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Charged carrier spin dynamics in ZnO quantum wells and epilayers
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Longitudinal charged carrier spin dynamics is studied for ZnO quantum wells and epilayers using the optical
transition of the negatively charged exciton X~ and the neutral donor bound exciton D°X, respectively. The
hole spin relaxation is derived from the optical orientation of X~ and D°X photoluminescence, whereas the
spin relaxation of the resident electrons and donor electrons is accessed via the bleaching of the spin selective
excitation process. Hole spin relaxation times of rf‘h of 80 and 140 ps are found for DX and X, respectively,
which are practically independent of a magnetic field By applied along the ZnO ¢ axis. Much longer longitudinal
electron spin relaxation times in the 1 ps range are uncovered if the hyperfine interaction is suppressed by a
proper By. A field strength of ~2 mT is large enough proving the extremely small value of the Overhauser field
in ZnO. This is related to the very restricted number of magnetic nuclei interacting with the electron inside the

volume of the exciton complex.
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I. INTRODUCTION

ZnO and related heterostructures with a wide band gap
have attracted large interest for transparent electronics and
optoelectronics in the ultraviolet range [1]. Moreover, ZnO is
considered as a potential material for spintronic applications.
For electrons, the Elliot-Yafet spin relaxation mechanism
scales with the squared ratio between hole spin-orbit (SO)
coupling and the gap energy, yielding a dramatic reduction of
this mechanism in bulk ZnO compared to, e.g., GaAs. Only
the D’yakonov-Perel mechanism is expected to contribute
significantly both in bulk and quantum well structures [2,3].
For localized electrons, the interaction with magnetic nuclei
has to be additionally considered [2]. Despite the high interest
on ZnO, optical studies on carrier spin dynamics are rather
limited so far to bulk and epilayer samples. Ghosh et al. [3]
studied the electron spin coherence in the conduction band by
optically detected spin precession, yielding a 7, time in the
10 ns range at low temperatures. Hole spin relaxation has been
studied for the donor bound exciton DX using time-resolved
optical orientation [4], spin precession [5], and time-resolved
increase of polarization degree in a finite By after unpolarized,
nonresonant excitation [6]. The recent proof of the negatively
charged exciton X~ transitions in ZnO/(Zn,Mg)O quantum
wells (QWs) [7] has offered a tool to trace carrier spin
dynamics for ZnO in the case of reduced dimensionality,
where usually an increased transversal and longitudinal spin
relaxation time is expected [2].

In this paper, an exemplary study on the longitudinal carrier
spin dynamic in ZnO related structures will be presented
both for QWs and epitaxial layers grown under comparable
conditions. The possibility of a reduced SO coupling via
increased subvalence band splitting in ZnO QWs by strain
and/or confinement as well as the role of hyperfine interaction
(HFI) in ZnO with extremely diluted magnetic nuclei will be
treated. Since X~ and D°X in QWs and epilayers, respectively,
possess the same spin configuration with paired electron spins,
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the hole spin can be directly traced by the circular polarized
luminescence of both complexes. The spin dynamic of the
resident QW and the donor electron is accessible via the
bleaching of the initial state of the X~ and D°X, respectively,
photo-excitation [8]. The experiments are carried out using a
static magnetic field Bj applied along the ZnO ¢ axis parallel
to the growth axis in the case of QWs.

II. EXPERIMENTAL

The samples are grown on a c-plane sapphire substrate by
radical-source molecular beam epitaxy. First, a 2 nm MgO
buffer layer is deposited at 650 °C and a 45 nm (Zn,Mg)O
nucleation layer is grown at 360 °C followed by an annealing
step at 730 °C. The subsequent 600 nm (Zn,Mg)O buffer
layer is again grown at 360 °C and annealed at 680 °C. The
active multiple QW (MQW) part consists of ten well-barrier
combinations with widths of d,, = 3.5 and d, = 11 nm,
respectively, grown on this composite buffer. The Mg content
in the buffer and the barriers amounts to xy; = 0.09. For
the epilayer structure, the MQW range is replaced by a
140 nm ZnO layer and a 100 nm (Zn,Mg)O cap. Finally,
an annealing step at 680 °C is applied to the complete
structures. The use of this growth receipt provides high-quality
Zn0/(Zn,Mg)O structures with atomically flat interfaces [9].
Excitation of time-integrated and time-resolved photolumi-
nescence (PL) with tunable photon energy is performed by
the frequency-doubled output of a mode-locked Pyridine 2
dye laser synchronously pumped by the second harmonic
of a mode-locked Nd:YVO, laser. A three-plate birefringent
filter is installed in the dye laser to reduce the spectral width
of the frequency-doubled laser radiation to below 1 meV.
Time-integrated PL and transmission spectra are taken by a
spectrometer with a linear dispersion of 0.5 nm/mm and a
liquid-nitrogen cooled CCD detector. Linear polarizers and
A /4 retardation plates are used in the excitation and detection
path to control the respective light polarization. Spectrally
resolved PL transients of both helicities are taken with an
overall spectral and temporal resolution of 1.5 meV and 10 ps,
respectively. After pulsed, circularly polarized excitation,
the PL is spectrally dispersed by a double monochromator
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in subtractive mode and recorded by a streak camera in
synchroscan mode. The hole spin dynamic is seen in the
temporal development of the circular polarization degree
pt) = [Io+(t) — Lo~ (D)]/[Lo+(t) + [,-(1)] where [, +-(1) is
the PL intensity for o+~ polarization. For studying the spin
dynamic of resident electrons by saturation spectroscopy, a
combination of a Pockels cell and A /4 retardation plate in the
excitation path is used to provide an alternating excitation of
opposite helicity. The time-resolved PL is again dispersed by
the double monochromator and recorded by a combination of
microchannel-plate photomultiplier, preamplifier, and multi-
scaler with overall 1 ns time resolution. The magnetic field is
supplied by an Oxford split-coil magnet capable of fields up to
B = 12 T. The samples are immersed in pumped liquid helium
at a bath temperature of 7, = 1.6 K.

III. RESULTS AND DISCUSSION

In Figs. 1(a) and 1(b), PL and absorption spectra in the
spectral vicinity of the A and B excitons [10] are summarized
for the studied MQW and epilayer sample, where the indexes
A and B denote the uppermost and next lower hole state,
respectively. Below the free exciton absorption X and Xg in
Fig. 1(a), aclearly resolved shoulder marks the charged exciton
absorption X, [7]. The pronounced PL band with a full width
at half maximum (FWHM) of 7 meV is Stokes-shifted by
~5 meV with respect to the absorption as typical feature of QW
exciton complex localized by in-plane potential fluctuations.
The DX, PL and absorption in Fig. 1(b) have, as expected,
clearly smaller half width and practically no Stokes shift. The
correspondingly less pronounced low-energy wing of the free
exciton absorption for the epilayer offers the possibility to
detect the absorption of the DXy at about a 5 meV higher
photon energy. The very smooth surfaces of the epitaxially
grown layers and the polished rear side of the substrate ensures
an extremely low level of scattered laser light. Combined
with a high quantum efficiency of the structures, this yields
a ratio of more than 1:10 between the PL signal and the,
mostly Rayleigh, scattered excitation light in the case of an
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FIG. 1. PL (solid black lines) and absorption (solid red lines)
spectra scaled at the left and right hand axis, respectively, of the (a)
MQW and (b) epilayer sample. Upper panels: PL polarization degree
p derived from the time-integrated spectra at selected excitation
photon energies.
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FIG. 2. Scheme of (a) X~ transition and (b) D°X transition. The
blue and red arrows indicate ot and o, respectively, circularly
polarized excitation and recombination. i (z}”") denotes the
longitudinal electron (hole) spin relaxation time, 7, the recombination
time constant. The hole states in the X~ and D°X complexes are
denoted by | m;,m; >.

absorption of 0.1 and the same helicity of excitation and
detection. For opposite helicity, the scattered light intensity
drops and the ratio increases to 1:1. These facts allows us
to detect a few meV energetically below excitation without
any distortion from scattered excitation light. That means that
for the charged exciton X, a direct excitation in the Stokes
shifted absorption and for donor bound exciton an excitation
via the D°Xp could be realized in the studies of the carrier spin
dynamic.

In the upper panels of Fig. 1, the polarization degree p
derived from the time-integrated PL is drawn around the
interesting regions of excitation. A value of p ~ 0.1 is found
for X, for excitation in its absorption maximum with a
tendency to increase under excitation of more localized states
at lower photon energy. Excitation of donor bound excitons via
D%X3 yields a negative p with somewhat smaller modulus and
an increase to larger positive values with a maximum around
5 meV below the energy of X,. Prior to a discussion of that
feature, the excitation/detection scheme will be considered for
X~ and DX in Figs. 2(a) and 2(b), respectively. Here, the
widely accepted situation with I'; symmetry of the uppermost
A valence band [1,10,11] is considered which has been proven
recently to be valid also in the case of ZnO QWs [7]. The
positive p of X~ is a simple consequence of the direct
excitation of the X~ complex involving a hole from the A
valence band. The conversion of the excited DX to the DX 4
bound exciton ground state, on the other hand, is expected to
be surely more probable via changing the orbital quantum
number m; [vertical transition between the upper states in
Fig. 2(b)] by the accompanied phonon emission than via a
changing of my via a spin flip which explains the observed
negative p. The above mentioned excitation resonance about
11 meV above the D°X, ground state with positive o has
been attributed to an excited DX, state (D°X%) and used
to study the hole spin memory in ZnO epilayer [4]. From the
energetic position, a similarity with one of several excited D°X
state in CdS [12] can be stated where the hole moves around
the donor core and the two electrons on a orbital with d-like
symmetry. Such state gains a remarkable oscillator strength
due to the coupling with the s-like hole orbital in the ground
state via the sd coupling present in uniaxial crystals in effective
mass approximation. We prefer here to carry out the studies
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FIG. 3. Dots show the time-resolved PL intensity (upper panels)
and circular polarization degree (lower panels) for the (a) X,
transition in the MQW and (b) DX transition in the epilayer sample.
The solid (blue) lines in the upper panels are the deconvolution fit
of the PL decay using the system response given by dashed curves
(see text). The solid (red) lines in the lower panels represent the
single-exponential fit of the p(¢) data. Insets: B dependence of the
recombination time 7, and the hole spin life time ;"""

on DX via the excitation of D’Xp since an accompanied
excitation of free excitons in the case of DX} is avoided
and the condition of an absorption much smaller than unity,
necessary for the saturation spectroscopy, is fulfilled. For X,
the excitation is always at the X, absorption peak in the
following.

Before the hole spin relaxation data will be presented,
the lifetime of the exciton complexes X, and DX, will
be briefly considered. The respective decay transients are
simply obtained by the sum of the measured PL transients
I1(t) = I,+(t) + I,-(¢) given by dots in the upper panels of
Figs. 3(a) and 3(b) for X, and DX, respectively, for B, =0.
Rise and decay times are extracted by a deconvolution using
a response function R(t) = —a, exp(—t/t,) + aqz exp(—t/tq)
and the system response given by dashed lines in the respective
panels.

From the fit drawn by solid blue lines, X, and DX,
lifetimes 7; = 200 and 140 ps, respectively, are obtained.
Whereas such times are in the expected range for the lifetime
of exciton complexes in ZnO QWs and bulk, it should be
noted that non-single-exponential D°X PL decays with time
constants ranging from 200 ps to more than 1 ns are reported
for bulk samples, i.e., commercially available ZnO substrates,
with a variety of chemically different donors [13]. For ZnO
epilayers grown on sapphire, lifetimes in the 100 to 160 ps
range [4,14] are found in accord with the present result. The
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reason for such different PL. decay constants are presently
not clear. The deduced rise times 7, in the order of 10 ps
represent a measure for the localization time and B to A hole
conversion rate of X, and D°X, respectively. It is emphasized
that the lifetimes of the exciton complexes are practically
independent of an applied B < 6 T (see upper curve in the
insets of Fig. 3) as expected in the studied field strength range
due to the negligible diamagnetic interaction with the exciton
complexes in ZnO tightly bound by Coulomb interaction
[10].

The time-resolved optical orientation is plotted in the lower
panels of Figs. 3(a) and 3(b) for X, and DX, respectively.
A single exponential decay of p(t) ~ exp(—t/ rls oh ) is used to
fit the data and to extract the hole spin relaxation times. To
avoid complications, the fit is restricted to times ¢ > 20 ps
where the spin pumping is finished. The longitudinal hole spin
relaxation time of the DX rf’h = 80 ps is in a reasonable
agreement with the previously published data [4,6]. The values
of 7} ! are up to two orders of magnitude larger than those
seen for free holes in the valence band of bulk GaAs [2,15,16].
Although a direct comparison of free and bound hole states is
not straightforward, the distinctly larger hole spin relaxation
time in bulk ZnO is surely related to its valence-band structure
[10]. The upper A valence band with ['; symmetry is a rather
pure spin state due to the combined action of the crystal field
and the much smaller SO interaction. The resulting mutual
admixture of A and C bands with oppositely aligned spin
amounts to only 1-2% and the hexagonal crystal structure
leads to a finite splitting between the A and B bands already in
the bulk case. These circumstances explain that the extremely
small SO interaction not only favors an increased electron spin
coherence as discussed in the Introduction, but also pushes
7 " into the 100 ps range for bulk ZnO. The longitudinal
hole spin relaxation time found for the charged exciton in the
QW If’h = 140 ps is only marginally larger than the bulk
value. This seems not to be surprising since the conditions
favorable for the hole spin are already present in the bulk case.
Furthermore, the quantum confinement of the holes in ZnO
QWs do only marginally vary the A-B valence band splitting
since the rather congeneric orbital symmetry of I'; and I'g holes
[10] with m; = =£1 leads to practically the same strain-induced
shift of both valence bands and provides similar hole masses
in direction of the ¢ axis and therefore similar confinement
energies in present QW structures. One can speculate that
weak coupling between A and C valence bands determines a
rather fixed hole spin lifetime in the case of ZnO in obvious
contrast to the usual semiconductors, where the hole spin
relaxation is determined by the D’yakonov-Perel mechanism
between the pure spin heavy-hole band and the light-hole band
with a 1:2 admixture of spin up and spin down. If QWs are
formed from zinc-blende compound semiconductors, the lifted
degeneracy of heavy- and light-hole bands in the zone center
can result indeed in a higher hole spin coherence [17,18]. To
get finally an impression on the rigidity of the hole spin in
the X~ in ZnO, one can extrapolate the p(t) curve for the
QW to r = 0. An initial optical orientation of p(0) = 0.35
follows despite the elapsed localization accompanied by an
energy loss of 5 meV. In the insets of Fig. 3, additionally the
magnetic field dependences of hole spin relaxation are given,
uncovering a very moderate increase (<8%) of tf’h for both
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X, and DX, with rising B). Since the p-like hole states
usually have a negligible overlap with potentially magnetic
nuclei, a contribution from a magnetic field dependent HFI [2]
is not expected here. We attribute tentatively the slight increase
to the growing energy necessary to flip between the Zeemann
split hole states.

In order to study the spin dynamics of resident electrons,
we concentrate on D°X. A technique is applied which has
been used to study the electron spin in charged CdSe quantum
dots [8]. The PL detection is fixed on o polarization, while
the excitation is periodically alternating between the opposite
helicities with a duty cycle of 1:1 and fixed periods 7,,. o*
polarized photons resonant to the DXy transition can only
address spin-up donor electrons along the blue arrow of the
left arm in Fig. 2(b). After very fast conversion from the D°Xp
to the DX, state as discussed above, donor bound exciton
can recombine via the left arm with o~ photon emission, or
decay, after hole spin flip with o photon emission. As a result
of continuous o+ pumping, the spin-up state of the resident
electron increasingly depopulates, whereas the spin-down state
increasingly populates. Switching now to o~ excitation via
DX, the absorption starts from a value larger than that
for equally populated spin states followed by a successive
absorption bleaching due to now active reversed spin pumping.
Since the absorption at the D’Xy transition is clearly smaller
than unity [see Fig. 1(b)], the ongoing absorption bleaching
can be simply monitored via the PL as long as t; remains
negligible against the time constant of spin pumping. In
principle, a similar scheme can be applied for spin pumping
of resident electrons in QWSs via the charged exciton, where
even the B to A hole conversion is avoided by pumping at the
X, absorption peak. However, the combined action of hole
spin flip and electron-hole recombination used for electron
spin pumping is accompanied here by localization processes.
Due to the involved different localization sites, it cannot be
safely adopted that the spin polarized electrons are addressed
completely by the subsequent excitation at about 5 meV higher
photon energies. We note, that qualitative features of resident
electron spin pumping have been observed for the QW sample
in principal agreement with the data for D°X which will be
analyzed quantitatively in the following.

The PL transients of DX are plotted in the upper inset
of Fig. 4 for T, = 10 us at By = 6 mT in accord with the
above predicted behavior. The amplitude A, defined as the
enhancement of the PL intensity just after the excitation po-
larization switching against the equilibrium value (normalized
to unity), is a direct measure of the achieved spin polarization
[8]. The By dependence of A; is plotted in Fig. 4. The field
dependence uncovers the physical origin behind [2,19]; the
HFTis increasingly inhibited by a proper magnetic field applied
along the spin quantization axis. As seen, a modulus of |B)| =
2.5 mT is large enough to suppress effectively the spin
relaxation of donor electrons by the fluctuating Overhauser
field By stemming from the magnetic nuclei [20]. Taking the
exciton Bohr radius ag = 1.4 nm [10] as an upper measure
for the volume seen by the donor electron and the natural
abundance of 4% for magnetic Zn nuclei, one ends up with
an estimation of slightly larger than 10 for the total amount
of magnetic nuclei N,, inside the ZnO donor, explaining the
small value of By here as seen from the following comparison.
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FIG. 4. B; dependence of spin amplitude A, taken for a period
of T, = 10 us for alternating helicity of excitation. Upper and lower
inset: D’X, PL transient after switching from o™ to o~ polarized
excitation at t =0 for 7, = 10 us, By = 6 mT and T, = 130 us,
B, = 1 mT, respectively.

N,, is more than one order of magnitude smaller than in CdSe
quantum dots with typical By &~ 100 mT [8] and three orders
of magnitude smaller than N,, in InAs quantum dots with By
in the several T range [2].

Since the DX absorption bleaching is a nonlinear process,
the visible time constant . is not directly related to the
longitudinal electron spin relaxation time. The underlying rate
equation for the population n of spin-up states reads [2,8]

ny —n-
s,e
21

ny=gn_— (1)
with an effective pump rate g* and n9 = n4 + n_ as the total
number of dressed spin states. The spin relaxation rate seen in
the transient in the upper inset of Fig. 4 is then given by 1/t =
g* +1/1)"°. In Fig. 5, this rate is plotted versus excitation
intensity I o g* for By = 10 mT with inhibited HFI. From the
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/(W/cm?)

FIG. 5. 1/t versus excitation intensity / plot to extract the
longitudinal electron spin relaxation time in the case of inhibited
HFI due to B = 10 mT.
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interception with the ordinate, a value of 7;"° = 900 ns follows
under these circumstances. This value is in rough accord with
a more recently published estimation 7;" > 200 ns obtained
from spin-noise spectroscopy for the ZnO donor electron in
a varying longitudinal magnetic field By < By [21]. Whether
the observed value in the 1 us range represents already the
upper limit arising from the D’yakonov-Perel mechanism is
presently not known. The longest spin coherence times 7,“ of
the donor electron in ZnO reported so far are about 40 times
shorter [21,22] pointing to possible improvements for the use
in prototype spintronic devices.

For By <2 mT, a dynamic nuclear polarization (DNP)
is expected due to the HFI between donor electron spin and
involved magnetic nuclei, which in turn stabilizes the electron
spin [8]. The presence of such a process in ZnQO is proven by
the characteristic transient in the lower inset of Fig. 4 taken
with much longer T, = 130 us at By =1 mT. Besides the
fast component already known from the upper inset (note the
quite different time scales for both insets), a slow component
signifies the progressive establishing of a DNP. Its amplitude
is about one order of magnitude smaller than A at inhibited
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HFI indicating also the restricted number of nuclei interacting
with the donor electron.

IV. CONCLUSIONS

In summary, we have measured the longitudinal hole spin
relaxation time of 80 and 140 ps for DX and X, respectively.
HFI between the resident electron of DX and nuclei can
be suppressed with very small external magnetic field range
of about 2 mT and the longitudinal spin relaxation time
of donor electrons reaches values in the 1 us range. The
study has revealed that the spin properties of ZnO differ
significantly from those of the usual compound zinc-blende
semiconductors, which is caused by the comparable small
abundance of magnetic nuclei as well as small SO interaction.
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