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ABSTRACT

The incorporation of Mn into GaMnN epilayers by MOCVD growth was investigated. Samples
with high Mn concentrations lead to room temperature ferromagnetism. In addition an
absorption band around 1.5 eV was observed. Intensity and linewidth of this band scaled with
the Mn concentration and with the room temperature (RT) saturation magnetization. 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 also
in a significant reduction of the RT magnetization. The pronounced sensitivity of the relative
position of the Fermi level and 1.5 eV absorption band can be used to predict the magnetization
behavior of the Ga;.xMnxN epilayers. The absence of doping-induced strain was observed by
Raman spectroscopy. The structural quality, the presence of Mn?* ions were confirmed by EPR
spectroscopy, meanwhile no Mn-Mn interactions were observed.

INTRODUCTION

Recent predictions and the subsequent experimental confirmations of room temperature
ferromagnetism in transition metal (TM) doped wide bandgap materials, such as Ga;.xMnxN has
renewed interest in this subject area [1]. In order to make use of these materials for spintronic
applications a free carrier-mediated ferromagnetism is to be achieved; however, the origin of
ferromagnetism in Ga;.xMnyN and related materials is controversial as is discussed below. It has
been predicted that ferromagnetism is facilitated by the interaction between the Mn?* ions and
the holes in the GaN valence band [1]. Preparation of p-type material would be required to shift
the Fermi level in GaN towards the valence band [2]. Other theoretical predictions suggest that a
Mn-induced impurity band provides a mechanism for effective-mass transport that can be
exploited for carrier mediation [3,4]. Sato et al. [4] 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;xMn,N. The broadening in the partially filled °T band
stabilizes the ferromagnetism via the double exchange interaction [5,6] provided the Fermi level
is in this defect band.

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) [2,7,8,9]. Photoluminescence emission bands in the blue (~3 eV)
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have been observed in MOCVD-grown and Mn-implanted GaN:Mn [10,11,12,13]. This provides
information on defects and disorder induced impurity states 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 [2,8,9].

In this paper, an investigation of the Fermi level dependence of the optical and structural
properties of Ga;xMn,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;xMnyN.

EXPERIMENTAL DETAILS

GaMnN films with Mn concentration up to ~2.3% were grown by MOCVD at temperatures
above 1000 °C. The MOCVD tool is an EMCORE discovery series D-125 GaN tool with a
vertical injection system into a short jar confine inlet design. The tool gives the option of
running N, and H, as carrier gas for all MO sources. Ammonia, tri-methyl gallium, Bis-
cyclopentadienyl manganese (Cp,Mn), bis-cyclopentadienyl magnesium (Cp,Mg) and silane
(SiHg4) were used as the nitrogen, gallium, manganese, p-, and n-dopant sources, respectively, for
the GaMnN. The GaMnN films were typically ~500 nm thick grown on sapphire and had a
reddish tinge to them. Subsequent characterization of these films was performed, including X-ray
diffraction (XRD), secondary ion mass spectroscopy (SIMS), atomic force microscopy (AFM)
and SQUID magnetometry measurements. SIMS confirmed homogeneous Mn incorporation and
no second phases (e.g., MnyNy) were observed in XRD. All the GaMnN samples showed room
temperature magnetism except for the highest Si concentrations > 10" cm™®. The magnetic
properties are described in detail elsewhere [14,15,16].

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.

RESULTS AND DISCUSSION
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 [14,15,16]. In
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general, RT FM scaled with the Mn concentration. RT FM was also observed, but significantly
weaker, in MOCVD-grown semi-insulating and n-type epilayers. 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 FM.

Electron paramagnetic resonance (EPR) in the X band was used to study the incorporation
and the electronic structure of the Mn 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.g7sMng 022N
epilayers co-doped with silicon ([Si] = 2e19cm™) for the magnetic field directions B parallel and
perpendicular to the hexagonal crystal axis ¢ are shown in Figure 1(a) 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 1=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,
presented later in this paper.

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 [17]). 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 [17].
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Figure 1. (a) EPR spectra of as deposited Gag g738Mng¢22N:Si recorded in magnetic fields parallel and perpendicular
to the c-axis at 5K. The presence of Mn®" ions in GaN is unambiguously proven by the hyperfine resonances. (b)
Raman spectra of MOCVD-grown GaN epilayers with different Mn concentrations and sample preparation. For
comparison, GaN epilayers grown on sapphire and on Si substrates are also shown. The strain induced by the
stronger lattice and thermal mismatch of Si substrates lead to a red shift of the Raman modes in this case.
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The absence of Mn-induced strain was also confirmed by micro-Raman investigations.
Raman spectra of GaMnN with different Mn and carrier concentrations are presented in
Figure 1(b). 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; 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 energies compared with the epilayers on
sapphire.
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Figure 2. Transmission spectra of Ga;.,Mn,N with varying Mn Figure 3 Photoluminescence spectra of
concentrations. In addition, a transmission spectrum of a co-doped GaMnN recorded in the visible and UV
GayxMn,N:Si sample is shown. The spectrum of the Si co-doped spectral range.

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 2. 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 1.5 eV with a larger linewidth (full width at half of maximum —
FWHM) as it was observed in MBE-grown and implanted GaMnN epilayers [2,9]. 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 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 [4]. The transmission of the
third sample, shown in Figure 2, 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
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acceptor states due to the trapping of the Si donor electrons. The absence of the absorption band
around 1.5 eV in the Ga;xMnxN 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.

In order to further understand the ferromagnetic nature and Mn-induced midgap states of
MOCVD-grown Ga;.xMnyN epilayers PL studies were performed in the UV and visible spectral
range. The RT PL of various samples are shown in Figure 3: 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 manganese
concentration >0.5 % resulting in two distinct peaks at 3.0 eV 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 [18], 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 [10,11,12,13]. 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%) [17], 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 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.

CONCLUSION

High concentrations of Mn on Ga site (between 0.3% and 2 %) were incorporated in Ga;.xMnyxN
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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