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A growth window for the Mn effusion cell temperature (Ty,) is demonstrated for epitaxial Mn-doped ZnO
(MnZnO) thin films grown on sapphire substrates using molecular-beam epitaxy. Within the growth
window, the films are ferromagnetic with the largest saturated magnetization occurring at Ty, =700 °C.
The Curie temperature of these MnZnO diluted magnetic semiconductor thin films is above room-
temperature. The ferromagnetism is weakly anisotropic. Well-resolved near-band-edge photolumines-
cence emissions dominate the spectra at both low- and room-temperatures. No evident spin polarization
on the carriers was detected with the magneto-photoluminescence studies. Magnetoresistance and
anomalous Hall effects of the MnZnO thin films were studied. The anomalous Hall coefficient shows a
quadratic dependence on the resistivity.
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1. Introduction

ZnO-based diluted magnetic semiconductor (DMS) materials
have been widely studied in recent years [1,2], because of the
theoretically predicted above-room-temperature Curie tempera-
ture [3,4]. The ferromagnetism has been observed in these systems
using various material preparation methods [1,5-42]; however,
epitaxial ZnO DMS thin films grown with precisely controllable
techniques, such as molecular-beam epitaxy (MBE), have not been
widely reported yet. The mechanism of magnetism in ZnO DMS is
still controversial and needs further clarification. In this paper, we
discuss the growth and characterizations of epitaxial ZnO DMS thin
films on sapphire substrates using MBE, which is a continuation of
our previous studies on hybrid MBE-implantation prepared ZnO
DMS thin films [40-42].

2. Experiments

The MnZnO thin films were grown on c-plane sapphire sub-
strates using plasma-assisted MBE. Before transferring to the MBE
chamber, the sapphire substrates were chemically cleaned with hot
(~150 °C)aquaregia (HNO5:HCl=1:3) solutions for 20 min, rinsed
with de-ionized water, and dried with a nitrogen gun. Regular
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Knudsen effusion cells filled with elemental Zn (6 N) and Mn
(5.5 N) were used as sources. An electron cyclotron resonance
plasma tube supplied with O, (5 N) was used as the oxygen source
[43]. The substrate temperature was kept at ~300 °C during the
growth. Here, a relative low growth temperature was employed to
facilitate the dopant incorporation [44,45]. The amount of Mn
concentration in MnZnO was controlled by the Mn effusion cell
temperature. A series of five MnZnO thin film samples were grown
with Mn effusion cell temperature (Ty,) varied from 620 to 780 °C
with a step of 40 °C. While, the Zn cell temperature was kept at a
constant of 390 °C. The detailed growth parameters of the five
MnZnO samples were summarized in Table 1. During the following
discussion of the structural, magnetic, optical, and transport
properties, MnZnO thin film sample C was employed unless
specified otherwise, which was grown with Ty;, =700 °C and shows
the strongest magnetization.

X-ray photoelectron spectroscopy (XPS) was used to indentify
elements and estimate the Mn concentration in the samples. X-ray
diffraction (XRD) measurements were performed using a Bruker D8
Advance X-ray diffractometer. The resolution of XRD system is
~0.1°. Reflection high-energy electron diffraction (RHEED) mea-
surements were performed in situ on the as-grown samples in the
MBE system. Scanning electron microscopy (SEM) images were
taken using a Philips XL 30 FEG SEM system. Atomic force
microscopy (AFM) experiments were performed to investigate
the surface roughness of the samples using a Veeco Dimension
5000 AFM system. Magnetic properties were measured with a
Quantum Design MPMS-XL SQUID magnetometer. Photolumines-
cence (PL) measurements were carried out using a home-built
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Table 1
Growth parameters and Mn concentrations of Mn,Zn;_,O diluted magnetic semi-
conductor thin films.

Sample no. Trowtn (°C) Tzn (°C) Twvin (°C) Mn concentration

x (%)? Description
A ~300 390 620 ~1.8  MngppZngog0
B ~300 390 660 ~43  Mngo4Zngos0
C ~300 390 700 ~7.7  MngosZngo20
D ~300 390 740 ~93  Mngo9Zngo10
E ~300 390 780 ~12.6  Mng3Zngg,0

2 Refer to Fig. 1(c) for the error bar of Mn concentration x.

system with temperature control over a range of ~7-300K in a
Janis cryostat. A 325-nm wavelength Kimmon He-Cd laser was
used as an excitation source and a photomultiplier tube was used to
detect the PL signals. Field-dependent Hall effect and magnetore-
sistance (MR) measurements were performed using a Quantum
Design PPMS system with magnetic fields up to 10 T.

3. Results and discussions
3.1. Structural properties

Fig. 1(a) shows the XPS spectra of MnZnO sample C with
Tmn=700 °C, with peaks relevant to Zn, O, and Mn elements
observed. The C, Re, and Ta peaks in Fig. 1(a) arise from the
contaminations of the sample mounting and sample holder in the
XPS measurements. Fig. 1(b) shows the high-resolution XPS spectra
of the same sample for Mn-3p and Zn-3p peaks, both of which are
highlighted as red in Fig. 1(a). The Mn concentration x of each
MnZnO sample was calculated using the following equation

X~ (IMnf3p/RSFMnf3p)
(Ivin-3p/RSF\in-3p) + (Izn-3p /RSFzn-3p)

where Iyn-3p and Iz,_3p are integrated peak intensities of the Mn-3p
and Zn-3p XPS peaks with a background in approximate Shirley
shape [46,47] subtracted; while RSFy-3p and RSFz,_3, are the XPS
relative sensitivity factors of Mn-3p and Zn-3p peaks, with the
values of 1.42 and 2.83, respectively, as shown in Fig. 1(b). The
calculated Mn concentration of all the five samples is shown in
Table 1. Fig. 1(c) shows the Arrhenius plot of the relation between
the Mn concentrations (vertical-axis in percentage unit) and
reciprocal of the Mn effusion cell temperatures (horizontal-axis).
The error bars of Mn concentrations shown in Fig. 1(c) arise from
the calculation uncertainties of the XPS peak integrated intensities.
An Arrhenius fit (blue line in the figure) using relation

M

E
xoc Fyin ~ exp (— ﬁ) )
n

was performed on the experimental data, employing the approx-
imations that Mn concentration x is proportional to Mn flux (Fy,)
and Fyy is in Arrhenius type of Ty, as ~ exp(—Eq/kgTwn). The
activation energy of Mn is approximately obtained as ~0.97 eV
based on the fitting. This value is analyzed in the temperature range
of 620-780 °C when Mn is used as a “dopant” source, which may
significantly vary when it is used as a major compositional element
source.

Fig. 2 shows the XRD pattern of the MnZnO epitaxial thin film
sample C. Only MnZnO (0 0 0 2) and (0 0 0 4) peaks are observed at
34.8° and 73.0°, respectively, indicating that the film is well aligned
along the c-direction. Besides the MnZnO peaks, a sapphire (0 0 0 6)
peak is also observed at 42.0° from the substrate. Whether the
sapphire substrate peak shows up [43,48,49] or not [40-42]
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Fig. 1. (a) XPS spectra of MnZnO sample C. (b) High-resolution XPS spectra of Mn-3p
and Zn-3p peaks for the same sample (c) Arrhenius plot of the relation between the
Mn concentration x and Mn effusion cell temperature Ty,

104 42.0
5
s 108 e
= g
2 £
g , . g
€ 10 2
>
]
&
x 10°

100

10 20 30 40 50 60 70 80 90
26 (Degree)

Fig. 2. XRD pattern of MnZnO sample C. The film is well aligned along c-direction.
The inset shows the RHEED pattern of the film and the spotty pattern indicates a
rough surface.

depends on the thickness of the ZnO layer on top. The XRD peak
position and full-width-at-half-maximum (FWHM) of the MnZnO
(000 2) peaks from all the five samples are at 34.8° and ~0.30°,
respectively. Neither Mn-related impurity phase peaks, nor evident
Mn concentration dependence of the MnZnO (0002) peak
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positions and FWHMs were observed within the detection and
resolution limits of the XRD system. The latter is due to the relative
small Mn concentrations (2-13%) in the samples. According to Ref.
[50], the c-lattice constant of MnZnO only changes slightly from
0.521 to 0.523 nm, when Mn concentration in MnZnO increases
from 0% to 10%. Hence, it is not too surprising that these tiny
changes within 0.002 nm were not detected among these five
MnZnO samples. A higher resolution XRD system may help clarify
this issue in the future.

The inset in Fig. 2 shows the RHEED pattern of the MnZnO
epitaxial thin film sample C. The spotty pattern indicates a rough
surface of the MnZnO thin film. Fig. 3(a) shows an SEM image of the
top surface of MnZnO sample C. The morphology of the film is
strongly textured [51], which is consistent with the indication of a
rough surface from the RHEED pattern, although the film is still well
aligned along the c-direction as indicated by XRD. The scale bar of
the SEM image is 1 um. Fig. 3(b) shows the AFM image of the
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Fig. 3. (a) SEM image of the MnZnO sample C. The morphology of the film is strongly
textured. (b) AFM image of the sample in 1 um x 1 pm area.

MnZnO sample Cwithina1 pm x 1 pm area. The surface roughness
of all the five MnZnO samples was characterized using AFM. The
root-mean-square (RMS) surface roughness of MnZnO samples A-E
are 19.7, 20.9, 23.3, 25.4, and 30.6 nm, respectively. The textured
morphology and large surface roughness of the MnZnO samples are
mainly due to the relatively low growth temperature (~300 °C)
and Mn incorporation, since previous studies [49] show that the
RMS surface roughness of undoped ZnO epitaxial thin films grown
on sapphire substrates at high temperatures ( > 700 °C) can be
optimized down to ~10 nm without buffer layers, and further
down to < 2 nm with low-temperature homo-buffers.

3.2. Magnetic properties

Fig. 4(a)-(e) shows the magnetic field dependence of the 300-K
magnetizations of MnZnO epitaxial thin film samples A-E. Samples
A-E are prepared with the same growth parameters except for the
different Mn effusion cell temperatures Ty, which ranges from 620
to 780 °C with a step of 40 °C (Table 1). Fig. 4(f) shows the plot of the
saturated magnetization versus Mn effusion cell temperature for the
five MnZnO samples, showing the dependence of the magnetic
properties of the MnZnO samples on Ty, With increasing Ty, which
corresponds to increased Mn incorporation, the saturated magne-
tization (Ms) of the MnZnO increases from ~7 emucm™> with
Tmn=620 °C to ~13 emu cm~3 with Tyn=660 °C, and finally to
~22emu cm > with Tyn=700 °C. However, when Ty is further
increased from 700 to 740 °C, M; slightly decreases to ~19 emu
cm~3. At or beyond 780 °C, the magnetism is dominated by the
diamagnetic behavior from the contribution of the sapphire sub-
strate. This reduction in ferromagnetic character may suggest that
the primary magnetic coupling mechanism between Mn ions in
the MnZnO thin films changes gradually from a pure carrier-
mediated one to a coexistence involving of both carrier mediation
among Mn ions and direct exchange when a large amount of Mn is
incorporated.

Fig. 5 shows the temperature dependence of the magnetization
measured at 2.0 kOe for the MnZnO sample C. The magnetization
only drops slightly with increase in temperature from 2 to 300 K,
indicating a Curie temperature well above room-temperature.
Fig. 6 shows the magnetic anisotropy of MnZnO sample C. The
black and red curves show the magnetic field dependence of the
magnetization with out-of-plane (magnetic field perpendicular to
the film plan) and in-plane (magnetic field parallel to the film
plane) geometries, respectively. The coercivity of the in-plane
geometry is ~50 Oe, while the out-of-plane magnetization has a
slightly larger coercivity. Generally clustering phases show iso-
tropic magnetism; so the magnetic anisotropy is a sign of intrinsic
ferromagnetism.

3.3. Optical properties

Fig. 7(a) shows the 9-K PL spectra of the MnZnO sample C.
Several near-band-edge (NBE) peaks are observed in the PL spectra.
The high-energy side shoulder peak at 3.363 eV is commonly
assigned as the hydrogen donor-bound exciton (I4 line) [52]. The
dominating peaks at 3.243 and 3.306 eV are mainly proposed to be
donor-acceptor-pair transitions [53,54], although other assign-
ments have also been provided [55-57]. The inset shows the
room-temperature PL spectra for the same sample. A dominating
NBE peak at 3.25 eV and a weak and broad green band (GB) peak are
observed. The GB emission is generally associated with oxygen
vacancies in ZnO. The fact that well-resolved NBE peaks are
observed and dominated in the PL spectra of the samples at both
low- and room-temperature indicates a high quality of the epitaxial
MnZnO DMS thin films. These were not observed in ZnO DMS thin
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Fig.4. (a)-(e) Magnetic field dependence of the magnetization measured at 300 K for MnZnO epitaxial thin films on sapphire (samples A-E) with the same growth parameters
except for the Mn effusion cell temperature ranging from 620 °C to 780 °C in steps of 40 °C. (f) Plot of the saturated moment versus Mn effusion cell temperatures for MnZnO
samples A-E.
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Fig. 7. (a) Photoluminescence spectra of MnZnO sample C measured at 9 K. The
inset shows the room-temperature PL spectra of the same sample. (b) Spin
polarization statistics, determined from the magneto-PL of the same sample at
~7 K for different magnetic fields up to 6 T.

films with implanted magnetic ions [40-42], where the PL spectra
are dominated by deep-level emissions.

Fig. 7(b) shows the spin polarization statistical graph at different
magnetic fields (up to 6 T) derived from magneto-PL studies at ~7 K.
The spin polarization is defined as the difference between the right-
and left-circular-polarized PL intensity divided by the sum of the
two. No evident carrier spin polarization is observed. Recently, Chen
et al. [58] pointed out that two dominating factors may limit the
efficiency of optical spin detection in ZnO-based materials, which are
the weak spin-orbit interactions and the fast carrier/exciton spin
relaxations in ZnO. According to their analyses [58], the weak spin-
orbit coupling (—3.5-16 meV [58-64]) leads to the cancellation of
the circular polarization from the optical transitions between the
conduction band and valence band states in ZnO and the spin
relaxation is very fast (45-80 ps at 2 K [58]) especially when the ZnO
is of high impurity density [58]. Our recent studies [65] based on
time-resolved optical orientation measurements also show that the
spin coherence time in ZnO is significantly decreased when the
density of “impurity” states increases. These may be the possible
reasons for no observation of spin polarization in our magneto-PL
studies. However, some successful magneto-optical studies
[60,61,65-71] have also been reported, despite of the two claimed
“dominating factors” [58]. For example, long electron spin coherence
times (up to 20 ns at 30 K [66]) were observed in “relatively clean”
undoped ZnO samples using time-resolved Faraday/Kerr rotation
spectroscopy at low-temperatures [65-68], and even at elevated
temperatures (188 ps at 280 K [66]); a not short hole spin coherence
time (350 psat 1.7 K)inZnO [61] and a not small polarization (11% at

20 K [60]) together with a not short decay time (275 ps at 20 K [60])
of donor-bound exciton were observed in ZnO using time-resolved
magneto-PL studies; evident free [69] and bound [70] exciton
splittings were observed in ZnO-based DMS materials using mag-
netic-optical techniques and well explained [71]. So these distinct
results (unsuccessful vs. successful optical spin detections of ZnO)
suggest that the “intrinsic background impurity/defect states” of
ZnO, which differs significantly from samples to samples prepared
with different methods, more or less determine the possibility of
optical spin detections in ZnO also. The DAP peaks dominate in the
magneto-PL spectra of all our five MnZnO samples, which is
frequently seen in doped ZnO samples, while only a weak hydrogen
donor-bound exciton peak (I4) shows on the right shoulder of the
main DAP peak. No magnetic field dependence of this shoulder
exciton-related peak was evidently observed. Finally, it is worth-
while to point out here that ZnO DMS samples with exciton (either
bound or free) dominant PL spectra may provide a more reliable
way on exciton splitting analyses in magneto-PL, because it is more
precise to define the peak position of a dominant peak than a
shoulder peak.

3.4. Transport properties

In magnetic materials, the Hall resistance is contributed by both
the ordinary and anomalous Hall effects (AHEs) and is expressed as

R R
Ran =~ (HoH)+ 7 (1toM) 3)

where Ry and Rs are the ordinary and anomalous Hall coefficients,
respectively, d is the thickness of the film, H and M are the magnetic
field and magnetization perpendicular to the film plane, respec-
tively, and po is the free space permeability. The anomalous Hall
coefficient Rs can be extracted by extrapolation of the linear fit to the
high field Hall resistance to zero field, as discussed in detail
previously [42]. Fig. 8(a) shows temperature dependence of the
anomalous Hall coefficient of the MnZnO thin film with the inset
showing the temperature dependence of the resistivity py. By
examining the relation between Rs and py, the (scattering) mechan-
isms for charge carriers in the MnZnO thin film can be determined
[42]. Rshas both linear and quadratic dependence on py, and it can be
expressed as

Rs = agpy+bgp; “4)

The linear term is interpreted as the skew scattering and the
quadratic term is associated with side-jump scattering or intrinsic
mechanisms. Fig. 8(b) shows a plot of Rs/px versus p,. The square
symbols with error bar are the experimental data and the dashed line is
a linear fit. The linear fit represents the dominance of the quadratic
dependence. From the fitting, the parameters are ag=(—3.3+
0.7)x 1077 Gs~ ' and bgi=(2.0 + 0.4) x 1075 Gs~ ' Q="' cm~ !, respec-
tively. Based on parameter ay, the skew scattering angle is estimated to
be —0.4 to — 0.3 mRad. Early studies tended to assume the existence of
the quadratic term is a possible indication of intrinsic carrier-mediation
ferromagnetism [72,73]. However, recent AHE studies [74] classify
both screw-scattering and side jump terms as extrinsic mechanisms to
AHE, while a contribution, which only depends on bands structure but
is independent of scattering process, is defined as intrinsic mechanism.
In side-jump and intrinsic mechanisms the anomalous Hall coefficients
are quadrically dependent on resistivity, while linear dependence
dominates in the skew-scattering mechanism. The anomalous Hall
coefficient dependence on the resistivity is in its prematured stage and
controversial. Recent studies [75] show that the AHE can also be
observed in paramagnetic two-dimensional electron gas systems,
which makes the mechanism of AHE more debatable. Here, although
it is difficult to conclude the intrinsic mechanism from the quadratic
dependence shown in Fig. 8(b), the fitting of the quadratic dependence
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and fitting parameters discussed therein can be useful for future
studies.

Fig. 9(a) and (b) shows the MR for the MnZnO thin film at 2, 5, 10,
20, 50, 100, and 200 K with magnetic fields up to 10 T in the out-of-
plane and in-plane geometries. MR is defined as MR=[R(H)—R(0)]/
R(0). The out-of-plane and in-plane MR curves show similar shape,
indicating the same scattering mechanism, but slightly different
magnitudes are observed due to the anisotropic magnetism in the
MnZnO thin film. At 2 K, MR is dominated by a positive contribution,
and as the temperature is increased the competition from a negative
component increases and is very apparent at 5 K. Above 5 K, the MR is
clearly negative. The positive MR is attributed to a giant spin-splitting
of band states caused by a sp—d exchange interaction in DMSs while
the negative MR could be from either weak localization or bound
magnetic polarons [42]. These discussions are consistent with the MR
studied in MnZnO:Al (with electron carrier concentrations on the
order of ~10%° cm~3)[76], in which the positive and negative MR of
MnZnO were also attributed to giant spin-splitting of the conduction
band and formation of bound magnetic polarons.

The main point of this paper is the experimental demonstration
of a growth window for MBE-grown MnZnO epitaxial thin films,
within which the MnZnO samples show “ferromagnetism”.
Although only the magnetization measurements strongly confirm
the ferromagnetism (which is the reason of putting a quotation
mark there), while neither transport nor optical measurements
show additionally strong support to the intrinsic mechanism of the
ferromagnetism, the experimental results discussed in the paper
pave the way to the investigation of Mn concentration dependence
of the magnetization in MnZnO. Tremendous efforts are still
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Fig. 9. Magnetoresistance of MnZnO sample C measured from 2 to 200 K with
(a) out-of-plane MR and (b) in-plane MR geometries.

required to further clarify the real origins and mechanisms of
the ferromagnetism in ZnO-based DMS materials. The studies of
ZnO-based DMS are still controversial now, and seem to be more
controversial instead of reaching agreements after more experi-
mental results are reported. This is due to the hosting material—
ZnO itself. We believe that a more reliable platform for ZnO DMS
studies will be forming, if the properties of hosting ZnO materials
(before magnetic doping), such as background donor impurity
species and density, mobility, and crystallinity, do not show
significant difference among different research groups in ZnO
DMS community. The current status is still far away from that,
for example, the background electron concentration and mobility
of undoped ZnO show several orders of magnitude of difference
from groups to groups. Starting from a quite distinct platform, it is
evidently not surprising that the ZnO DMS show different proper-
ties after magnetically doped. Further comparisons among these
results are more likely to lead to controversies rather than
clarifications. This is somehow true for GaN-based DMS [1] and
other oxide-based DMS [2] materials also, unlike the classic
semiconductors such as GaAs, for which many different groups
and companies can obtain same crystallinity samples with almost
identical intrinsic carrier concentration and mobility.

4. Summary

In summary, MnZnO DMS thin films were grown on sapphire
substrates using MBE. The MnZnO DMS thin films are well aligned
along the c-direction according to XRD, although their surfaces are
rough and textured as indicated by RHEED and SEM. No impurity
phase segregation was observed in the XRD patterns within the
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system detection limit. It has been demonstrated that an effusion
cell temperature of Mn between 620 and 740 °C is the effective
growth window for ferromagnetic films with the largest saturated
magnetization shown at a cell temperature of 700 °C. The ferro-
magnetism in the MnZnO DMS thin films shows an above-room-
temperature Curie temperature and a weak anisotropy. In the PL
spectra, well-resolved NBE PL peaks dominate at both low- and
room-temperatures, indicating high-quality MBE-grown MnZnO
DMS thin films. No evident spin polarization of the carriers was
detected with the magneto-photoluminescence studies. Positive
and negative magnetoresistances were observed below and above
5K, respectively. Anomalous Hall effects were observed in the
MnZnO DMS thin films, with a quadratic dependence of the
anomalous Hall coefficient on the resistivity observed.
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