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Introducing dual excitation and tunable dual
emission in ZnO through selective lanthanide
(Er3+/Ho3+) doping

Naveen Khichar, Swati Bishnoi and Santa Chawla*

We have introduced dual excitation properties in the multifunctional semiconductor ZnO by controlled

solid state diffusion of dopant lanthanide ions like Er3+ and Ho3+ into the lattice at 500 �C. So far light

emission from doped ZnO has been explored either under UV or IR excitation. Our results show that the

emission colour can be tuned from cyan to red under UV (band edge, 377 nm) excitation and from green

to red under IR (980 nm) excitation in ZnO through selected doping of lanthanide ions. Doping

lanthanide ions in ZnO changes its morphology and emission characteristics. Whereas down conversion

emission under UV excitation is due to across band gap excitation and subsequent donor–acceptor pair

recombination, the dependence of up conversion emission yield on pump laser power indicates that two

to three photon processes may be more effective in ZnO hosts for frequency upconversion.
1. Introduction

Rare-earth (RE) ion doped nanomaterials with up-conversion
(UC) luminescence have a variety of applications in solid-state
lasers, three dimensional displays, solar cells and uorescence
biological labels and have attracted a great deal of attention.1–4

Most such materials comprise complex inorganic hosts of
insulators, mainly uorides. Efficient light emitting properties
from RE ions doped in semiconductor nanoparticles has been a
challenge. The ZnO crystal, a direct band-gap multifunctional
semiconductor with excellent physical and chemical stability
has been identied as an efficient light emitter and has received
extensive attention in the eld of photonic technology.5–15 RE
ion doped ZnO have also applications in high power lasers and
various optoelectronic devices.16,17 Luminescence studies in
ZnO mostly focused on Stokes shied emission under UV
excitation. Reports on anti Stokes UC luminescence in ZnO are
sparse e.g., in ZnO:Er3+ and Er3+, Yb3+ codoped ZnO18–21 and in
Ho3+ and Yb3+ co-doped ZnO.22 In most UC studies, Yb3+ ion is
used as sensitizer for efficient IR absorption and energy transfer
processes to RE ion. However, tunability in Stokes shied
luminescence characteristics of ZnO due to doping of Er3+ and
Ho3+ under UV excitation has not been investigated.

In this work, we provide the rst report on dual excitation
and dual emission characteristics of RE ion doped ZnO which
are excitable by both UV and IR light but exhibit different
emission colour depending upon the dopant. ZnO with
different rare earth ion doping e.g., ZnO, ZnO:Er3+, ZnO:Er3+,
Yb3+, ZnO:Ho3+, ZnO:Ho3+, Yb3+ were synthesized by controlled
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solid state diffusion at relatively low temperature (500 �C). A
detail photoluminescence (PL) spectroscopic study of RE doped
ZnO under both UV and IR (980 nm) excitation clearly indicate
that they exhibit dual mode luminescence characteristics.

2. Experimental

For preparation of undoped ZnO; ZnO:Er3+ (2 mol%); ZnO:Er3+

(2 mol%), Li (2%); ZnO:Er3+ (2 mol%), Yb3+ (10 mol%);
ZnO:Ho3+ (2 mol%) and ZnO:Ho3+ (2 mol%), Yb3+ (10 mol%) by
controlled reaction in the solid state, stoichiometric molar
compositions of commercial ZnO powder and dopant lantha-
nide oxide materials Er2O3, Ho2O3, Yb2O3 and LiOH$2H2O were
taken according to stoichiometric formula with lanthanide ions
as substitutional dopant in zinc position. All the powder
precursors were mixed thoroughly in pestle–mortar and then
packed in highly pure quartz boat. The material was red at 500
�C for 2 hours in air atmosphere. The sintered white mass was
allowed to cool naturally as slow cooling rate allows uniform
temperature distribution throughout the reacting mixture
enabling better dopant substitution and luminescence intensity
in the product. Finally a white sintered mass is obtained aer
cooling which is made into powder form by grinding.

3. Characterisation

The X-ray powder diffraction (XRD) of the synthesized samples
was examined on a Rigaku miniex X-ray diffractometer using
the principle of Bragg–Brentano geometry, with Cu-Ka radiation
(1.54 Å). Diffractograms were recorded in grazing incidence
geometry. The diffraction angle 2q was scanned in the range
20 to 80�.
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The morphology of the synthesized undoped and Lantha-
nide doped ZnO powder samples were inspected using a LEO
440 PC based digital scanning electron microscope (SEM).

The photoluminescence (PL) down and up conversion
properties like excitation, emission spectra and time resolved
decay of luminescence were recorded using combined steady
state uorescence and lifetime spectrometer of Edinburgh
Instruments FLSP920 with Xe lamp as excitation source for
down conversion experiments. For up conversion photo lumi-
nescence measurements, a power tunable 980 nm diode laser
(MDL-N-980-6W) coupled with optical bre, was used as exci-
tation source. For measurements of time resolved luminescence
decay under UV excitation, microsecond pulsed Xe lamp was
used and time correlated single photon counting (TCSPC)
technique was used.
4. Results and discussion
4.1 Phase characterization

Phase characterization of all synthesized undoped and lantha-
nide doped ZnO samples was done by X-ray diffraction and
Fig. 1 shows the intensities of main three peaks (100), (002) and
(101) corresponding to “wurtzite hexagonal” phase of ZnO
(JCPDS Card no. 36-1451). All the peaks of ZnO; ZnO:Er3+;
ZnO:Ho3+; ZnO:Ho3+, Yb3+; ZnO:Er3+, Li+ synthesized by SSR
method are monophasic and could be indexed to “wurtzite
hexagonal” phase of ZnO without any precipitated phase. The
sharp peaks of ZnO indicate that the products are well crystal-
lized and that Er3+, Yb3+, Ho3+ and Li+ doping in ZnO does not
alter its wurtzite structure. The changes in peak intensities due
to Er3+, Yb3+, Ho3+ and Li+ doping indicate that due to doping
diffracted peak intensity decreases. A close comparison of the
diffraction angle with different doping (Fig. 1) suggests peak
shi and hence change in lattices parameters due to substitu-
tional doping of Er3+ (effective ionic radii 0.103 nm), Yb3+

(effective ionic radii 0.101 nm), Ho3+ (effective ionic radii
Fig. 1 Comparison between XRD patterns of undoped ZnO and ZnO
with different rare earth doping, inset shows the XRD spectra of
ZnO:Er, Yb.
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0.104 nm), in place of Zn2+ (effective ionic radii 0.088 nm). The
powder X-ray diffraction spectra of ZnO:Er3+, Yb3+ sample shows
poor crystallinity compared to other samples as well as presence
of peaks other than ZnO occurring from RE precursors (inset of
Fig. 1). The variation of lattice parameters ‘a’ and ‘c’with doping
of Er3+, Yb3+, Ho3+ and Li+ in ZnO is shown in Table 1. As
substitutional Er3+ has larger ionic radius (0.103 nm) than Zn2+

(0.088 nm), Er–O bond contraction would result in decrease in
crystalline parameters ‘a’ and ‘c’ as evidenced in Table 1. Charge
compensation by addition of monovalent Li+, however restores
the lattice parameters of undoped ZnO.
4.2 Morphology

The SEM micrographs of ZnO with different rare earth doping
are shown in Fig. 2. The pure undoped ZnO sample consist of
rounded grains that sometimes coalesce to form a oral
morphology, while all the doped ZnO sample exhibit ake like
morphology as shown in Fig. 2. As all the samples have been
prepared under identical synthesis condition, the change in
morphology could only be due to strain induced in the lattice by
doping larger RE ions. Dopant induced morphology changes in
ZnO have also been reported earlier.23,24
4.3 Down conversion luminescence

The photoluminescence excitation and emission spectra (Fig. 3)
and corresponding photographs of powder samples under UV
(377 nm) excitation displayed as insets clearly reveal the tunable
emission from ZnO due to doping of rare earth ions. The exci-
tation spectra shows sharp band edge absorption of ZnO at 377
nm for all undoped as well as doped samples and all PL emis-
sion spectra are recorded under 377 nm excitation. Undoped
ZnO shows broad blue green (cyan) emission peaking at 505
nm. The intrinsic cyan luminescence of undoped ZnO changes
due to lanthanum doping and ZnO:Er3+ sample emits broad red
emission peaking at 626 nm and Ho3+ doped ZnO sample emits
broad red emission peaking at 619 nm. With addition of co
dopant Yb3+, the ZnO:Ho3+, Yb3+ sample also emits in red
region with broad emission maxima at 625 nm. The emission
under UV excitation originates due to donor–acceptor pair
(DAP) recombination between various intrinsic and extrinsic
(dopant related) defects. As the trap level energy position
Table 1 Change in lattice parameters and luminescence decay time
due to lanthanide doping in ZnO

Sample
Crystallite
parameter

Luminescence decay time s
(microsecond) (relative%)

Name a c s1 s2

Undoped ZnO 3.2407 5.1922 1.35 (30.45%) 8.47 (69.55%)
ZnO:Er3+ 3.2387 5.1864 3.51 (24.09%) 23.68 (75.97%)
ZnO:Er3+, Li 3.2407 5.1922 — —
ZnO:Er3+, Yb3+ 3.2469 5.1907 1.636 (31.65%) 20.58 (68.35%)
ZnO:Ho3+ 3.2387 5.1864 3.38 (20.54%) 27.5 (79.46%)
ZnO:Ho3+, Yb3+ 3.2407 5.1922 1.60 (36.86%) 23.24 (63.14%)

This journal is © The Royal Society of Chemistry 2014



Fig. 2 SEM image of (a) ZnO (b) ZnO annealed (c) Er3+ doped ZnO (d)
Er3+:Yb3+doped ZnO (e) Ho3+ doped ZnO (f) Ho3+:Yb3+doped ZnO.

Fig. 3 Downconversion emission spectra under UV excitation of
undoped and various lanthanide doped ZnO samples. The inset shows
the photograph of the samples under UV light.
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changes due to different donor levels corresponding to Er3+,
Yb3+ and Ho3+, the broad peak due to DAP recombination shis.

Charge compensation in ZnO doped with Er3+/Ho3+ and Yb3+

would require that e.g., two Er3+ ions are substituted for three
Zn2+ ions. For trivalent state of Er3+ dopant, overall charge
neutrality in the lattice could be maintained either by creating
one Zn2+ vacancy for incorporation of each two Er3+ ions or
introducing one oxygen interstitial (Oi

2�) defect in the following
manner:

3Zn2+ ¼ 2ErZn3+ + VZn2+ (1)

or,

3Zn2+ ¼ 2ErZn3+ + Zn2+ + Oi
2� (2)

Both the point defects Vzn (0.3 eV above valence band) and Oi

(1.08 eV above the valence band) act as acceptor centres in
ZnO,25 but formation probability of interstitial oxygen centres
(Oi) is less due to bigger size of oxygen atoms (0.126 nm). On the
contrary, as the ZnO samples are synthesized in oxygen rich
atmosphere, zinc vacancies are more favourable as they have
very low formation energy. VZn centre lies 0.3 eV above ZnO
valence band.25 Recombination of electrons from an intrinsic
This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 18811–18817 | 18813
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donor level to VZn acceptor centre give rise to blue green (cyan)
emission in undoped ZnO (Fig. 3, inset). On doping Er3+/Ho3+ in
ZnO, the intrinsic point defects created by trivalent dopants in
zinc substitutional position makes donor centres and also
enhances the presence of zinc vacancies in the neighbourhood
for charge compensation. Recombination between such donor–
acceptor pair give rise to red luminescence in Er3+/Ho3+ doped
ZnO. The excitation and recombination processes are eluci-
dated in the energy level diagram (Fig. 5).

4.4 Up conversion luminescence

The upconversion photoluminescence emission spectra of rare
earth ion doped ZnO samples under different excitation laser
(980 nm) power are shown in Fig. 4. The UC spectra of ZnO:Er3+

sample exhibit dominant red emission (peak at 663 nm) cor-
responding to transition from level 4F9/2–

4I15/2 and smaller
green emission peaks (at 523 nm and 545 nm). The ZnO:Er3+,
Yb3+ sample shows change in the ratio of red and green emis-
sion. ZnO:Er3+, Li+ samples show very poor UC emission.
ZnO:Ho3+ sample emits green (peak at 545 nm) and red (peak at
652 nm) in comparable proportion resulting in a green yellow
uorescent colour. ZnO:Ho3+, Yb3+ sample shows predomi-
nantly green peak at 545 nm yielding green UC uorescence and
Fig. 4 Up conversion PL spectra and inset showing dependence of UC i
ZnO doped with Er3+; Er3+, Yb3+; Ho3+; Ho3+, Yb3+. The insets show the

18814 | RSC Adv., 2014, 4, 18811–18817
about 70 times increase in green UC luminescence is observed
due to Yb3+ codoping. Though in most UC phosphors, UC
emission intensity increases with Yb3+ codoping, in case of
ZnO:Er3+, Yb3+ the UC emission intensity decreased. This has
happened due to poor crystallinity of ZnO:Er3+, Yb3+ samples
synthesized at 500 �C (shown as inset of Fig. 1) with presence of
some unreacted precursors. Due to lattice strain arising from
Yb3+ codoping in ZnO:Er3+, ‘a’ and ‘c’ value change to 3.2469 Å
and 5.1907 Å compared to that of undoped ZnO – 3.2407 Å and
5.1922 Å (Table 1). Whereas ZnO:Ho3+, Yb3+ samples show very
good crystallinity with lattice parameters corresponding well
with that of undoped ZnO. Due to this, the PL emission both
under UV and IR excitation from ZnO:Er3+, Yb3+ samples are
very poor. Moreover, it has also been reported that higher Yb3+

concentration that 5 mol% in ZnO:Er3+, Yb3+ lead to decrease
in intensity.21

As up conversion emission involves absorption of multiple
photons of lower energy (IR) by the phosphor material to emit a
single photon of higher energy (visible), the dependence of UC
emission intensity (IUC) on the pump IR laser power (Ii) follows a
power law represented by IUC f Ii

n. The upconversion emission
efficiency is also dependent upon the non radiative multi-
phonon relaxation processes that are dependent upon the host
ntensity with pump power of the green, red and integrated emission of
colour of samples under IR excitation.

This journal is © The Royal Society of Chemistry 2014
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lattice. The oxide semiconductor has low phonon energy with a
characteristic 440 cm�1 energy corresponding to Zn–O vibra-
tional bond.19 Low phonon energy of the host facilitates the
active lanthanide ions to relax to ground state by emitting
photons rather than phonons. In order to investigate the
multiple photon absorption process in RE ion doped ZnO, the
dependence of integrated up-converted emission intensity on
IR laser excitation power has been calculated for each sample
and is shown as the power pump plot in insets of each UC PL
spectra. We have integrated the emission spectra separately
under green emission region as well as red emission region and
also the total integrated intensity of emission spectra and
plotted against the pump laser power.

ZnO:Er3+ samples displays slope of 2.19� 0.03 for integrated
emission and 2.12 � 0.02 for only red emission. For the
ZnO:Er3+, Yb3+ sample, the integrated emission slope value is
1.26 and red emission slope is 1.24. Similarly for ZnO:Ho3+

sample, the slope values are 1.38 � 0.11, 1.48 � 0.05, 1.40 �
0.07 for red, green and integrated emission respectively. For
ZnO:Ho3+, Yb3+ sample, slope values are 2.47 � 0.04, 2.56 �
0.04, 2.42 � 0.01 for red, green and integrated emission
respectively. The results indicate that two photon processes are
mainly responsible for the observed up-converted emissions in
Er3+/Ho3+ doped ZnO. It is also evident for ZnO:Ho3+, Yb3+

samples, the photon yield is very high and slope value is more
than 2 suggesting that three photon absorption may be more
effective for frequency upconversion process in ZnO host. The
UC excitation process from ground state of the RE ion to
respective emitting level may involve two to three photons
depending upon the concentration of rare earth ions and
possible energy transfer and cross relaxation processes between
levels. Three photon processes have also been reported for
ZnO:Er3+, Yb3+ due to cross relaxation between levels21 and in
Y2O3:Er

3+, Yb3+,26 in ZrO2:Er
3+,27 in NaYF4:Er

3+, Yb3+.28
4.5 Energy level diagram

The excitation and emission processes for both down and up
conversion luminescence are elucidated in the energy level
diagram including the f–f levels of Er3+, Yb3+, Ho3+ ions in Fig. 5.
Under 377 nm band edge excitation, electrons excited to the
conduction band can relax to various donor levels (intrinsic as
well as created by dopant trivalent RE ion) and radiatively
recombine with the acceptor centre to produce luminescence as
indicated in Fig. 5.

Under 980 nm excitation, the emitter Er3+ and Ho3+ ions can
directly get excited from their respective ground states to excited
state e.g., 4I15/2–

4I11/2 (Er
3+) and 5I8–

5I5 (Ho3+) and then to upper
levels by two photon absorption process as the respective level
spacing correspond to excitation energy. In UC phosphors,
usually Yb3+ is codoped as a sensitizer since Yb3+ ions can
resonantly absorb 980 nm photons corresponding to the level
spacing 2F7/2 to 2F5/2 and have larger excitation cross section
than the emitter such as Er3+ and Ho3+. Yb3+ concentration is
usually kept higher to ensure more number of Yb3+ ions on the
2F5/2 excited state. Upon irradiation by 980 nm laser, two Yb3+

ions resonantly absorb two IR photons and reach 2F5/2 excited
This journal is © The Royal Society of Chemistry 2014
state when one Yb3+ ion transfers energy to the second Yb3+ ion
(Fig. 5) to go back to ground state 2F7/2. The excited Yb3+ ion
non-radiatively transfers the energy to neighbouring Ho3+ ions
exciting them to various upper levels from their respective
ground state. Er3+ and Ho3+ ions emitting multiband light with
Yb3+ acting as a sensitizer has been reported in many
papers.29–31 The upconversion emission in Er3+ are explained by
several mechanisms such as19 (a) Excited State Absorption (ESA)
(b) Energy Transfer (ET) (c) Photon Avalanche (PA). In the
present case, since no power threshold was observed, PA
mechanism can be ruled out. For Yb3+ sensitized samples, the
excited Yb3+ ion transfer its energy to Er3+ ions, Er3+ then
undergoes 4I15/2–

4I11/2 and 4I11/2–
4F7/2 transition. Due to non-

radiative process involving lattice phonons in Er3+ the electron
in the 4F7/2 state undergo nonradiative decay to 2H11/2,

4S3/2 and
4F9/2 level.20 Finally in emission process the excited electrons in
4S3/2,

4F9/2,
2H11/2 transit back to 4I15/2 ground state giving rise to

Er3+ emission peaks at 525 nm, 545 nm and 663 nm. For only
Er3+ doped ZnO, since the red emission is dominant, the pop-
ulation of 4F9/2 level is high which could happen through
ground state absorption from 4I15/2 level, excited state absorp-
tion from 4I11/2 and some cross relaxation between 4F7/2 and
4I11/2 levels as this provides a low energy loss (80 cm�1)
pathway18 compared to multiphonon relaxation from 4F7/2 level
as the energy gap is high.

In Yb3+, Ho3+ system, excited sensitizer ion Yb3+ transfer
energy to Ho3+ ion exciting them to higher levels. Two consec-
utive ET from Yb3+ to Ho3+ can raise the Ho3+ ions to the 5S2,

5F4
levels and the green emission occurs when Ho3+ ions in the 5S2,
5F4 levels relax to ground state 5I8 by emission of green photons
(Fig. 5). ESA from Ho3+ 5I6–

5S2 can also raise the emitting Ho3+

ions to the green emitting level as the pump laser energy
matches well with the level spacing. Due to large population in
5S2,

5F4 levels, the green emission intensity is high. The non
radiative relaxation probability from 5S2,

5F4 level to lower 5F5
level depends upon the host phonon energy and the red emis-
sion at 652 nm happens due to 5F5–

5I8 transition. The non
radiative transition to 5F5 level reduces drastically upon
codoping Yb3+ ions and the green emission becomes very
dominant with much higher emission intensity. The red emit-
ting 5F5 level may be populated by 5I7–

5F5 absorption,32 cross
relaxation (CR) may also happen due to ion–ion interaction.
From the slope of pump power plot, the UC process in ZnO:Ho3+

(slope �1.5) is a two photon process whereas in ZnO:Ho3+, Yb3+

(slope �2.5) is two to three photon process for excitation to 5S2,
5F4 levels and predominant green emission.

The UC and DC spectra described above clearly indicate that
rare earth metal ions Er3+/Ho3+ doped ZnO exhibit dual mode
luminescence characteristics. They are excitable by UV as well as
IR light and the emission spectra also differ.
4.6 Chromaticity of the lanthanide doped dual excitation
ZnO

The chromaticity co-ordinates of both DC and UC emission for
undoped and lanthanide doped ZnO samples have been
calculated from their respective emission spectra according to
RSC Adv., 2014, 4, 18811–18817 | 18815



Fig. 5 Schematic energy level diagram, showing the DC and UCmechanisms in ZnO nanocrystals doped with Er3+; Er3+, Yb3+; Ho3+; Ho3+, Yb3+

under UV and 980 nm excitation respectively.

Fig. 6 (a) Colour coordinates of DC (under UV excitation) and UC (under IR excitation) and (b) luminescence decays of ZnO and ZnO doped with
various lanthanide dopants.
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the procedures of Commission of International de L'Eclairage
(CIE), France.33 The colour coordinates of each sample under
UV (DC) and IR (UC) excitation is shown in the chromaticity
diagram Fig. 6(a) which clearly indicate that due to lanthanide
doping in ZnO, the DC emission can be tuned from cyan to red
and UC emission from green to orange red.

4.7 Time resolved luminescence decay

Time resolved luminescence decay of undoped and ZnO doped
with different rare earth ions under UV (377 nm) excitation is
shown in Fig. 6(b). The decay is in microsecond range and the
decay curves can be tted into bi exponentials. The decay times
18816 | RSC Adv., 2014, 4, 18811–18817
are indicative of donor–acceptor pair recombination. It can be
noted that undoped ZnO sample has comparatively fast decay,
doping increases its decay time as shown in Fig. 6(b). The decay
times of each sample at peak emission wavelength under UV
excitation and relative contribution of each component are lis-
ted in Table 1.
5. Conclusion

Controlled solid state diffusion of trivalent lanthanide ions in
ZnO at relatively low temperature (500 �C) lead to formation of
ZnO; ZnO:Er3+; ZnO:Er3+, Yb3+; ZnO:Ho3+; ZnO:Ho3+, Yb3+ nano
This journal is © The Royal Society of Chemistry 2014
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and microcrystals with varied morphology. Whereas undoped
ZnO synthesized in identical conditions yield cyan uorescence,
Er3+/Ho3+ doping changes the uorescence colour to different
hues of red under band edge (377 nm) UV excitation. RE doped
ZnO samples exhibit UC luminescence with colour ranging
from green to orange red due to different emission ratio of
green and red depending upon the light emitting ion Er3+/Ho3+

and sensitizer Yb3+. The results conclusively show that ZnO can
function as a phosphor in dual excitation mode of both down
and up conversion at the same time and the emission can be
tuned widely in the visible range through trivalent lanthanide
doping. Such ZnO samples with dual excitation and tunable
dual emission have immense potential in light emitting devices
and solar cell applications.
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