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Abstract

Structural properties of GaN and ZnO layers doped with magnetic impurities
were investigated by Raman scattering. Long-range lattice ordering and local
atomic arrangement around magnetic impurities were analysed, and their
solubility limit was considered.

For this study, GaN layers doped with Mn and Cr, and ZnO layers doped
with Co and V were prepared by molecular beam epitaxy and pulsed laser
deposition, respectively. ZnO layers codoped with Ga and N were also studied
for the purpose of p-type activation. These samples were observed using a
Raman microprobe using visible and deep UV lasers for excitation. The main
results are as follows:

In Ga;_,Mn,N layers, a uniform solid solution was formed for Mn
concentration up to x = 1-2%. An impurity mode was observed at 585 cm™!
and assigned to a local vibrational mode of Mn substituting the Ga site. At
higher Mn concentrations, rapid deterioration in lattice ordering occurred.
Ga;_,Cr,N layers showed good lattice ordering up to x = 3-5%. The samples
showed resonance enhancement of LO-phonon signals when excited by a UV
laser at 266 nm (4.7 eV). This indicates the photo-injection of free carriers to a
diluted magnetic semiconductor.

ZnO layers codoped with Ga and N showed many impurity modes due
to host lattice defects. A strong signal at 580 cm~! showed a characteristic
broadening at high concentrations of N and Ga. This suggested the formation
of complex centres with N or related defects. Zn;_,Co,O and Zn,_, V, O layers
formed uniform solid solutionsup to x ~ 5%, but precipitation of the secondary
phase was observed at x > ~10%. These samples presented common defect
modes as observed in codoped samples. Our result suggests that the impurity
modes in ZnO-based materials can be used as a sensitive probe of host lattice
defects induced by the impurity incorporation process.
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1. Introduction

Wide bandgap semiconductors doped with magnetic impurities are highly promising candidates
for diluted magnetic semiconductors (DMS) to realize ferromagnetism at above room
temperature [1, 2]. To date, however, both positive and negative experimental results have
appeared, suggesting that the sample performance is delicately dependent on the impurity
species, their concentration and the growth process [3]. Because of the relatively low
miscibility of magnetic elements to semiconductors, it is generally a hard task to prepare
uniform solid solutions, and secondary phases have always been suspected as the origin of
observed magnetic orderings. Under this situation, it is clear that precise characterization of
the structural properties for each sample is indispensable to evaluate the potential of DMS
candidates.

Although spectroscopic techniques like IR absorption and Raman scattering have played
a large role in characterizing the local atomic arrangement around non-magnetic impurities
in a variety of semiconductors [4], similar attempts on DMS candidates are very limited [3].
From this viewpoint, we have conducted Raman scattering experiments on GaN- and ZnO-
based materials doped with some magnetic elements. We will focus here on long-range lattice
ordering and the local atomic arrangement around the magnetic impurities. In addition, ZnO
layers codoped with Ga and N are also examined. This is because p-type activation may be a
key step to realizing room temperature ferromagnetism in ZnO-based materials [1, 2], and the
codoping technique has been proposed to realize p-type conductivity [5].

2. Experiment

The GaN-based samples were grown by molecular beam epitaxy (MBE) on a sapphire (0001)
substrate after deposition of a GaN buffer layer using NH3 or plasma-enhanced N, for the
nitrogen source, and elemental sources of metallic elements [6, 7]. The GaMnN and GaCrN
layers were grown at 750-850 and 620 °C with thickness 200 and 500 nm, respectively.

The ZnO-based samples were grown by pulsed laser deposition (PLD) in an oxygen
atmosphere on sapphire (1120) for V- and Co-doping, and on a glass substrate (Corning 7059)
for Ga + N codoping [8, 9]. The growth temperature was 300-600°C and the thickness was
100-300 nm. In the codoped samples, nitrogen was supplied through a RF radical source using
N,O gas.

Raman scattering was conducted at room temperature using a confocal microscope with
an Ar ion laser at 488.0 or 514.5 nm, and the fourth harmonics of a YAG laser at 266 nm for a
resonant Raman experiment. Back-scattering configuration from the c-plane was employed,
and the scattered light was analysed using a double monochromator with focal length 85 cm
equipped with a liquid-N,-cooled CCD (charge coupled device) detector.

This work is based on collaboration with various structural characterizations for the
samples: the concentration of impurity was evaluated by electron probe micro-analysis
(EPMA) or secondary ion mass spectrometry (SIMS). X-ray diffraction (XRD) was also
conducted to confirm single-phase formation. In some materials, the local atomic arrangement
around the impurity was investigated by extended x-ray absorption fine structure (EXAFS).

3. Results and discussion

3.1. GaN doped with Mn and Cr

Figure 1(a) shows Raman spectra of Ga;_,Mn,N with x = 0.44% (#A), 1.4% (#B) and
12% (#C) observed using 514.5 nm-laser excitation. For comparison, figure 1(a) contains
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Figure 1. Raman spectra of Gaj_,Mn,N (a) and their XRD patterns (b). The inset in (a) shows
a polarization experiment on #A. The sample #C shows secondary phase signals as denoted by
question marks. For reference, (a) contains spectra of high quality GaN (#F), ion-implanted GaN
(#D) and a phonon-DOS calculation [10].

typical spectra of high quality GaN (#F) and ion-implanted GaN (#D), both grown by
metalorganic chemical vapour deposition (MOCVD), and calculated phonon DOS (density
of states) (#E) [10]. The inset shows a polarized spectra of #A, where z(x, x)-z and z(x, y)—=z
mean parallel and crossed polarization geometry, respectively. Figure 1(b) shows XRD patterns
for the tested samples. There is no phase separation for #A and #B, but #C includes signals
due to some secondary phase.

In figure 1(a), the samples #A to C commonly show broad signals due to GaMnN layers at
about 100-200, 300, 580-600, 670 and 730 cm ', which are marked as (a), (b), (d), (¢) and (f),
respectively. Furthermore, #A shows a sharp peak at 570 cm ™~ (c) due to the E (high) phonon
mode of GaN (or GaMnN). Sharp sapphire substrate signals (sa) are also observed, which grow
in intensity as the samples become more transparent with decreasing x. The broad features
(a), (b) and (f) are well reproduced in an ion-implanted sample of GaN (#D) and resemble its
phonon DOS profile (#E) [10]. This means that (a), (b) and (f) are disorder-activated modes
that are observed when long-range lattice ordering of the host lattice is lost. In this case, Raman
signals show no clear polarization dependence as evidenced for (f) in the inset. By contrast, (d)
and (e) show clear polarization dependence. Furthermore, unlike the disorder-activated modes,
(d) and (e) become sharp as the Mn content decreases, or the long-range lattice ordering of the
host lattice is higher. Taking this polarization dependence into account, we assign (e) to a local
vibrational mode (LVM) of GaN related to a vacancy. These interpretations are in line with a
detailed investigation by Limmer et al on GaN ion-implanted with different elements [11].

Raman spectra of Ga;_,Mn, N were first reported by Gebicki and his co-workers using
free-standing samples grown by re-sublimation [12] and by an ammonothermal method [13].
Their results present similar spectra to those of ion-implanted GaN [10, 11] and of our present
phase-separated GaMnN sample (#C). According to the interpretation by Gebicki ef al [13],
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the peaks (a), (b) and (e) in figure 1 are classified as disorder-activated modes, and (f) as
the A;(LO) phonon mode. We agree on their interpretation for (a) and (b), but not for the
other signals because of the polarization properties. The peak (d) is a new signal which has
not been reported in GaMnN [12, 13] or ion-implanted GaN samples [10, 11]. Here we
tentatively assign the peak (d) to LVM of Mn occupying the Ga site because of the following
reasons: first, the peak frequency (~586 cm™!) is close to a rough estimation based on the
GaN E,(high)-phonon frequency with consideration of the reduced-mass difference between
the Ga—N and Mn-N pairs, i.e. wyp-N ~ ®Ga—N[GaN/trvn_n]"?> = 582 cm™!. Second,
as seen in the inset of figure 1, this peak disappears in crossed polarization geometry, which
is consistent with the local symmetry around the Mn atom if it occupies the Ga site (Csy, in
wurtzite host lattice). Third, this peak was clearly observed in our experiment only in the
non-phase-separated samples, #A (x = 0.44%) and #B (x = 1.4%). We consider that the
peak (d) is a measure of a uniform solid solution of Ga;_,Mn,N, in which long-range lattice
ordering is achieved as a ternary alloy system.

A separate experiment on magnetization properties revealed that our non-phase-separated
samples were mainly paramagnetic, while the phase-separated ones were mainly ferromagnetic
at low temperature due to Mn-based precipitates [6]. This result agrees with that of Zajac et al
[13]; their sample was dominated by paramagnetic behaviour, while the secondary phase
components (Mn,N,) made ferromagnetic or antiferromagnetic contributions.

Figure 2(a) shows Raman spectra of Ga;_,Cr,N measured by using the laser at 488 nm
for excitation. The tested samples, #A to F, contained Cr in the range of x = 0-9% as denoted
in the figure. According to XRD, not shown here, there was no phase separation for all the
samples. For comparison, figure 2(a) contains spectra of high quality GaN (bottom) and ion-
implanted GaN (top) as in figure 1(a). The E;(high) and A;(LO) phonon signals are sharply
peaked at low Cr concentrations in x = 0-3% (#F, E, D), but slightly broadened at 3-5%
(#C, B) and finally severely broadened at x = 9.2% (#A). The last sample (#A) shows a
similar spectrum to that of an ion-implanted sample (top), thus its long-range lattice ordering
is seriously deteriorated. It is clear anyway from the comparison between figures 1(a) and 2(a)
that Cr has higher miscibility than Mn to GaN, and the wurtzite host-lattice structure is retained
in the whole tested range of 0-9%.

EXAFS revealed that these spectral characteristics were strongly correlated with the
local atomic arrangement around the impurity: Cr atoms substituted the Ga site and were
tetrahedrally surrounded by N atoms at low Cr contents of x < 3% (#F, E, D), but at higher
contents (#C, B, A) Cr atoms in the interstitial site increased and the local atomic arrangement
shifted to the CrN-like structure (NaCl-type). Thus, broadening of the phonon peak is clearly
correlated with the onset of Cr incorporation in the interstitial sites. The severely broadened
spectrum of #A may be correlated with precipitation of secondary phases like CrN, though
precipitation of the secondary phase was not clearly observed by Raman scattering and XRD.

At low Cr concentration (#C, D, E), a weak impurity mode appeared at 510 cm~' as
marked by the arrow in figure 2(a). This mode grew in intensity with the increase in Cr content
and showed the same polarization property as peak (d) in GaMnN (see figure 1(a)), thus it
may be assigned to LVM related to Cr in the Ga site, or, since the frequency is not simply
explained by considering only the reduced-mass difference as the peak (d) for GaMnN, it
may be attributed to defects of the host lattice induced by Cr incorporation. Furthermore,
a low-doped sample #E shows an additional signal at about 535 cm™!. This signal showed
the same polarization property as the mode at 510 cm™', but its origin is not known. In a
separate experiment on Ga;_,Eu,N with x = 2%, similar LVM was observed at 535 cm~ L.
This suggests that this mode can appear irrespective of the impurity species, thus the modes
around 510-535 cm™! may be due to some host lattice defect. Another possibility is that the
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Figure 2. Raman spectra of Ga;_,CryN observed with a visible laser (a), and a deep UV laser (b).
For reference, (a) contains spectra of high quality GaN (#F) and ion-implanted GaN (#D) [10]. The
arrow in (a) denotes an impurity mode. The sharp peak commonly observed in (b) at 640 cm ™!
has instrumental origin.

535 cm~! mode is assigned to the A (TO) phonon mode of GaN at 533 cm~! [10]. This mode
might be observed as a result of the disorder effect, though it should be forbidden in the present
scattering geometry for ideal crystals.

Figure 2(b) shows Raman spectra of Ga; _, Cr, N observed using a deep UV laser at 266 nm
(4.66 eV) for excitation. Since the laser penetration depth to the sample is roughly 20-30 nm,
only the topmost GaCrN layer is observed. It is easily noticed that the LO phonon signal is
enhanced compared with the case of visible excitation. This is due to a resonant Raman effect
induced by photo-excitation of free carriers, which indicates that the samples #B to F have
well-defined band structure. (The sharp peak commonly observed at 640 cm ™' is a spurious
signal due to instrumental origin, so it should be neglected.) We consider that photo-generation
of free carriers in DMS has an important meaning for future applications to devices for optical
control of ferromagnetism.

Once a resonant Raman effect occurs, Raman selection rule is relaxed and all longitudinal
optic modes may be enhanced. The broadened LO-phonon spectra in #D, E and F may be
attributed to simultaneous excitation of A;(LO) and E;(LO) modes. The sample #A shows,
however, no such effect, probably because its band structure is obscured by heavy lattice
damage.

3.2. ZnO doped with Ga + N (codoping), V and Co

Figure 3(a) shows Raman spectra of ZnO codoped with Ga and N. Here, the Ga content
was varied from 0% (#G) to 8% (#A) as denoted in the figure (1 mol% = 4 x 10%° cm™3).
The undoped sample #G shows ZnO phonon signals at 332, 380, 437 and 570-580 cm™',
corresponding to a second-order phonon, and first-order phonons of A| (TO), E, (high) and A,
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Figure 3. Raman spectra of ZnO codoped with Ga and N (a), and variation of N concentration
along with Ga concentration (b). I;—Is are impurity signals observed by doping. The marks A-G
in (b) correspond to the samples #A—G in (a).

and/or E; (LO), respectively. These spectral features indicate that the samples are polycrystal.
It is easily observed that the E; (high) and A (TO)-phonon modes weaken or disappear with
the increase of Ga content, while five impurity modes I; to Is newly appear at 280, 510, 580,
642 and 850 cm ', respectively. These impurity modes are classified roughly to three groups
by the dependence on the Ga content: first, the strongest signal, I3, grows in peak height with
the increase of Ga from 0 to 0.2% (#G to E), then slightly broadens at 0.5-2% (#D to C) and
finally severely broadens at 5-8% (#B to A). The second group consists of I; I and 14, which
are always sharp with constant relative intensity and appear in relatively lightly doped samples
like #E. The third group includes Is, which appear in relatively heavily doped samples like #A
and #C.

Figure 3(b) shows the concentration of N incorporated to the ZnO layers along with Ga [9].
The N concentration begins to rise at [Ga] ~ 2 x 102 cm ™ (=0.5%) from #D to #C, then
rapidly increases at [Ga] > ~8 x 10?° cm™ (=2%) from #C to #A. Clearly, this variation
is strongly correlated with the broadening of the main impurity peak I3 as described above.
We consider therefore that the broadening of I3 suggests the formation of complex centres,
including N or related defects. Kaschner er al [14] first observed I to Is in ZnO layers doped
only with N (<1.3 x 10" cm™3). The signal intensities grew linearly with the N content,
thus these authors assigned the signals to LVM of N. Later, however, Bundesmann et al [15]
observed these modes in ZnO layers doped not with N but with other elements (Fe, Sb and
Al). They therefore attributed these modes to host lattice defects. In our case, the latter view
is supported because the signal intensities are not correlated with the N concentration. (The
broadening of I is correlated with the N content, however, as described above.) To summarize,
all the tested ZnO samples maintain the wurtzite host-lattice structure since characteristic
phonon signals are observed. However, many impurity modes appear with doping, which are
due to host-lattice defects. Precise analysis of these modes remains a future subject.
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Figure 4. Raman spectra of ZnO doped with Co (a) and V (b). Impurity signals I;-Is observed in
figure 3 appears again in both figures. A calculated phonon DOS of ZnO [16] is re-plotted at the
top of figure 4(a).

Figures 4(a) and (b) show Raman spectra of ZnO layers doped with Co and V, respectively.
It is found that the impurity modes I; to I5 observed in figure 3(a) appear again in the doped
samples. Since these samples do not include nitrogen, the impurity modes should be attributed
to the host lattice defects. For 5% doping of Co (sample #M) and V (sample #J), the host
lattice phonon structure is well retained for both cases. However, since the host-lattice phonon
spectrum is better reproduced in #M, cobalt seems more miscible than vanadium to ZnO. The
broad signal in #J extending from about 400 to 600 cm™' is a characteristic signal showing
short-range lattice ordering as observed in #A and #B in figure 3(a). This is supported by the
phonon-DOS calculations carried out by Serrano et al [16] as re-plotted at the top of figure 4(a).
A similar DOS calculation was also reported by Kaschner e al [14]. Phase separation is clearly
recognized when 10% of V is doped (#]). At 15% of impurity concentration, precipitate signals
dominate the spectra for both V and Co, indicating that severe phase separation occur (#L,
#H).

A separate experiment on magnetization in V-doped ZnO revealed that n-type samples
were ferromagnetic at above room temperature [8].

4. Conclusion

Structural properties of GaN and ZnO layers doped with magnetic impurities were investigated
by Raman scattering. Long-range lattice ordering and local atomic arrangement around
magnetic impurities were analysed, and their solubility limit was considered. For GaN,
magnetic elements of Mn and Cr are miscible roughly up to 1-2% and 3-5%, respectively.
Here, they occupy the Ga site and form uniform solid solutions. In the case of ZnO, impurities
of Co and V dissolve at least by ~5%. ZnO presents rich impurity signals deriving probably
from host lattice defects, and the signals will be conveniently used for monitoring the doping
process.
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