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Photoluminescence quenching in cobalt doped ZnO nanocrystals

Sekika Yamamoto®

Department of Physics, Graduate School of Science, Hokkaido University, NIOWS, Sapporo 060-0810, Japan
(Received 3 February 2012; accepted 3 April 2012; published online 7 May 2012)

Influence of cobalt doping on the luminescence properties of ZnO nanocrystals with average diameter of
3.0nm is investigated. Time resolved measurements at 20 K show that the dark exciton luminescence is
completely lost in the nanocrystals doped with cobalt, while the perturbed luminescence with slight red
shift survives and exhibits a non-exponential decay curve reflecting random distribution of cobalt atoms.
By analyzing the non-exponentiality, the increase of the decay rate of the band-edge luminescence
induced by the inclusion of single cobalt atom is estimated to be 0.012 ps~'. © 2012 American Institute

of Physics. [http://dx.doi.org/10.1063/1.4710533]

. INTRODUCTION

Semiconductor nanocrystals doped with transition metal
ions possess remarkable optical and magnetic properties
resulting from quantum confinement effect on carriers and
exchange interaction between the carriers and the local spins
of the metal atoms. These properties are expected to play an
important role in future spintronic devices and currently being
investigated rigorously. In the early stage of the research,
doping of the nanocrystals is believed to be difficult due to
self-purification effect.' However, recent investigation shows
that the effect is not universal and differ material to material.?
For example, Mn can be doped in InAs nanocrystal beyond
the bulk solubility.?

Zinc oxide is a transparent material having a band gap
energy of 3.37eV at room temperature and thus capable of
optical applications for whole visible light range. Preparing
ZnO into a few nanometer size and doping it with metal
atoms are expected to open a wide possibility for a variety of
applications, which utilize their tunable optical and magnetic
properties. Among the transition metals, divalent cobalt ion
(Col[II]), which has an ionic radius of 0.56 A, close to 0.60 A
of divalent zinc ion (Zn[II]), is known to be incorporated in
ZnO nanocrystals up to 20%~30% by substituting Zn site
without destroying the wurtzite structure.*> This makes
Zn0O:Co nanocrystal an ideal platform for investigating the
optical and magnetic properties of the transition metal doped
nanocrystal.

Besides many favorable properties mentioned above, the
introduction of some kinds of metal ions into semiconducting
materials has been known to cause significant drawbacks. The
most important effect is the lifetime shortening of minority
carriers, which leads to a strong quenching of the lumines-
cence. It has been reported that 0.1% doping of Mn (Ref. 6) or
0.6% doping of Co (Ref. 7) into bulk ZnO crystal almost com-
pletely quench the luminescence, while the mechanism for
these quenching has not been fully understood. In nanocrystal
case, the quenching is more moderate compared with the bulk
case. For example, it is reported that only 96% quenching is
induced by 1.6% doping of Mn in ZnO nanocrystals of 6 nm
size.® In another report, luminescence both from band-edge
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transition and from Co d-d transition are observed at the same
time in ZnO:Co nanocrystals.”

In ZnO:Co case, it has been reported that the doped Co
atom induces a charge transfer state just below the band gap
energy.'” The state can be detected by an enhancement of the
light absorption around the band-tail region. This absorption
also induces a photoconductivity by succeeding thermal excita-
tion of the electrons to the conduction band.''™"? It is believed
that the optically generated electron-hole pair rapidly falls into
this state from where it recombines non-radiatively by emitting
phonons or by transferring its energy to cobalt d-multiplet,"*'¢
but the details of this process are not clarified. We think that
detailed understanding of the non-radiative process induced by
the transition metal atoms is necessary for future application of
these kinds of materials.

In this paper, we investigate the effect of Co doping on
the luminescence properties of ZnO nanocrystals with strong
quantum confinement and determine the quenching rate
induced by the inclusion of single cobalt atom into the nano-
crystal. The experimental results also imply that the quench-
ing of the triplet luminescence is more efficient than that for
the singlet luminescence and only one impurity in the nano-
crystal causes a complete quenching of the luminescence.

Il. EXPERIMENTAL

Zinc oxide nanocrystals are prepared as follows. First,
1.10 g of zinc acetate dehydrate (ZnAc, - 2H,0) is dissolved
in 50ml of absolute ethanol by boiling, and 0.29 g of lithium
hydroxide monohydrate (LiOH-H,O) is dissolved in 50 ml of
absolute ethanol ultrasonically. Typically, 10ml of the Zn
solution is heated to 70°C before the same amount of LiOH
solution cooled at 0°C is poured under vigorous stirring. The
solution is kept at room temperature for particle growth. After
the desired particle size is attained, 200 mg of magnesium ace-
tate tetrahydrate (MgAc, - 4H,O) is added into the solution
and dissolved ultrasonically. The resulted solution is stored at
room temperature at least for 3 days. After the addition of Mg
salt, the particle growth is stopped and the suspension
becomes very stable even at room temperature. No turbidity is
recognized after one year storage at room temperature. The
addition of Mg salt also leads to increased photoluminescence
(PL) intensity. The details of the sample preparation are given

© 2012 American Institute of Physics
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FIG. 1. A typical result of TEM measurements for undoped ZnO nanocrys-
tals. The nanocrystals are almost spherical and their size is about 3 nm.

in the previous report.'” For time resolved PL measurement,
the third harmonics of a mode-locked Ti:Sapphire laser with a
repetition rate of 80 MHz and a pulse duration of about 100 fs
is used for the excitation source. Typical time averaged laser
power density is 1 kW/cm?. The detection of PL light is per-
formed with a Hamamatsu C1587 streak camera system,
which has a time resolution of about 20 ps.

lll. RESULTS AND DISCUSSION

Figure 1 shows a typical result of TEM measurement for
undoped nanocrystals. From the figure, it is estimated that
the nanocrystals are almost spherical with their size about
3nm. In Fig. 2, shown x-ray diffraction (XRD) results for (a)
bulk ZnO (powder) and dried Zn;_,Co,O nanocrystals with
(b) x =0 and (c¢) x = 0.01. The diffraction patterns for the
nanocrystals clearly show that they have the same crystal
structure with the bulk ZnO crystal and no extra signal for
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FIG. 2. XRD results for (a) bulk ZnO (powder) and Zn;_,Co,O nanocrystals
with (b) x = 0 and (c) x = 0.01. The analysis of the linewidth using modified
Scherrer’s formula gives 3.0 nm as an average diameters for the nanocrystals.
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reaction byproducts such as zinc hydroxide'®'? is recog-
nized. The incorporation of Co does not seem to induce any
change of the diffraction pattern although the minor changes
such as small lattice expansion or small distortion cannot be
distinguished because of the line broadening. The broaden-
ing reflects the smallness of the nanocrystals and we can esti-
mate the average nanocrystal size from the linewidth by
applying the modified Scherrer’s formula.”® The estimation
gives a value of 3.0nm as an average diameter of the nano-
crystals, which is consistent with the TEM result.

Figure 3 shows absorption and PL spectra for Zn;_,
Co, O nanocrystals with x = 0 ~ 0.01 dispersed in ethanol. It
is observed that the absorption edge is at higher energy than
the bulk edge of 3.32eV (Ref. 21) due to quantum confine-
ment effect. The absorption edge further blue-shifts with
increasing Co concentration. The dependence of the shift on
the Co concentration x is estimated to be 3.8x eV. This is
close to 3.56x eV (Ref. 13) or 2.6x eV (Refs. 15 and 16)
observed in bulk ZnCoO. Therefore, we think that the shift
mostly reflects the band-gap widening caused by the incor-
poration of the Co atoms. However, the larger blue-shift for
the nanocrystals may indicate the smaller size of the doped
nanocrystals. In this case, the size shrinkage of the doped
nanocrystals can be estimated from the known size depend-
ence of the band gap (AD/AE ~ 2.83 nm/eV around 3.7¢V)
for ZnO nanocrystals,”® and the estimation shows that the
shrinkage should be less than 0.035nm for x = 0.01 even
when we consider the worst case of 2.6x for the bulk band
gap shift on Co doping.

The inset of the Fig. 3(a) shows internal d-d absorption of
the cobalt atoms. Absorption spectrum corresponding to the
transition *A(F) — *T(P) with intensities almost propor-
tional to the nominal doping level is clearly observed at the
region 1.8~2.8eV. The peak of the absorption is observed at
2.05eV (605nm) and it is indicative of internally doped
Co(I) under T, ligand configuration.”*** The externally
attached atoms are known to exhibit the absorption peak at
higher energy due to the modified ligand field.** We also see
an enhancement of the absorption in the band-tail region
between 3.0 and 3.6eV. This absorption cannot be another d-
d absorption because the intensity is much stronger. Instead, it
is interpreted as a metal-to-ligand charge transfer absorption
in which one of the d-electron of Co atom moves to the con-
duction band, or the valence band electron moves to cobalt d-
states.'” This absorption is also indicative of the internal
doping.

In the PL spectra shown in Fig. 3(b), we observe two
peaks of luminescence, one at 2.4 eV and the other at 3.65¢eV.
These two luminescence have been commonly observed in
various ZnO materials. The former is called Green PL and
usually regarded as a trap luminescence related to an oxygen
vacancy although precise origin is still under debate. The lat-
ter is called band-edge PL and related to the electronic states
extended in the nanocrystal volume. The slight red shift of the
peak energy from the absorption peak implies that some kinds
of perturbations such as a charged trap affect the lumines-
cence. The linewidth measured at 20 K where the homogene-
ous line width is negligible is about 0.11eV. This value,
together with the size dependence of the band gap energy
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shown above, implies that about 10% of size fluctuation exists
in our sample.

As shown in the figure, the intensity for both peaks are
greatly decreased when the Co impurity is incorporated into
the nanocrystals. It is also seen in the figure that the band-
edge PL shifts to higher energy with increasing Co doping.
The shift for the sample with x = 0.01 is about 55 meV and
it is larger than the shift of the absorption edge. This large
shift may be understood if we take into account the size dis-
tribution of nanocrystals. It has been reported that the impu-
rity atoms tend to be excluded from the nucleation of
nanocrystals and they are mainly incorporated in the particle
growth process.”*** Therefore, the smaller particles include
fewer impurity atoms and the luminescence from the small
particles should be relatively strong. The PL intensity from
these particles will be emphasized when the impurity con-
centration is high. This explains the blue shift of the PL spec-
trum at high Co concentration.

Figure 4 shows results of time resolved measurements
for the band-edge PL performed at 20 K using streak camera
system. Figure 4(a) is for the undoped ZnO nanocrystals and
Fig. 4(c) is for x = 0.005 sample. In the undoped sample, we
see two components with different peak energies and differ-
ent lifetimes. One is at 3.65 eV with shorter lifetime and the
other at 3.73eV with much longer lifetime. The latter has
signal intensity also at the negative time region because the
lifetime of this component is longer than the repetition pe-
riod of the laser system (12.5ns in this case) and the long
tails from the previous pulse events are superposed in the
measurement time window. The lifetime is estimated to be
about 0.1 s from the intensity of the superposed tail signal.
The procedure of the lifetime estimation have been described
in our previous report.”> It was also shown from detailed
temperature dependence that the Stokes shift for this compo-
nent was very small and it must be interpreted as a dark exci-
ton PL, which has a spin triplet nature and, therefore, a long
radiative lifetime.?® This effect is more prominent in nano-
crystals because the quantum confinement effect enhances
the exchange interaction between electron and hole.”® As to
the low energy component, a larger Stokes shift (lower lumi-
nescence energy) and a faster decay imply that this compo-
nent is affected by a kind of extra charge situated at the
surface or at an internal trap because these perturbations

violate the spherical symmetry of the potential and induces
the mixing of triplet and singlet states and enhances the os-
cillator strength.”” The superposed tail of the high energy
component is almost time-invariant within the time window,
and it can be subtracted numerically from the signal. The
low energy component obtained as a result of subtraction
(not shown) exhibits rather symmetric Gaussian-like spec-
trum except for the initial 200 ps where a fast decay of the
high energy component is observed (see below).

When Co atoms are doped in the nanocrystals, the PL
intensity is significantly decreased as seen in Fig. 4(c). The
effect of the Co doping is stronger for the high energy com-
ponent because of its much longer radiative lifetime. In the
sample with x = 0.005, the intensity of the high energy com-
ponent decreases to 1.7% of the undoped sample, and it is no
longer recognized in the figure due to the color quantization.
As described above, a ZnO crystal doped with Co has a
charge transfer state just below the band gap energy. The
optically generated electron-hole pair is considered to fall
into this state and recombine non-radiatively.'*'® In addi-
tion, it can be derived from the Tanabe-Sugano diagram®*°
that many doublet states of Co d-multiplet lie near the band
gap energy of ZnO, which enable the triplet state of the elec-
tron hole pair to directly transfer its energy to the Co d-
multiplet through the Dexter-type energy transfer mechanism
without going through the charge transfer state.*® From these
considerations, we deduce that the remaining PL intensity
for the high energy component comes only from the nano-
crystals without any Co incorporation. To confirm this, we
calculate the PL intensity from pure ZnO nanocrystals
among the doped ones. The assumption we take is that the
distribution of Co atoms in the nanocrystals approximately
follow the Poisson distribution of

—xN

P(n,aN) = (N)' . (M
where n is the number of Co atoms in a nanocrystal, which
has N cations, and x is Co mole fraction of the specimen.
The PL intensity from the nanocrystals free from Co doping
is proportional to P(0,xN). Figure 4(f) shows the mole frac-
tion x estimated by applying the Eq. (1) to the intensity of
the high energy component relative to the undoped sample.
The estimated mole fraction almost reproduces the nominal
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FIG. 4. Streak camera signal for (a) undoped and (c) x =0.005 samples measured at 7=20K. (b) and (d) are time resolved spectra extracted from the (a) and
(c), respectively. The undoped sample shows a signal at negative time region because of its long lifetime longer than the laser repetition period. This compo-
nent is interpreted as dark exciton PL and almost disappeared in the doped sample. The faster one seen at lower energy is a PL perturbed by a charge at the sur-
face or internal trap state, which become faster in doped sample. (e) shows schematic diagram of the states. (f) shows mole fraction of cobalt atoms estimated
under the assumption that the dark exciton PL comes only from the nanocrystals without any cobalt inclusion.

value and justifies the assumption. The slight deviation at
x = 0.01 is probably due to the disregard of the particle size
distribution. As mentioned above, very small particles are
relatively difficult to dope and thus the existence of smaller
particles enhances the PL intensity beyond the Poisson distri-
bution, which leads to the underestimation of the mole frac-
tion x.

Next, we evaluate the decay profile of each component
by numerically decomposing the spectrum at every time slice
into two components. Figure 5(a) shows an example of the
decomposition. In the process, the spectrum at the negative
time region is employed as the spectrum of the high energy
component because the superposed tail signal does not
include the low energy component. For the spectrum of the
low energy component, a Gaussian shape is assumed. The
peak energy and the width of the Gaussian are optimized in a
preliminary fitting procedure and only the intensities of the
two spectra are adjusted as fitting parameters in the main fit-
ting procedure. The resulted decay profiles are shown in the
Figures 5(b) and 5(c) for low and high energy components,
respectively. From the analysis, it becomes clear that the
high energy component consists of an initial fast decay
before 200 ps and succeeding very slow decay, which makes
up the superposed background. The initial fast decay is
regarded as a transition from optically generated singlet state
of the electron-hole pair to the optically inactive triplet state
(dark exciton).”> The inclusion of Co atoms into the nano-
crystals makes the initial decay faster and the background
weaker. This indicates that the non-radiative recombination
caused by the Co atoms is faster than the triplet-singlet
conversion.

As for the low energy component (Fig. 5(b)), the decay
profile for undoped nanocrystals shows a single exponential
decay reflecting the high quality of the sample. However, it
becomes gradually non-exponential with increasing Co dop-
ing. We think that the non-exponentiality comes from the
random distribution of the doped Co atoms in the nanocrys-
tal. As shown above, the Co atoms are probably distributed
randomly and the nanocrystals with higher number of Co
atoms will show weaker and faster luminescence. So, we try
to express the decay curves by the equation

I(t;x,0:) =1 ZP(n,xN)exp[—(ao +no))t, (2

where oy = 0.00775 ps~' is the decay rate for the undoped
nanocrystal, and o; is the enhancement of the decay rate per
one inclusion of Co atom. We determine x and ¢; by fitting
I(t; x, 0;) to the decay curves. The result of the fitting is shown
by solid lines in the figure. The best fits are obtained for
o; = 0.012 ps~'. The result qualitatively reproduces the ex-
perimental decay curves and justifies the assumption of the
random distribution of Co atoms. In addition, the estimated
mole fraction x shown in Figure 5(d) qualitatively reproduces
the nominal values of mole fraction. The deviation from the
nominal value should be again caused by neglecting the parti-
cle size distribution that is manifested in the longer tail com-
ponent beyond the fitting curves as most clearly recognized in
the x = 0.01 sample.

The initial fast decay of the high energy component also
becomes faster as Co doping is increased. It is difficult to
evaluate the precise decay time of this component because it
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is comparable to the time resolution of our system. However,
a rough estimate of the decay rate for x =0 and x = 0.01
sample gives an enhancement of Ag ~0.06 ps~!' and divid-
ing this value with average Co number per particle gives
a; ~0.01 ps~'. This is comparable to the value o; for the low
energy component. Therefore, the mechanism for the non-
radiative recombination for these two luminescences may be
alike.

IV. CONCLUSION

Time resolved measurements on the band-edge PL from
Co-doped ZnO nanocrystals are performed at 20 K. The high
energy component of the luminescence can be understood as
the emission from undoped nanocrystals whose number is
given by the Poisson distribution. The result shows that the
triplet luminescence is completely quenched in the doped
nanocrystal. The decay curve of the low energy component
of the band-edge PL changes from single exponential to
multi-exponential as doping level is increased. These decay
curves are also reproduced by the calculation assuming the
Poisson distribution of the Co atoms. The increase of the
decay rate caused by one Co inclusion is estimated as 0.012
ps~' for the ZnO nanocrystal with 3.0nm diameter. The
result presented here will be important for elucidation of the
mechanism of non-radiative recombination of carriers in
transition metal doped nanocrystals.
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