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 1 Introduction Zinc oxide, one of the most promising 
material, has been demonstrated to be applicable in solar 
cells [1, 2], light-emitting diodes [3, 4], room temperature 
ultraviolet lasers [5], gas sensor [6], field-effect transistors 
[7] and piezoelectric-gated diode [8]. It has attracted in-
creasing interest in fabricating ZnO structures with de-
signed morphology and properties while the desired optical 
and electrical properties could be achieved by doping ZnO 
with various elements. 
 Introduction of impurity atoms is the most widely 
adopted method to tune the magnetic, electrical and optical 
properties of materials, but doping becomes difficult in 
aqueous systems because doping species would form 
metal-aquo complex easily and not merge into the crystal 
lattice [9]. The Er-doped semiconductors are the potential 
optoelectronic materials [10–13] due to the Er intra-4f 
shell transition with a photoemission at a wavelength of 

1.54 µm, which lies in the minimum loss region of silica-
based optical fibers [10, 14]. Zinc oxide is chosen to be the 
host semiconductor [15–17], not only due to the wide band 
gap which can be applicable to the excitation of Er, but 
also the controllable electrical conductivity [18]. 
 Up to now, physical doping methods, such as ion im-
plantation [19], laser ablation [16], and high temperature 
calcinations [15, 20], have mainly been used to introduce 
Er into ZnO substrate, while most researches focused on 
the formation of films. Recently, Er-doped ZnO nanowires 
have been fabricated using Er-ion implantation [19]. How-
ever, a high density of defects, such as end-of-range (EOR) 
defects [21], were formed in the ion-implanted samples. 
The defects are detrimental to device applications but per-
sist even after annealing at high temperature for a long time. 
 Herein, we report a facile method for the fabrication  
of single-crystal Er-doped ZnO structures in large scale 

A new strategy to introduce metallic dopant into ZnO struc-

tures by a wet chemical reaction is presented. Single-crystal 

Er-doped ZnO flower-like structures have been synthesized 

on ZnO-coated silicon substrate by a low temperature hydro-

thermal process. The Er-doped ZnO structures exhibit prom-

ising 1.54 µm photoluminescence emission for optoelectronic 

communication. The successful doping has been confirmed 

by the X-ray diffraction, transmission electron microscopy, 

X-ray photoemission spectroscopy and photoluminescence 

measurements. The achievement to introduce Er dopants into

 ZnO flower-like structures by the time- and cost-effective wet 

chemical reaction at low temperature for the first time has 

vast potential to scale up for possible applications. The photo-

luminescence properties are significantly improved compared 

to that reported in the literature for the Er-doped nanowires 

and thin films and shall be much more applicable in optical 

and communication devices. The flower-like structures are 

expected to be advantageous in serving as a multi-directional 

infrared emitters and/or detectors. 
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based on hydrothermal process to introduce Er into ZnO 
structures. Compared to physical doping methods, hydro-
thermal method are advantageous for low reaction tem-
perature, low cost, minimum equipment requirement,  
atmospheric pressure and product homogeneity [9, 23–25]. 
In addition, doping species will fill into the whole struc- 
ture and not only on the surface. The proper reaction  
conditions to grow Er-doped ZnO flower-like structures 
were found to be very constricted by varying the concen-
tration of reactants, additive amount of base and Er salt, 
species of mineralizers as well as reaction temperature and 
time. 
 
 2 Experimental The growth on Si wafer was carried 
out using a hydrothermal process. Si wafer (001) was cut 
into 1 × 1 cm2 slices as substrates and then cleaned ultra-
sonically for 10 min in acetone. All chemical reagents util-
ized in the present study were of analytical grade (AR) and 
used without further purification. A thin film of zinc ace-
tate was spin coated on the substrate with a solution con-
taining 5 mM zinc acetate dihydrate (98%, Aldrich) added 
to the ethanol for 10 times. ZnO films of 5–10 nm thick-
ness were produced after annealing at 300 °C in air for 
20 min [9]. ZnO flower-like structures were grown by an 
aqueous chemical method in 100 ml of aqueous solution 
containing 10 mM zinc nitrate hexahydrate (98%, Aldrich) 
and 2.5 ml ammonia solution (28%, Showa). The substrate 
was positioned at the bottom of the beaker and heated to 
90 °C or for 2 h. On the other hand, Er-doped ZnO flower-
like structures were formed under the same reaction condi-
tion with extra amount (443.4 mg) of erbium nitrate penta-
hydrate (99.9%, Aldrich) added into solution. The products 
on Si wafer were cleaned with deionized water and than 
dried in an air atmosphere. 
 The ZnO structures were examined with a field emis-
sion scanning electron microscope (FESEM) using a JEOL 
JSM-6500F SEM operating at 10 kV accelerating voltage. 
The cathodoluminescence (CL) spectra were acquired with 
an electron probe microanalyzer (Shimadzu EPMA-1500) 
attached to an SEM. CL spectra were acquired in a single 
shot mode within an exposure rate of 2 nm/s and were 
taken at room temperature. A JEOL-2010 transmission 
electron microscope (TEM) operating at 200 kV was used 
to examine the microstructures. An electron dispersive 
spectrometer (EDS) attached to the TEM was used to de-
termine the composition of flower-like structures. The  
X-ray diffraction (XRD) spectra were taken for phase iden-
tification with a Shimadzu 6000-XRD with Cu Kα radia-
tion (λ = 0.154 nm). Photoluminescence (PL) properties 
were measured at room temperature with a He–Cd laser as 
the excitation source. The collected luminescence was  
dispersed by a 0.19 m monochromator equipped with a 
600 gr/mm grating, and was detected by a extended In-
GaAs detector (cutoff wavelength 2.4 µm) using a standard 
lock-in technique. The X-ray photoelectron spectroscopy 
(XPS) was carried out with an ESCA model PHI 1600 to 
obtain the binding energy of Er. 

 3 Results and discussion Figure 1 shows XRD pat-
terns of the samples with and without Er-doping. All the 
diffraction peaks can be indexed to those of Wurtzite  
(hexagonal) ZnO structure and the sharp diffraction peaks 
indicate the good crystallinity of the as-synthesized prod-
ucts. The differing of relative intensities of the peak from 
the standard pattern of the bulk material is caused by pre-
ferred orientation and distribution of the ZnO crystals on 
the substrate surface [26]. It is worth mentioning that no 
Er2O3 diffraction peaks were observed in the XRD patterns 
indicating the absence of Er2O3 either on the ZnO surface 
or in the ZnO structures. 
 Figure 2 shows the XPS spectra which disclose the 
binding state of the compositional elements. The Er 4d 
peak of the Er-doped ZnO flower-like structures is ob-
served at 170.8 eV. For the pure ZnO flower-like structures, 
no signals at this region are detected in the spectrum. The 
result suggests the oxidized state of Er in ZnO flower-like 
structures and indicates the existence of Er within flower-
like structures. It is worthwhile to mention that because of 
the instrumental limitation, the two peaks which stand for 
Er 4d3/2 (176.7 eV) and Er 4d5/2 (167.6 eV) can not be re-
solved. 
 The morphology of the as-synthesized products has 
been examined by SEM. The general morphologies of pure 
and Er-doped ZnO flower-like structures are similar, as 
shown in Fig. 3(a) and (b). The pure ZnO flower-like 
structures appear to grow with more petals than Er-doped 
ones. The density of ZnO flower-like structures decreases 
when equimolar erbium nitrate pentahydrate was added. 
Each petal of ZnO flower-like structures is a needle-like 
rod, which is grown from the core of flower-like structures. 
 A TEM image is shown in Fig. 3(c). The diameter and 
the average length of individual petals vary in the range of 
300–600 nm and 2–3 µm, respectively. The Er-doped 
ZnO flower-like structures are uniformly spread on Si 
susbtrate and can be prepared in large quantity in a short 
period of time. Figure 3(d) shows a high-resolution TEM 
(HRTEM) image taken from a petal of Er-doped flower-
like  structure.  The  corresponding  selected  area electron  
 

 

Figure 1 (online colour at: www.pss-a.com) XRD patterns of (a) 

pure ZnO and (b) Er-doped ZnO flower-like structures. 
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Figure 2 (online colour at: www.pss-a.com) XPS spectra of Er 

4d band of (a) pure ZnO and (b) Er-doped ZnO flower-like struc-

tures. 

 

diffraction (SAED) pattern, shown in the inset of Fig. 3(d), 
indicates that it is of single-crystal structure with  
[001] growth direction. The Er L edge and M edge signals  
in EDS spectra disclose the existence of Er atoms, as 
shown in Fig. 3(e). The average local Er concentration was 
found to be about 2.12%. In addition, when focusing the 
electron probe on the edges of petals of Er-doped flower-
like structures, there were no polycrystalline Er2O3 layers 
or grains found in the SEM images. In the corresponding  
 

 

Figure 3 (a) SEM image of ZnO flower-like structures on Si sub-

strate. (b) SEM image of Er-doped ZnO flower-like structures on 

Si substrate. (c) TEM image of Er-doped ZnO flower-like struc-

tures. (d) SAED pattern and HRTEM image revealing the single 

crystallinity and [001] growth direction of a ZnO petal. (e) EDX 

spectrum taken from the middle region of a petal. 

 

Figure 4 (online colour at: www.pss-a.com) Room-temperature 

PL spectra of (a) as-synthesized Er-doped ZnO flower-like struc-

tures and (b) Er2O3 standard. 

 

SAED, no rings which could be ascribed to Er2O3 grains 
on the surface were observed. The results from TEM 
analyses are consistent with XRD as well as XPS data and 
further confirmed that Er atoms have been incorporated 
into ZnO lattice but not attached on the surface of ZnO 
structures. 
 The PL spectra of Er-doped ZnO flower-like structures 
and Er2O3 powder are shown in Fig. 4. A peak centered at 
1540 nm was observed corresponding to the intra-4f shell 
transition. The Er emission mechanism is through the gen-
eration of electron–hole pairs under irradiation of laser 
beam, and the absorbed energy is then transferred to Er3+ 
ions [10]. The desired 1.54 µm emission comes from the 
relaxation of Er3+ ion from the metastable state (4I13/2) to 
the ground state (4I15/2). As shown in Fig. 4, a weak and a 
very strong peaks around 1.54 µm were caused by the 
Er2O3 standards and Er-doped ZnO flower-like structures, 
respectively. The intense and sharp peak of Er-doped ZnO 
flower-like structures reveals a successful Er-doping in 
ZnO and, at the same time, not through the formation of 
erbium oxide. 
 The full width at half maximum (FWHM) of 1.54 µm 
peak for Er-doped ZnO flower-like structures was meas-
ured to be 5.9 nm. This compares favorably with a value of 
48.6 nm for Er-ion implanted ZnO nanowires reported in 
the literature for the only other Er-doped nanowire work 
[19] as well as Er-doped ZnO thin films [16, 20]. The 
much narrower 1.54 µm peak of Er-doped flower-like 
structures is attributed to the absence of structural defects. 
Distinct defects caused by ion-implantation were observed 
in TEM images and these defects are detrimental to the PL 
properties. Furthermore, the defects could not be com-
pletely removed even after annealing at 800 °C for 1 hr 
[19]. On the other hand, the Er-doped ZnO flower-like 
structures synthesized by low temperature hydrothermal 
method are essentially free from structural defects. The 
significantly narrower (less than one-eighths) FWHM of 
PL peak of Er-doped ZnO flower-like structures shall be 
much more applicable in optical and communication de-
vices. 
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 The formation of Er-doped ZnO flower-like structures 
is proposed to follow the series of chemical reactions: 

+

2 4
NH H O NH OH ,

−

⋅ → +3  (1) 

2 2
Zn NH H O Zn(NH ) H O ,+ +

+ ⋅ → +
2 2

3 3 44 4  (2) 

2
Zn(NH ) OH ZnO NH H O .+ −

↑
+ → + +

2
3 4 32 4  (3) 

 In solution, the formation of ZnO structures is through 
the nucleation and growth process. When zinc nitrate pen-
tahydrate was dissolved into DI water, the zinc cations 
were formed. The combination of zinc and ammonia re-
sults in the Zn(NH3)4

2+ complex which is likely to be the ac-
tive site of growth. The fast nucleation of ZnO leads to 
more nucleation sites. The nuclei agglomerated under su-
persaturation. To minimize surface energy, each of them 
grows along the c-axis from the circumference of ZnO core, 
and the flower-like structure composed of rods is con-
structed [25, 27]. 
 The morphology and property of synthesized products 
can be substantially changed by fine tuning the condition 
of reaction, such as the pH value, temperature and concen-
tration of reactants. The concentrations of zinc nitrate 
hexahydrate and erbium nitrate pentahydrate were found to 
be critical parameters in affecting morphology. The best 
condition, which introduced Er into ZnO lattice and main-
tained the structure of flower-like structures, was achieved 
when equimolar Er and Zn sources were added into solu-
tion (both Zn and Er source are 10 mM in solution). When 
the concentration of Er(NO3)3 is reduced to half of 
Zn(NO3)2, Er barely fills into ZnO lattice. Only trivial value 
of Er was detected in EDS. In contrast, excess amount  
of Er(NO3)3 would severely etch the surface of flower-like 
structures. When the amount of erbium source was twice 
of that of zinc source, 4.96 at% Er atoms were found  
to dope into ZnO from the EDS detection. At this condition, 
although the flower-like structures remained, all petals  
were severely etched (not shown). When the quantity of 
Er(NO3)3 was much more than zinc source e.g. the concen-
tration of Er(NO3)3 was more than three times of that 
Zn(NO3)2, mostly non-uniform film on Si wafer instead of a 
high density of flower-like structures was formed (not 
shown). 

 The amount of ammonia, a weak base with 4.75 pKb 
value, also plays an important role in the reaction. Ammo-
nia affects the products of reaction in two major aspects 
[22].  During reaction process, ammonia serves as a com- 
plex agent, which forms the Zn(NH3)4

2+ complex with zinc 
ion. In addition, the pH value of aqueous solution is ad-
justed by the hydrolysis of ammonia. The flower-like 
structures were formed due to the coordination of ammonia 
on ZnO crystal and hindrance of the growth on some sur-
face [9]. With increasing concentration of ammonia in re-
action, the density of product decreased and each petal 
grew thinner and longer in appearance, as shown in Fig. 5. 
Furthermore, Er was only detected by EDS in the samples 
synthesized with 2.5% ammonia. 
 In wet chemical reactions, mineralizers are key factors 
to determine the morphology of products. Various mineral-
izers, for example hexamethylenetetramine (HMTA),  
1,3-diaminopropane (1,3-DAP) and ammonia were exam-
ined in reactions, as shown in Fig. 6. While different mor-
phologies accompany varied mineralizers, Er signal was 
only detected by EDS in samples prepared with ammonia 
as the mineralizer. The results indicate that the NH3 ligands 
play an important role in the formation of Er-doped ZnO 
flower-like structures. The Er3+ anion might form complex 
with ammonia in solution. When appropriate amount of 
Er(NH3)x

3+ complex was present in solution, with the heat-
ing and stirring, the complex might play the role to provide 
Er source during the growth of Er-doped ZnO flower-like 
structures. On the other hand, HMTA and 1,3-DAP might 
not possess the similar reactivity with Er3+ under the same 
reacting condition. Furthermore, three kinds of seed layers 
prepared by spin coating with different solution content 
were tested. However, only the seed layer prepared by 
5 mM Zn(NO3)2 in ethanol produced desired products. Af-
ter a series of deliberate and systematic attempts, we found 
that the Er atoms were only introduced into ZnO lattice in 
a very constricted reaction condition. With careful control 
over the concentration of Er source and mineralizer as well 
as seed layer, the Er-doped ZnO flower-like structures 
were successfully synthesized. The difficulty could be at-
tributed to that doping atoms would easily form aquo ions 
but not be incorporated into the crystal lattice [9]. 
 A widely adopted model was proposed by Ishii et al. 
for explaining the local structure of an optically active cen- 

 

 

Figure 5 SEM images of ZnO products prepared with different ammonia concentrations at 90 °C for 2 h. (a) 1.5% ammonia, (b) 2.5% 

ammonia, (c) 3.5% ammonia. Er was only detected by EDS in the samples synthesized with 2.5% ammonia. 
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Figure 6 Effects of various mineralizers on the morphology of ZnO structures synthesized by hydrothermal method. (a) Hexamethyl-

enetetramine (HMTA), (b) 1,3-diaminopropane (1,3-DAP), (c) ammonia. Er was only detected in EDS when ammonia serves as a 

mineralizer. 

 
ter in Er-doped ZnO thin film [17]. The Er atoms intro-
duced into ZnO with physical doping methods, for instance 
ion implantation and laser ablation, was surrounded by 
eight oxygen atoms. After annealing, a pseudo-octahedral 
structure with C4v symmetry is formed due to the resistance 
of Er–O bond to O diffusion during annealing. In physical 
doping methods, Er atoms were incorporated into ZnO lat-
tice under an applied force. On the other hand, the detailed 
route of Er entering into Wurtzite-structure ZnO by low 
temperature hydrothermal process remained unclear. The 
present study has demonstrated that the amount of dopant, 
the characteristic and concentration of mineralizers are the 
decisive factors for the incorporation of metallic atoms into 
the lattice of substrate in low temperature aqueous system. 
 The room-temperature CL was used to characterize the 
optical properties of ZnO and Er-doped ZnO structures as 
shown in Fig. 7. The ZnO flower-like structures have an 
UV emission at 384 nm, which comes from the band edge 
emission, and a high intensity green emission at 564 nm, 
attributed to native point defects [28]. The relatively strong 
green luminescence (about 3 times stronger than ZnO band 
edge emission) indicates the presence of numerous defects 
in the flower-like structure. Since the reaction proceeds 
rapidly in aqueous solution, defects are easily formed in 
the rapid growth process. The presence of a high density of 
  

 

Figure 7 (online colour at: www.pss-a.com) Cathodolumi-

nescence spectra of pure and Er-doped ZnO flower-like struc- 

tures. 

defects in structures may facilitate the doping of Er into 
ZnO. The CL spectrum of Er-doped ZnO flower-like struc-
tures also revealed that green emission is significantly  
enhanced (about 8 times stronger than ZnO band edge 
emission). The increase in native defects can be ascribed to 
that when Er3+ replaces Zn2+, oxygen defects are usually 
generated to keep the charge neutrality [19]. The enhance-
ment of green emission is therefore correlated well with 
the successful substitution of Er atoms into Zn sites in the 
ZnO lattice. 
 
 4 Conclusions In conclusion, the synthesis of single-
crystal Er-doped ZnO structures by a low-temperature 
hydrothermal process was achieved for the first time. XRD, 
ESCA, TEM/EDS and PL all confirmed that Er atoms 
were incorporated into ZnO lattice. Owing to the difficulty 
in introducing dopant atoms into crystal lattice in low-
temperature wet chemical reaction, the Er-doped ZnO 
flower-like structures were successfully synthesized only 
with careful control over the concentration of Er source 
and mineralizer as well as seed layer. The wet chemical 
method for doping Er has advantages in low reaction tem-
perature, low cost, minimum equipment requirement and 
product homogeneity over physical doping methods. The 
best ever narrow FWHM of 1.54 µm PL peak of Er-doped 
ZnO flower-like structures shall facilitate their application 
as multidirectional emitting and/or detection source for in-
frared optoelectronic devices. 
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