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Long electron spin coherence in ion-implanted GaN: The role of localization
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The impact of Ga and Au ion implantation on the electron spin dynamics in bulk wurtzite GaN is
studied by time-resolved Kerr-rotation spectroscopy. The spin relaxation time increases strongly by
up to a factor of 20 for increasing implantation doses. This drastic increase is caused by a transition
from delocalized to localized electrons. We find a characteristic change in the magnetic field
dependence of spin relaxation that can be used as a sensitive probe for the degree of localization.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804558]

The electron spin dynamics in semiconductors is gov-
erned by the multifarious interplay of numerous parame-
ters.'” Besides tunable extrinsic parameters like temperature
or external magnetic fields, the intrinsic material properties
like crystal symmetry or strength of the spin orbit coupling
(SOC) play a key role. In addition to these properties of the
ideal material, also the disorder potential in a real semicon-
ductor structure has strong influence on the spin dynamics as
it modifies momentum scattering of delocalized electrons or
even leads to localization of carriers. Despite its importance,
the influence of disorder on the electron spin dynamics has
only rarely been studied systematically by changing the elec-
tron density and thus the degree of localization for a fixed
disorder potential.** The disorder potential itself can, how-
ever, also be modified by implanting ions into the semicon-
ductor where the implanted ions and the implantation
damage strongly influence the disorder potential. In addition
to these fundamental aspects, the electron spin dynamics in
ion-implanted semiconductors is also highly relevant for the
development of spintronics as a spin based electronics.
Vacancies as typical implantation defects were for example
proposed as spin filters® or predicted to cause ferromagnet-
ism in wide-gap group III nitrides.® In this context, espe-
cially GaN has attracted strong interest as a possible
ferromagnetic semiconductor after various experimental
reports on ferromagnetism upon ion implantation.” ' Here,
we experimentally investigate the electron spin dynamics
in bulk wurtzite GaN implanted with Ga and Au ions by
time-resolved  magneto-optical ~ Kerr-rotation (TRKR)
spectroscopy.

The GaN sample under investigation was a 1.8 um thick
GaN layer with a typical n-type doping level of np ~ 5
%106 cm~3, grown by metal-organic chemical vapor deposi-
tion (MOCVD) on a sapphire substrate. Six 1 x 1 mm? wide
regions were implanted with different Ga doses ranging from
1 x 10" em™2 to 1 x 10'* cm™2. The implantation was car-
ried out at room-temperature using a focused ion beam (FIB)
implanter with Ga™ ions at an implantation energy of
100keV. The implanted doses correspond to average Ga
densities from ng, = 1 x 10"°cm™3 to 1 x 10'® cm™3 as esti-
mated for the projected stopping range of 100 nm resulting
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from SRIM simulations."" We note that even the highest
implanted Ga density does virtually not change the stoichi-
ometry of the GaN matrix. For comparison, four 1 x 1 mm?
wide regions were implanted with Au®" ions at an implanta-
tion energy of 200keV and doses ranging from 5 X
10cm=2 to 1 x 10'?cm~2, corresponding to average den-
sities nay = 6.7 X 10 cm™3 to 1.3 x 10" cm—3 for the pro-
jected stopping range of 75 nm. The sample was not annealed
after implantation to preserve the implantation damage.

In the following, we will first focus on the effect of
Ga implantation. The implanted regions were initially
characterized by time-resolved photoluminescence (PL)
measurements using the frequency-doubled output of a
fs-Ti:Sapphire laser with an energy of 3.55eV and 10 mW
average power for excitation and a synchroscan streak-cam-
era for detection. The PL shows for all implantation densities
a fast decay (see exemplarily the PL transient in the inset
of Fig. 1). The radiative lifetime slightly decreases from
7, =~ 40 ps for the unimplanted GaN to 7, =~ 30 ps for the
highest implantation dose due to the increasing density of
defects with short capture times. The intensity of the time-
integrated PL strongly decreases for increasing implantation
density, and is almost completely quenched for the highest
implanted Ga density (see Fig. 1). This typical drop of the
PL intensity is caused by the increasing implantation damage
with the creation of nonradiative recombination centers.'>

We next performed TRKR experiments to investigate
the impact of the implantation damage on the electron spin
dynamics. For these measurements, the frequency-doubled
output of a modelocked Ti:Sapphire laser with a repetition
rate of 80 MHz was split into pump and probe pulses. The
circularly polarized pump pulse created a spin polarized
electron ensemble in the sample. The time evolution of the
spin polarization was monitored via the Kerr rotation of the
linearly polarized probe pulse which was time delayed by a
mechanical delay line. A balanced photoreceiver with cas-
caded lock-in amplifier technique was used for detection of
the Kerr rotation, with a fast 50 kHz polarization modulation
of the pump beam via a photoelastic modulator and a much
slower intensity modulation of the probe beam. The average
power of pump and probe beam was 10 mW and I mW,

© 2013 AIP Publishing LLC
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FIG. 1. Time-integrated PL spectra for different Ga implantation densities
nGa- The inset shows the spectrally integrated PL transient for the highest
implanted Ga density ng, = 1 x 10'% cm™3.

respectively, at an energy of 3.48eV, corresponding to an
estimated density nexe &~ 1 x 10'®cm™3 of photoexcited car-
riers within the pump focus spot diameter of 100 um. The
sample was mounted in a cold-finger cryostat at a tempera-
ture of T=80K, and an external magnetic field B.y was
applied in the sample plane.

Figure 2 shows normalized TRKR transients for differ-
ent Ga implantation densities ng,. The transients show oscil-
lations due to the electrons’ spin Larmor precession around
the external magnetic field and a temporal decay due to the
electron spin relaxation. The corresponding spin relaxation
time 7, was obtained by exponential decay fits of the form
[Arexp(—t/t.) + Azlexp(—1/15p) to the zero-field (Bex = 0)
transients, and from damped cosine fits [Ajexp(—t/t.)
+ As)exp(—1/155)cos[wp (f — 1p)] to the transients for Bey >
0 where 7. is a carrier lifetime and w; = gugBex /7 is the
Larmor precession frequency. From the p(Bey) depend-
ence, a Landé-g factor g=1.95 was obtained for the as
grown GaN and for all implantation densities, in good agree-
ment with the literature value for GaN."? The spin relaxation
times 7, for zero magnetic field (filled symbols) and a fixed
magnetic field Bexy = 0.24 T (open symbols) are plotted in
Fig. 3(a) as a function of the implantation density ng,. While
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FIG. 2. Normalized TRKR transients for different Ga implantation den-
sities ng,.
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the spin relaxation times increase only moderately for low
implantation densities, they show a drastic increase around
the intermediate implantation density ng, = 1 x 10" cm—3,
before they saturate for even higher Ga doses. This pro-
nounced density dependence is accompanied by a systematic
change in the magnetic field dependence of spin relaxation
as indicated by the ratio ff = 1,9/t of the zero-field
spin relaxation time 7, to the spin relaxation time t,p for
Bext = 0.24 T [see Fig. 3(b)]. In the following, we will show
that the observed implantation density dependence of the
spin relaxation time is caused by the transition from delocal-
ized to localized electrons, and that the ratio /5 is a sensitive
probe for localization.

We start by discussing the two limiting cases of spin
relaxation of free electrons and of localized electrons with
special emphasis on their magnetic field dependence. Free
electrons are subject to Dyakonov-Perel'* (DP) spin relaxa-
tion in n-GaN.">™'® Spin-orbit coupling causes a conduction
band spin splitting which acts like an effective, momentum
dependent magnetic field Q(k) on the electrons’ spins.
Random momentum scattering leads to a fluctuating effec-
tive magnetic field, resulting in spin dephasing of the elec-
tron ensemble. In the most simplistic approach to DP
relaxation in the motional narrowing regime, the tensor of
spin relaxation rates is given by19

(3;(Q%) — (QiQ)1, (1)

N —

yij =

with the momentum scattering time 7, and (...) denoting
averaging over the electrons’ momentum distribution. More
frequent momentum scattering leads therefore to longer spin
relaxation times. The effective magnetic field in bulk wurt-
zite GaN is given by?’
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FIG. 3. (a) Spin relaxation times t,¢ (filled symbols) and 7,5 (open sym-
bols) for zero magnetic field and By, = 0.24 T, respectively, as a function
of the Ga implantation density ng,. (b) Ratio § = 7,0 /7, of the spin relaxa-
tion times. The dashed line indicates the value fpp =0.75 for DP
relaxation.
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with z[|[0001] (c-axis), x[|[1120], y||[1100], k] = &3 + &7, 7.
and b as Dresselhaus parameters and o, as the Rashba coeffi-
cient. The anisotropic effective magnetic field leads accord-
ing to Eq. (1) to an anisotropic spin relaxation tensor as
elaborated in Ref. 15. This anisotropy manifests itself in a
characteristic sudden rise from the spin relaxation time 7
for zero magnetic field to 7,5 = ‘3—“5&0 if an external magnetic
field is applied. Therefore, a ratio fpp = 0.75 follows for DP
relaxation of free, delocalized electrons in GaN.

In the other limiting case of spin relaxation of localized
electrons, the DP mechanism is switched off since the bound
states have zero average wave vectors. Instead, spin dephas-
ing times are usually limited by spin-orbit interactions or
hyperfine interaction with nuclear spins.?’** The spin
dephasing due to the hyperfine interaction is isotropic, since
it is dominated by the Fermi contact interaction.>* The corre-
sponding spin dephasing time due to the hyperfine interac-
tion can be approximated by**?°

; 3N
22{1,»(@ +1)A2y;

3

Ts,nuec =

where N is the number of nuclei overlapping with the elec-
tron wavefunction, A; is the hyperfine constant, /; the nuclear
spin and y; the abundance of isotope i. A spin dephasing time
Tsnue ~ 1.81s is estimated, in approximate agreement with
the experiment.”®*° An additional contribution to spin
dephasing of localized electrons can arise in magnetic fields
from a distribution Ag of the electron g factor.”” It leads to a
spread Aw;, = AguB /T in the Larmor precession frequency,
resulting in an inhomogeneous dephasing of the electron
spin. The corresponding magnetic field dependence

utoe(Bo) = 1/ (1/01c(0)* + (AgrigBes/ W ()

with a Tyjec ¢ 1/Bex dependence for large Bey is well-
known for localized electrons in such different systems as
quantum dots,?> potential fluctuations in quantum wells® or
donor-bound electrons.”* The regime of localized electrons
is correspondingly characterized by a ratio S, > 1.

In the experiment, we find purely DP dominated
spin relaxation of free, delocalized electrons for the unim-
planted GaN and the lowest implantation density ng, = 1
%10 cm—3, as evidenced by a ratio f§ ~ 0.75 [cf. Fig. 3(b)]
and the characteristic magnetic field dependence with a
sudden increase of the spin relaxation time from 7,y to
T8 :%1&0 [see Figs. 4(a) and 4(b)]. The spin relaxation
times are found in good agreement with similar, unimplanted
GaN samples.'>"7

For the highest implantation densities ng, > 2
x10'7 ¢cm—3, the spin relaxation is in contrast characteristic
for localized electrons, with a constant spin relaxation time
compatible with nuclear hyperfine relaxation as shown above
and a typical magnetic field dependence possibly due to g
factor variations [see Figs. 3(a), 4(a), and 4(c)]. A fit to the
magnetic field dependence according to Eq. (4) gives good
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FIG. 4. (a) Magnetic field dependence of the spin relaxation time for differ-
ent Ga implantation densities. (b) Magnetic field dependence of the spin
relaxation time 7, for ng, = 1 x 10'® cm™3. The dashed lines mark the zero-
field value 1,0 and the value 7,5 = 4/317,0 predicted by DP theory. (c)
Magnetic field dependence of 7, for the highest implanted Ga density
nGa = 1 x 10" cm 3. The solid line is a fit to Eq. (4).

agreement for the highest implanted density ng, > 1
x 108 em™ and By > 0.2T [see Fig. 4(c)]. We note that
the required variation of the Landé-g factor Ag = 0.0037
corresponds to only 0.2% variation of g. Responsible for the
observed localization is defects created during implantation,
where, e.g., the N vacancy is a donor state.”®

The strongly increasing spin relaxation time in the inter-
mediate regime reflects the transition from delocalized to
localized electrons. Fast spin exchange between the ensem-
ble of free and localized electrons leads to the observation of
a single relaxation time."* The increasing contribution of
the slowly relaxing localized electrons leads to the observed
increase of spin relaxation time with implantation density.
The magnetic field dependence shows a corresponding tran-
sition from the characteristic anisotropic DP magnetic field
dependence over a flattening for ng, = 1 x 10" cm™ to the
Ty X 1/Bey dependence of localized electrons [see Fig.
4(c)]. This interpretation is corroborated by measurements at
room temperature where we find a recovery of the aniso-
tropic relaxation and ratios f close to fipp = 0.75 for all
implanted densities as a consequence of the smaller degree
of localization at room temperature (not shown). We note
that increasing spin lifetimes for increasing implantation
dose are also generally predicted within DP theory for delo-
calized electrons as a consequence of increasing momentum
scattering [see Eq. (1)]. This interpretation would, however,
predict a persistence of the spin relaxation anisotropy, in
contrast to the experimental findings. We therefore rule out
the explanation of the increasing spin relaxation times via
the DP mechanism.

For comparison, we also measured the spin relaxation
times after implantation of Au ions (see Fig. 5). The spin
relaxation times and the ratio § show a very similar over-all
behavior as for Ga implantation. The drastic increase of spin
relaxation times starts, however, for a lower density
Naw =5 x 10%cm™3, as can be expected from the higher
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FIG. 5. (a) Spin relaxation times 1, (filled symbols) and 7,5 (open sym-
bols) for zero magnetic field and B.y, = 0.24 T, respectively, as a function
of the Au implantation density 7. (b) Ratio § = 7,¢/7, 5 of the spin relaxa-
tion times. The dashed line indicates the value fipp = 0.75 for DP relaxation.
(c) Spin relaxation times and (d) ratio f for the rescaled implanted density
NAur = NdamAu In comparison to the values for Ga implantation.

mass of Au ions and the accordingly higher implantation
damage. We estimated the implantation damage by SRIM
simulations of the number Ny, au/Ga Of vacancies per Au
and Ga ions. Rescaling the implanted Au density by the ratio
Ndam = Nvac,au/Nvac.Ga = 1.96 obtained from the simulations
gives good agreement between the density dependence for
Ga and Au ions [see Figs. 5(c) and 5(d)], suggesting that the
defects dominating the localization are the same, independ-
ent of the implanted ion species.

In conclusion, the influence of Ga and Au ion implanta-
tion on the electron spin dynamics in bulk GaN was studied.
Independent of the implanted ion species, we find a strong
increase of the spin relaxation time by up to a factor of 20
with increasing implantation dose that is caused by increas-
ing carrier localization. The corresponding magnetic field de-
pendence of spin relaxation shows a transition from the
anisotropic relaxation of delocalized electrons to isotropic
relaxation of localized carriers, which makes it a sensitive
probe for localization.
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