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We study the existence of Li-related shallow and deep acceptor levels in Li-doped ZnO nanocrystals
using electron paramagnetic resonance (EPR) and photoluminescence (PL) spectroscopy. ZnO
nanocrystals with adjustable Li concentrations between 0% and 12% have been prepared using
organometallic precursors and show a significant lowering of the Fermi energy upon doping. The
deep Li acceptor with an acceptor energy of 800 meV could be identified in both EPR and PL
measurements and is responsible for the yellow luminescence at 2.2 eV. Additionally, a shallow
acceptor state at 150 meV above the valence band maximum is made responsible for the observed
donor-acceptor pair and free electron-acceptor transitions at 3.235 and 3.301 eV, possibly stemming
from the formation of Li-related defect complexes acting as acceptors. © 2010 American Institute

of Physics. [doi:10.1063/1.3275889]

ZnO is a II-VI compound semiconductor with a direct
band gap of 3.437 eV at T=1.6 K. It regained substantial
interest over the past decade, which has been mainly fueled
by considerable progress in crystal growth that resulted in
the fabrication of high quality crystal samples in various
structures.” One of the key features of ZnO is its high exciton
binding energy of Ez=60 meV that, e.g., gives hope for the
realization of high efficient lasing at room temperature. ZnO
is known for its strong tendency to self-organization and the
preparation of a variety of different ZnO based nanostruc-
tures with a multitude of interesting applications was re-
ported in the last years.2 The key challenge that needs to be
overcome for the realization of most ZnO based applications
is the fabrication of p-type material. P-type ZnO may be
achieved by the substitution of group-I elements on Zn-site
and group-V elements on O-site, respectively. Although sig-
nificant progress has been made recently3 full control over
the materials conductivity type is still to be obtained and
hence a comprehensive investigation of the fundamental
properties of acceptors in ZnO is needed.

The interest in Li as a dopant in ZnO is based on both its
possible ability to act as a p-dopant in ZnO, as well as on the
report of ferroelectricity in ZnO upon Li-doping.4 Addition-
ally, Li is known to act as a major impurity in ZnO growth.
Theoretical calculations have predicted that substitutional Li
on Zn-site (Liz,) has the lowest acceptor energy of single
impurity dopants in ZnO with 90 meV above the valence
band maximum (VBM).” However, until recently only a deep
acceptor at around 800 meV above the VBM has been ob-
served commonly in Li-doped ZnO structures. Due to its
small ionic radius Li is additionally known to be very mobile
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in the ZnO-lattice and can easily occupy interstitial positions
(Li;), where it acts as donor. This amphoteric behavior, to-
gether with the formation of the deep Li acceptor trap, has
been made responsible for the frequent observation of semi-
insulating material upon Li doping of ZnO and accentuates
the significance of a controlled incorporation of Li dopants
on the Zn-lattice site.® Nevertheless, there have been recent
reports about the observation of shallow Li acceptorsL9
which indicate the great potential of Li as a p-dopant in ZnO.
However, a comprehensive understanding of the role of Li as
dopant in ZnO has not been established so far. In this con-
tribution, we use electron paramagnetic resonance (EPR) and
photoluminescence (PL) spectroscopy to prove the coexist-
ence of a deep and shallow acceptor state in nanocrystalline
Li-doped ZnO, showing a significantly lower Fermi energy.

Li-doped ZnO nanocrystals with adjustable Li concen-
tration from 0% up to 12% have been prepared.lo The given
Li concentrations correspond here to the values determined
by the atomic ratios of the mixture of two precursor systems.
A detailed description of the synthesis of Li-containing ZnO
materials from special organometallic precursors11 is beyond
the scope of this article and can be found elsewhere.'” EPR
measurements were carried out in the Q-band (35 GHz) at
temperatures between 4 and 300 K using a Bruker ESP 300E
spectrometer equipped with an Oxford Instrument
continuous-flow cryostat. The samples could be optically ex-
cited by the 325 nm and/or 442 nm lines of a He—Cd laser
through an optical fiber introduced in the Q-band cryostat.
PL measurements were performed using the 325 nm line of a
He—Cd laser. The emission was dispersed by a 0.8 m Spex
double monochromator with a resolution better than 0.1 meV
and detected by a bialkali photomultiplier. For time-resolved
PL (TRPL) measurements the samples were excited using
the second harmonic of a titan sapphire laser (3.480 eV) with
a pulse length of 2 ps. Time-resolved data were recorded by

© 2010 American Institute of Physics
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single photon counting using a Hamamatsu R3809U-52 mi-
crochannel plate. The instrumental time resolution is about
40 ps which allows the determination of lifetimes down to 15
ps using deconvolution techniques.

The incorporation of Li and related defects into the Li-
doped samples, as well as the undoped reference sample, was
examined by EPR measurements. Without additional illumi-
nation only the signal from the shallow donor and the very
weak signals from Mn?* were observed in the undoped ref-
erence sample. In the Li-doped samples the EPR signals of
Mn?* and Fe** on Zn?* site but no signal from the shallow
donor at g=1 956"!2 could be detected. In order to be able to
monitor the presence of ionized Li* acceptors the defect has
to be reloaded to a paramagnetic state'? by optical irradiation
of the material. After illumination with a He—Cd laser at 325
nm and/or 442 nm at temperatures below 200 K the shallow
donor signal, the weak signal probably from the negatively
charged zinc vacancy Vzn,lz’M and also the characteristic
spectrum of the deep Li acceptor center Li, were detected in
the Li-doped samples.

Detailed EPR investigations of the Li acceptor in Li-
doped ZnO single crystals by Schirmer'® have shown that the
Li spectrum stems from Li*—O~ centers in the material,
which are formed by the capture of a hole at one of the four
O?" ions surrounding the substitutional Li* ion during optical
irradiation. The spectra of the axial and nonaxial Li*—-O~
defects can be described by the spin Hamiltonian (SH)

H = upSgB +IAS + IPI - gyuyBL (1)

with S=1/2 and 1=3/2 for 'Li (natural abundance of
92.41%) and I=1 for °Li (natural abundance of 7.59%). The
used parameters have their conventional meaning, whose
magnitudes and principal axes have been determined by
Schirmer."* However, these four positions are not equivalent
due to the polar nature of hexagonal ZnO. For substitutional
Li the axial configuration with the hole trapped at an oxygen
ion found along the c-axis is favored over the three nonaxial
hole positions. The energy separation between the axial and
the three nonaxial hole positions (center orientations) has
been determined to 15 meV by the variation in the equilib-
rium population of both types of sites with the temperature.13
For the calculation of the corresponding Li spectrum in ZnO
powder, a random distribution of the orientation of the axes
of the nanocrystals has to be taken into account. This was
done by integrating the EPR line positions of the different
center orientations over the full space angle. Using the EA-
SYSPIN software package15 and the SH parameters deter-
mined by Schirmer'® we solved the SH (Eq. (1)) by exact
diagonalization for the axial and the nonaxial Li*—O~ center,
while taking into consideration that there are two cation sites
in the unit cell of a hexagonal crystal.

The resulting Q-band EPR spectra are shown for the
axial and nonaxial defects in Figs. 1(a) and 1(b), respec-
tively. The experimentally observed spectrum is theoretically
described by the weighted sum of both spectra, which is
shown for different intensities of the two parts of the total
spectrum in Figs. 1(c) and 1(d), respectively. The spectrum
in Fig. 1(d) results from considering the ratio of axial to
nonaxial lattice sites of 1:3 (2:6), assuming that the capture
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FIG. 1. (Color online) Calculated EPR spectra of the (a) axial and (b)
nonaxial defects in an ensemble of ZnO nanocrystals using the SH param-
eters given by Schirmer for single crystals13 and the resulting sum spectra
[(c) and (d)] for two different population ratios of the axial and nonaxial
defects.

of a hole at the four surrounding oxygen ions occurs with
equal probability. Additionally, for comparing these theoret-
ical spectra with our experimentally obtained values, one has
to consider that due to the illumination of the samples there
is a competition between the trapping of the holes and the
temperature dependent depopulation of the nonaxial defects.
Therefore, the resulting relative intensity between both spec-
tra is dependent on the arrived steady-state population of the
two types of defects that depends on the temperature and on
the intensity of the laser.

A comparison of the calculated and experimentally ob-
tained Q-band EPR spectra of the Li acceptor centers under
laser excitation at 442 nm and 7=30 K is displayed in Fig. 2
exemplarily for nanocrystals with a nominal Li concentration
of 6%. In order to resolve the 'Li hyperfine splitting a di-
minutive modulation amplitude of 0.06 mT was used and the
spectra are restricted to the small magnetic field region rel-
evant for the Li acceptor resonance. Concerning the line po-
sitions and the 'Li hyperfine splitting of both the axial and

ZnO: Li 6%
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T=30K

!
(b)
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FIG. 2. (Color online) Comparison of calculated and experimental EPR
spectra of the Li*—O~ defect for nanocrystalline ZnO in the Q-band (34
GHz) at T=30 K. (a) Calculated spectrum for the axial and nonaxial
Li*~O~ defects for a population ratio of 1:2. (b) Experimental spectrum of
a ZnO nanocrystals ensemble with nominal 6% Li under illumination with
laser light of 442 nm. Besides the Li spectrum two FeJ' lines, which are
indicated by arrows, are observed in the shown magnetic field region.
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nonaxial Li*—O~ defects, excellent agreement is found be-
tween the experimental spectrum and the simulated one. This
confirms that the observed EPR spectrum in the nanocrystal-
line ZnO samples originates from the same Li*—O~ defect as
found in single crystals. Similar observations for Li concen-
trations of 1% and 12% demonstrate the successful incorpo-
ration of Liz, in all our samples. It is well established that
this Li acceptor participates in a broad luminescence band
centered at around 2.2 eV that can be explained by a shallow
donor-deep acceptor recombination, which could also be ob-
served in our PL. measurements upon Li doping of the nano-
crystals (not displayed here). From the edge of the lumines-
cence band at around 2.5 eV, an acceptor energy of 0.8 eV
above the VBM for Liy, is estimated.'®

Besides this Li acceptor, additional unintentionally intro-
duced defects could be detected in the EPR spectra. As men-
tioned above, we observed the signals of Mn>* and Fe** in
all Li-doped samples in measurements without illumination.
The two Fe** lines occurring in the magnetic field region
between 1200 and 1220 mT are indicated by arrows in Fig.
2. The signals of Mn?* are not visible here because they are
suppressed by saturation under the selected experimental
conditions to optimize the Li resonance. Under optical irra-
diation to produce the Li resonance, in some samples addi-
tional weak signals probably caused by the V,, became vis-
ible. This spectrum is investigated in detail for electron
irradiated ZnO single crystals.lz’14 In our nanocrystals, these
weak signals are difficult to detect because they are severely
overlapped with the strong low-field Fe3* line and the high-
field line of the nonaxial Li centers. More important for the
characterization of the investigated nanocrystals is the obser-
vation of Fe3* spectrum in the “dark” measurements. The
fact that in contrast to the undoped reference sample, Fe can
be detected in its 3+charge state in all the Li-doped samples
even without additional illumination determines that the
Fermi energy is pushed down at or below the Fe’*/Fe’*
charge transfer level due to the Li-doping. This defines the
Fermi energy in the Li-doped samples to be located below
around 2.5 eV above the VBM.'"'* The presence of Fe’* in
the Li-doped samples could additionally be verified by high
resolution PL. measurements of the deep center emission of
the samples, for which the distinct complex Fe®* emission
feature was detected for all investigated Li concentrations.

It has been suggested that besides the deep Liy, center Li
might also form shallow acceptor levels, e.g., through the
formation of defect complexes.7 These complexes could
lower the strong distortion in the Li center which has been
made responsible for the high binding energy.]3 Figure 3
shows the near band edge PL spectra of the samples with
0%, 1%, 6%, and 12% Li at T=2 K. The dominant lumines-
cence channels in the near band gap area of our samples are
the bound exciton emission (BX) at 3.360 eV, centered
around the neutral donor bound exciton line Ig,l together
with a strong luminescence at 3.315 eV (SX), which has
been observed previously in ZnO nanocrystals and was in-
deed attributed to excitons bound to acceptors. Nevertheless,
these acceptor states are caused by structural defects near the
surface of the crystals19 rather than intentionally introduced
dopants. Schirra et al.” proved in a recent comprehensive
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FIG. 3. (Color online) PL spectra taken at T=2 K of ensembles of Li-
doped ZnO nanocrystals with Li concentrations of 0%, 1%, 6%, and 12%.
All spectra are normalized to the BX at 3.36 eV.

study that the observation of the 3.31 eV luminescence in
various ZnO structures stems from a common origin which
can be assigned to basal plane stacking faults.

More interesting concerning the question of a possible
shallow Li acceptor is the luminescence line located at an
energy of 3.235 eV that becomes visible upon Li doping of
the nanocrystals. Furthermore a closer look at the lumines-
cence around 3.31 eV reveals a shoulder at 3.301 eV in our
samples, which seems to increase with the Li concentration.
In the following we will assign these recombinations to a
donor-acceptor pair (DAP) and corresponding free electron
to acceptor (e,A) transition, involving the same acceptor
state. The luminescence at 3.235 eV is most prominent at a
Li concentration of 1% and decreases with increasing Li con-
tent. XRD and Raman measurements of our samples demon-
strated the highest sample quality and lowest strain for the
1% Li sample.10 Lu et al.”! reported the largest free hole
concentration in Li-doped ZnO for a Li content of 0.6 at. %,
whereas higher Li concentrations result in compensated ma-
terial. This compensation is expressed in our PL spectra by a
decrease in intensity of the 3.235 eV luminescence as well as
a red-shift with increasing Li concentration. A pronounced
phonon coupling of the luminescence can be observed. The
broadened lineshape compared to the exciton luminescence
and the shift to lower energies for higher dopant concentra-
tions is well known for DAP recombinations in compensated
material. >

In order to support the assignment of the 3.235 eV lumi-
nescence to a DAP recombination, TRPL measurements
were performed. Figure 4 displays the transients at the BX,
SX, and DAP peak energies in the 1% Li-doped sample.
Evidently, all three transitions demonstrate very different re-
combination dynamics. The BX line at 3.360 eV exhibits
primarily a monoexponential decay characteristic with a time
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FIG. 4. (Color online) TRPL of the 3.360 eV (BX), 3.315 eV (SX), and
3.235 eV (DAP) transitions in 1% Li-doped ZnO nanocrystals.

constant of 150 ps which is typical for bound exciton recom-
binations in ZnO nanostructures.”> The recombination dy-
namics of the SX peak at 3.315 eV is governed by a biexpo-
nential decay with lifetimes of 330 ps and 1.1 ns in
agreement with values reported by Fallert er al.” By con-
trast, the decay dynamics of the 3.235 eV luminescence
shows a broad distribution of lifetimes that extends beyond
the time window of 12.5 ns between two laser pulses and
cannot be described by a mono or biexponential decay. This
behavior is expected for a DAP recombination due to the
varying separations of shallow donors and shallow
acceptors.24 Consequently, we attribute this transition to a
DAP recombination. The large difference in the decay behav-
ior of the 3.315 and 3.235 eV further excludes the possibility
of a one-LO phonon replica as the origin of the 3.235 eV
luminescence. The binding energy of the acceptor involved
in the DAP transition is estimated by
o2

ES=Eg—Epap— Eb+ =150 meV, (2)

dmeegrpy
with rp, being the average distance between the donor and
acceptor defects and EbD=54.6 meV the binding of the domi-
nant Ig donor.' Remarkably, this acceptor energy corresponds
well to the energy of the luminescence at 3.301 eV, which
additionally shows a constant intensity ratio with respect to
the 3.235 eV luminescence in the samples with 1% and 6%
Li. In the 12% sample both luminescences are strongly sup-
pressed, indicating poor sample quality and high compensa-
tion.

Based on these observations we suggest following expla-
nation of the luminescence spectra of the Li-doped ZnO
nanocrystals. Besides the deep Liy, acceptor at 0.8 eV above
the VBM, which is responsible for the observed yellow lu-
minescence, the Li-doping of the ZnO nanocrystals leads to
the formation of an additional shallow acceptor, possibly
through the formation of a defect complex. This shallow ac-
ceptor participates in a DAP luminescence at 3.235 eV as
well as a (e,A) transition at 3.301 eV and possesses an en-
ergy level located around 150 meV above the VBM. Re-
cently, comparable shallow acceptor energies have also been
reported in reactive magnetron sputtered Li-doped ZnO

J. Appl. Phys. 107, 024311 (2010)

films® and Li-F codoped ZnO.” This suggests that through
controlled introduction of Li-defect complexes p-type doping
of ZnO could be achieved. Further investigations are called
for to clarify the chemical origin as well the formation
mechanisms of shallow Li acceptors.

In summary, we presented the identification of shallow
and deep acceptors in Li-doped ZnO nanocrystals. ZnO
nanocrystals with Li concentrations between 0% and 12%
were grown using organometallic precursors and show a sig-
nificant lowering of the Fermi level compared to undoped
material. A detailed analysis with EPR showed strong contri-
butions of the deep Liyz, which has been made responsible
for the yellow luminescence in ZnO hence possessing an
acceptor energy of around 800 meV. Besides the deep Li
acceptor, PL measurements also suggest the existence of a
shallow acceptor at 150 meV above the VBM in the Li-
doped samples, which is visible in the PL spectrum from a
DAP luminescence at 3.235 eV and a (e,A) transition at
3.301 eV. Tentatively, a Li-related defect complex is made
responsible for this additional shallow acceptor state. The
incorporation of this shallow Li acceptor seems to be most
efficient for a Li concentration around 1%. Higher doping
leads to compensated material with lower structural quality.
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