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Thermal annealing effect on spin coherence in ZnO single crystals
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The spin coherence time (7>") in ZnO single crystals at 8.5 K decreases significantly from ~11.2 ns
to ~2.3 ns after annealing at 500°C, as indicated by time-resolved Kerr-rotation pump-probe
magneto-optical spectroscopy. The annealing-induced spin coherence degradation in ZnO arises
neither from crystallinity degradation during the annealing process, as confirmed by x-ray rocking
curves; nor from reflection variations of the probe laser beam induced by surface roughness changes
during the annealing process, as confirmed by atomic force microscopy. Temperature-dependent
Hall-effect studies indicate that decreased mobility and increased shallow-donor concentration in the
annealing-induced surface conducting layer on top of the bulk ZnO are most likely to be the reasons
for the spin coherence degradation in ZnO during the annealing process. © 2011 American Institute

of Physics. [doi:10.1063/1.3601869]

ZnO-based materials have great potential' in the areas of
optoelectronics®™> and spintronics6 because of a direct
bandgap, large exciton binding energy,' and both theoretically
predicted’ and experimentally observed®'° above-room-tem-
perature Curie temperature. For spintronic applications, spin
coherence is a critically important parameter. Experimental
studies of spin coherence in ZnO were first reported by Ghosh
et al."' using time-resolved Faraday rotation (TRFR) pump-
probe magneto-optical spectroscopy, with an observation of a
spin coherence time as long as~20 ns at 7=30 K in bulk
ZnO samples. More recent experimental studies have shown
an improvement in the spin coherence time in ZnO with an
applied in-plane electric field confirmed by TRFR'? and spin
dynamics in ZnO quantum dots using TRFR'?; theoretical
works have studied mechanisms of spin dynamics in
Zn0."*'> Many ZnO device applications, e.g., those requiring
Ohmic contacts, involve an annealing step,”'® and it is not
clear yet how spin coherence properties change during anneal-
ing. In this letter, spin coherence changes during annealing are
reported and discussed.

Three identical high-quality ZnO single crystal samples
kept un-annealed and annealed at 500 °C and 800 °C (for 2
min under N, ambient in a rapid-thermal-annealing oven)
were employed in this study. The three samples are labeled
as A-C, as shown in Table I. Time-resolved Kerr rotation
(TRKR) pump-probe magneto-optical spectroscopy was
employed to investigate the electron spin dynamics,'’
with ~360 nm wavelength used for both pump and probe
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laser sources, which matches ZnO bandgap (~3.437 eV at
T < 10 K). Figure 1 shows the TRKR angle 0k as a function
of time delay At of samples A (top), B (middle), and C (bot-
tom) measured at a temperature of 8.5 K and a magnetic field
of B=90 mT. The spin coherence times 7, of each sample
shown in Fig. 1 are obtained by fitting g ~ At relation using
the equation

Ok (At) = Acos(wLAr) exp(—At/T5). (1)

The solid lines in Fig. 1 show the fitting curves. The other
two fitting parameters, amplitude A and spin precession Lar-
mor frequency oy, are summarized in Table I together with
T3 for all three samples. The effective electron g-factor g* of
each sample is calculated using the equation

oL = g upB/h )

and shown in Table I, where u and 7 are Bohr magneton
and Planck constant, respectively. The spin coherence time
decreased from ~11.2 ns in sample A, to~2.3 ns in sample
B, and finally to~2.0 ns in sample C, while g* does not
change much. The significantly decreased spin coherence
time between unannealed ZnO (~11 ns) and annealed ZnO
(~2 ns) samples indicates that additional spin scattering cen-
ters are formed during the annealing process. At elevated
measurement temperatures, no analyzable spin coherence 0s-
cillation was obtained within the detection limit of the
TRKR setup.

X-ray rocking curves (XRCs) were performed on the
ZnO (0002) peaks (at 260 ~ 34.7°, which dominates in the
0-20 x-ray diffraction patterns®) to investigate the crystallin-
itys‘18 of samples A, B, and C, respectively, as shown with
top, middle, and bottom curves in Fig. 2. The full-width-at-
half-maximum (FWHM) of the XRC curves, obtained from
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TABLE I. Sample preparations and spin-coherence parameters.

.

tAnnea/ing T2 A wr,
Sample (°C) (ns) (1073 counts) (GHz) g%
A un-annealed 11.2 5.36 16.6 2.10
B 500 2.34 4.18 16.3 2.06
C 800 2.00 2.20 16.5 2.08

standard Gaussian fitting, decreases slightly from ~68 arc
sec (sample A), to~54 arc sec (sample B) and ~65 arc sec
(sample C) after annealing. This indicates that the ZnO crys-
tallinity does not degrade but actually improves slightly after
annealing. Surface roughness may affect the reflection of the
probe laser beam in TRKR measurements; however, atomic
force microscopy (AFM) studies do not show any significant
surface roughness changes in the annealed ZnO samples,
with a root-mean-square roughness of ~1 nm for all three
samples. The inset in Fig. 2 shows a 2-um x 2-um AFM
image of sample A. So, neither crystallinity degradations nor
surface roughness changes during annealing should be re-
sponsible for the spin coherence degradation in ZnO. In
order to clarify the origin of the annealing-induced spin co-
herence degradation in ZnO, temperature-dependent Hall-
effect measurements and two-layer fittings'”"'*~2! were per-
formed on the unannealed and annealed ZnO samples.
Figures 3(a) and 3(b) show the temperature dependence
of the electron carrier concentration and mobility of samples
A (squares), B (circles), and C (triangles) from 20 to 320 K.
The symbols and the solid lines are the experimental data
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FIG. 1. (Color online) Time-resolved Kerr rotation of samples A (top), B
(middle), and C (bottom) measured at 8.5 K and 90 mT. The circles and the
solid lines represent experimental data and theoretical fits, respectively. The
spin coherence time 7," obtained from fitting is ~11.2,~2.3, and ~2.0 ns
for samples A, B, and C, respectively. The curves are vertically shifted for
clarity and the black dashed lines show the zeros of each curve.
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FIG. 2. (Color online) X-ray rocking curves of the ZnO (0002) peaks from
samples A (top), B (middle), and C (bottom) measured at room temperature
with FWHMs of ~68, ~54, and ~65 arc sec, respectively. The inset shows
the AFM image of sample A within a 2 yum X 2 um area.

and theoretical fits, respectively. The fitting parameters are
summarized in Table II. The most significant changes from
sample A to B are those involving the surface conducting
layer on top of the bulk layer: a thickness (dg,f) decrease
(120 down to 19 nm), carrier concentration (7g,.f) increase
2 x 10" up to 1 x 10" cm ™), and mobility (i) decrease
(1000 down to 230 cm?V~!s™!). Much smaller changes
occur in the bulk donor and acceptor concentrations. The
laser penetration depth in ZnO is around 60—100 nm.**** For
sample A, the laser absorption is mostly in the surface layer
(120 nm), but the surface layer of sample A is of better
“quality” than the surface layers of the annealed samples,
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FIG. 3. (Color online) Temperature-dependent (20-320 K) electron carrier
concentration (a) and Hall mobility (b) of samples A (squares), B (circles),
and C (triangles). The solid lines are the theoretical fits.

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



0161013  Yang etal. J. Appl. Phys. 110, 016101 (2011)

TABLE II. Fitting parameters of the temperature-dependent Hall-effect analyses.

Ep, Npy Epo Np2 Na Hsurf Nsurf dyurt
Sample (meV) (10" em™) (meV) (10" em™) (10" em™) (cm?/Vs) (107 em™) (nm)
A 47 1.3 12 7.4 6.4 1000 2 120
B 47 1.3 12 9.2 7.2 230 100 19
C 51 0.9 12 4.4 34 506 10 87

with a mobility of ~1000 cm?/V s, and a relatively low total
surface concentration N, sy = Msurt X dsurt = 2.4 % 10" cm ™2,
In sample B, the surface scattering is much stronger, since
the mobility is much smaller, and the sheet carrier density,
Ngysurt = 1.9 X 103 cm_z, is much larger, even though the
surface layer is thinner. From the above analyses, we con-
clude that these changes in the surface layer may be respon-
sible for the significantly decreased spin coherence time in
ZnO after 500 °C-annealing. The spin coherence difference
between samples B and C (~2.3 versus ~2.0 ns) is small
comparing to that between samples A and B (~11.2 versus
~2.3 ns). In sample C, ng,q,r=8.7 X 10'? cm_z, which is
also larger than in sample A, and based on a simple compari-
son of ng,q,r values alone, sample C should have a longer Tz*
than that of sample B. However, it also may be important
that dg,r is larger in sample C than in sample B, and, thus,

decreased mobility and increased carrier concentration in the
thin conducting layer on the surface of the bulk ZnO.
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