, was
prepared to exhibit n-type behavior by co-doping with silicon
during growth. Hall measurements showed a slight increase
in the free electron density in the conduction band (at RT).
This behavior is attributed to the (over-) compensation of Mn

acceptor states due to the trapping of the Si donor electrons. The absence of the absorption band around 1.5 eV in the
Ga;. . Mn,N layer co-doped with silicon points towards its sensitivity to the position of the Fermi level. The Fermi level
" is shifted towards the conduction band because electrons are present at deep defects. No other absorption features were
detected further in the infrared spectral range (down to 0.5 eV). This suggests that the location of the Fermi level in the
investigated samples in the broad absorption band is around 1.8 eV above the valence band energy, and even closer to
the conduction band than for the Si co-doped sample. However, an unambiguous proof that this Mn-induced band is the
magnetism for RT FM is still needed and could be addressed by spin-sensitive spectroscopic techniques.
PL studies were performed in the UV and visible spectral range in order to further understand the ferromagnetic
nature and Mn-induced midgap states of MOCVD-grown Ga;,Mn,N epilayers. The RT PL of various samples is

shown in Figure 5: three as-grown samples differing in Mn
concentration and one annealed sample with a Mn
concentration of 1%. The blue emission band was found to
govern the PL spectrum of the samples with a Mn
concentration >0.5 % resulting in two distinct peaks at
3.0eV and 2.8 eV. The band at 3.0 eV is attributed to Mn-
related or Mn-induced transitions for heavily Mn doped
samples. Recently, the blue band emission was observed in
MBE-grown GaMnN [49], and the appearance of these
bands was assigned to transitions from conduction band
electrons to Mn - related states and from shallow donor (e.g.,
N vacancy) to Mn acceptor states {42-44, 50]. In
comparison, almost no blue band emission but a pronounced
yellow band attributed to intrinsic gallium defects was
observed in the lightly doped GaMnN samples (<0.5%) [49],
the annealed sample and the sample co-doped with Si. In the
first case, the behavior is assigned to the lower amount of
Mn ion available to substitute on lattice site reducing the
amount of Ga vacancies. In the latter two cases, intrinsic
and extrinsic shallow donor states are introduced leading to a
recharging of the Mn** acceptors. This is in agreement with
the reduced intensity of the absorption band around 1.5 eV
that was found to decrease also by decreasing the Mn
concentration and.as a result of annealing. An even stronger
compensation of Mn acceptors is seen for Si co-doping. The

Wavelength (nm)
650600 550 500 450 400

PL Intensity (arb. units)

20 22 24 26 28 30 32 34
Energy (eV)

Figure 5: Photoluminescence spectra of Ga,  Mn,N
recorded in the visible and UV spectral range.
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PL is similar to that found for GaMnN with low Mn concentration and hence, a strong reduction in the intensity of the

Mn-related blue band emission around 3.0 eV was observed.

3.5. Electron paramagnetic resonance

Electron paramagnetic resonance (EPR) in the X band
was used to study the incorporation and the electronic
structure of the manganese ions in GaN. In the X band
only the typical spectra of isolated Mn*" were observed.
The characteristic EPR spectra of a 1 pm thick
Gag.g78Mng 22N epilayer for the magnetic field directions B
parallel and perpendicular to the hexagonal crystal axis ¢
are shown in Figure 6 together with the corresponding stick
spectra. The allowed five fine structure lines generated by
the electron spin transitions with AM==1 are resolved,
each six fold split by the **Mn hyperfine interaction due to
the coupling of the °A, ground state of Mn** to the nuclear
spin I=5/2 of the natural isotope *Mn. No allowed EPR
transition within the Mn** ground state manifold with S=2
could be observed in the X-band with the available
magnetic field. The acceptor states and the compensation

mechanism are investigated in more detail by PL and .

absorption spectroscopy as presented above.

Significant strain or deviations from crystalline
symmetry can be ruled out according to the observed small
line broadening of the outer fine-structure lines by rotation
of the magnetic field B in different crystallographic planes.
This conclusion is supported by the determined fine-
structure parameter D = -230x10 cm™ which is similar to
that obtained for strain-relieved MBE grown GaN:Mn
layers [47]. Furthermore, the isotropic g factor and the
isotropic hyperfine parameter A are identical with the
values found for Mn-doped GaN-films grown by MBE.

The absence of Mn-induced strain was also confirmed
by micro-Raman investigations. Raman spectra of GaMnlN
with different Mn and carrier concentrations are presented
in Figure 6. Raman spectra of GaN epilayers grown on
sapphire and on silicon are shown for comparison. Most
prominent in all these spectra are the E, (high) and the A,
(LO) Raman modes that were detected at 567 cm™ and
734 cm”, respectively.  These values are in good
agreement with those measured for relaxed GaN revealing
that no additional strain was introduced even though a high
concentration of Mn ions (~10% cm™®) was incorporated in
the GaN. A high carrier concentration (above 10'® cm?®)
was ruled out since no broadening of the A; (LO) mode
and no LLP modes were detected. According to the
stronger strain in the case of the Si substrate, the Raman
modes of this sample are shifted to lower epergies
compared with the epilayers on sapphire.
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3.6. Nanostructure development

Initial efforts to incorporate Ga;  Mn,N into
semiconductor nanostructures via MOCVD
have also been attempted. GaN nanostructured
islands were grown on AIN via MOCVD using
a two-step growth process, which are described
in more detail elsewhere [51]. Under optimized
process conditions, island aspect ratios of 0.5
and island densities greater than 10'° cm™
could be achieved. Mn doping results in
nanostructures similar heights but a twofold
reduction in island density. These results
suggest that Mn introduces a slight surfactant
effect counteracting the 3D growth mode. In
order to achieve multifunctional nanostructures combining the advantages of quantum dots and diluted magnetic
semiconductors (see Figure 7), initial nucleation studies on GaMnN grown on AIN epilayers were performed. -
Controlling incorporation of transition metal ions in these nanostructures will enable control of their magnetic and
optical properties. GaMnN nanostructures were grown by introducing Mn to GaN flows under optimal conditions for
the formation of nanostructure. The surface morphology was strongly affected by the presence of Mn atoms, as shown
in Figure 7. The AFM characterization revealed that both the island density and the island sizes are altered in
comparison to GaN nanostructures. The nanostructures achieved upon Mn doping have lateral dimensions > 100 nm
and an average height of 15 nm. The nanostructures' height was reduced and the density decreased by a factor of two in
comparison to the nanostructure growth without Mn exposure. These results suggest that Mn introduces a slight
surfactant effect counteracting the 3D growth mode. In consequence, stronger anti-surfactant conditions have to be
applied to maintain the formation of multifunctional nanostructures. As confirmed in our studies, the anti-surfactant
effect introduced by Si holds for this requirement. It might be speculated here that a metallic gallium bi-layer [52, 53]
or the island formation in a submonolayer growth mode [54, 55] imply similar effects.

E e ey e o k e ok
Figure 7: AFM picture of GaN nanostructure (a) and GaMnN
nanostructures (b) on AIN. The height of the nanostructures was 40 and
15 nm, respectively.

4, Conclusions

High quality Ga; «Mn,N has been grown by metalorganic chemical vapor deposition (MOCVD. Almost no change in
the structural properties was observed with Mn incorporation at dilute quantities (<2%). Upon annealing, the non-
equilibrium material decays through a surface decomposition mechanism resulting in secondary phases; terminating the
surface with a GaN capping layer prevented this surface decomposition. The as-grown films did exhibit ferromagnetism
with relatively high magnetic moments per Mn atom. This strong ferromagnetism could be destroyed through the
introduction of shallow compensating donors, either through high temperature annealing processes or through
intentional co-doping of the layers with silicon. This is attributed to a filling of holes in 2 Mn impurity band, preventing
long range ferromagnetic double exchange coupling of the isolated magnetic centers

High concentrations of Mn on Ga site (between 0.3% and 2%) were incorporated in Ga,; . Mn,N by MOCVD
growth. According to the high Mn concentration, the T, states of the Mn 3d shell were broadened. This broadening
was confirmed by the observation of a respective absorption band around 1.5 eV related to inner °D state transitions (T,
to E) of Mn ions. This absorption scaled with the Mn concentration. In contrast, this band vanished when the
concentration of free electrons was increased (e.g., by Si co-doping and by annealing) leading to the compensation of
the partially filled T, band that equals the transition from the Mn®* to the Mn®" state. In this case, also the saturation
magnetization decreased confirming the Fermi-level dependence of the ferromagnetism.
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