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ABSTRACT: Due to the abundance of intrinsic defects in zinc oxide (ZnO) the material properties are often governed by 
same. Knowledge of the defect chemistry has proven to be highly important, especially in terms of the photo-catalytic 
degradation of pollutants. Given the fact that defect-free materials or structures exhibiting only one type of defect are 
extremely difficult to produce, it is necessary to evaluate what influence various defects may have when present together 
in the material. In this study, intentionally defect-rich ZnO nanorod (NR) arrays are grown using a simple low-
temperature solution-based growth technique. Upon changing the defect chemistry using rapid thermal annealing (RTA) 
the material properties are carefully assessed and correlated to the resulting photo-catalytic properties. Special focus is 
put on the investigation of these properties for samples showing strong orange photoluminescence (PL). It is shown that 
intense orange emitting NR arrays exhibit improved dye-degradation rates under UV-light irradiation. Furthermore 
strong dye-adsorption has been observed for some samples. This behavior is found to stem from a graphitic surface struc-
ture (e.g. shell) formed during RTA in vacuum. Since orange-luminescent samples also exhibit an enhancement of the 
dye-adsorption a possible interplay and synergy of these two defects is elucidated. Additionally, evidence is presented 
suggesting that in annealed ZnO NRs structural defects may be responsible for the often observed PL emission at 3.31 eV. 
However, a clear correlation with the photo-catalytic properties could not be established for these defects. Building on 
the specific findings presented here, this study also presents some more general guidelines which it is suggested, should 
be employed when assessing the photo-catalytic properties of defect-rich ZnO. 

Introduction 

Governed by its low-cost, environmentally friendly and 
earth-abundant nature ZnO represents a promising mate-
rial to be used in various applications such as gas 
sensing,1, 2 light emitting diodes,3-6 photovoltaics as well as 
photo-(electro)chemical (PEC) applications.7-15 In these 
applications the material performance is dramatically 
influenced by intrinsic defects. As-deposited ZnO com-
monly presents intrinsic defects, whereby the density and 
nature of same crucially depends on the deposition tech-
nique and deposition environment used.16-18 Interestingly, 
several literature reports point out that the existence of 
intrinsic defects in ZnO does not necessarily lead to poor-
ly performing devices and can in fact enhance the device 
performance, especially for photo-(electro)chemical ap-
plications.1, 11, 14, 19-22 In the field of photo-catalysis pub-
lished literature reports suggest that intrinsic defects such 
as oxygen vacancies VO and zinc interstitials Zni can in-
crease the photo-catalytic activity of prepared ZnO nano-
materials towards model pollutant species, usually dyes of 
various types.14, 19, 23-25 These studies have identified the 
defects either as charge-carrier traps which delay the re-

combination processes of photo-excited charge carriers 
and/or as surface-sites where the pollutant/dye is degrad-
ed via the charge transfer from the pollutant/dye to the 
defect state. Furthermore, it has recently been shown that 
strong orange-luminescent ZnO NR arrays – prepared in a 
similar manner to the samples in this study – can signifi-
cantly enhance the PEC performance for solar water split-
ting under simulated solar irradiation.26 Also in this case 
an increased charge transfer rate for photo-generated 
charge carriers (holes) could be observed with the exper-
imental data suggesting that the observed behavior stems 
from a lower/slower rate of recombination.  

Apart from intrinsic defects in the material the activity 
of ZnO in respect to these PEC reactions can also be in-
fluenced by other factors. As summarized by Kumar and 
Rao, the photo-catalytic properties of ZnO can be signifi-
cantly affected by e.g. the morphology, crystal facets and 
their polarity, doping and impurities, surface modification 
as well as the deposition of multi-material structures.21 
Thus it becomes obvious that the overall photo-catalytic 
activity of a given ZnO structure is influenced by multiple 
aspects. Therefore a direct comparison of for example 
different ZnO morphologies with varying defect composi-
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tion is not straight forward, since the exact contribution 
of each individual aspect (i.e. morphology and intrinsic 
defects) is difficult to determine.  

For this reason, in this present study we aim to mini-
mize the number of possible variables by evaluating a 
range of intentionally defect-rich ZnO NR arrays, all 
grown using the same growth-parameters. In order to 
investigate the interplay of intrinsic defects and their pos-
sible influence on the photo-catalytic properties we apply 
post-deposition rapid thermal annealing (RTA) to vary 
the defect composition and defect density in the films. 
Initially the study focuses on the observation of strong 
orange-emission from samples annealed around 450 °C. It 
is important to note that careful material characterization 
(XRD, PL/excitation-PL, UV-Vis, XPS) of similarly depos-
ited ZnO NR arrays has revealed that this defect centre is 
temperature dependent but annealing atmosphere inde-
pendent, with the VO-Zni defect-complex being the likely 
source of the observed orange emission.26 Building on 
these earlier results, it is presented that strong dye ad-
sorption depending on the nature of the dye (here meth-
ylene blue MB and methyl orange MO are used) can be 
recognized for some samples annealed at this tempera-
ture (450 °C). By means of Raman spectroscopy, transmis-
sion electron microscopy (TEM), low temperature PL (LT-
PL) and photo-catalytic dye-degradation measurements 
the extent to which the orange-luminescent defects are 
responsible for the observed behavior has been evaluated. 
Additionally the materials characterization reveals the 
presence of a graphitic shell as well as the appearance of 
structural defects (related to LT-PL emission at 3.31 eV) 
following certain RTA treatments.  

In this way the influence of the interplay of all these de-
fects (orange-luminescent defects, structural defects and 
graphitic shell) on the observed photo-catalytic properties 
of ZnO NR arrays has been elucidated. Based on the ex-
perimental results presented in this study, it is suggested 
that careful defect-engineering can be used to tailor ZnO 
towards, and enhance the performance of, specific photo-
(electro)chemical applications and that a holistic ap-
proach involving as many material properties as possible 
should be employed in order to assess the photo-catalytic 
performance of defect-rich materials. 

Experimental Methods  

ZnO seed-layer coated microscope glass slides (25 x 
75 mm) were used as the growth substrates. Prior to the 
seed-layer preparation by atomic layer deposition (ALD) 
the microscope glass slides were sonicated for 1 h in a 
mixture of Millipore water (H2O; 18.2 MΩ), ammonium 
hydroxide (NH4OH) and hydrogen peroxide (H2O2) in a 
ratio of H2O:NH4OH:H2O2 = 5:1:1. 

Seed-layer preparation by ALD  

Diethylzinc (Sigma Aldrich) and H2O were used as the 
precursors for the ALD of seed-layers using a Cambridge 
NanoTech Fiji F200LLC System. The growth was carried 
out over 400 cycles (ca. 70 nm film thickness) at 190 °C 
substrate temperature followed by natural cooling in air. 

Subsequently the seed-layer coated substrates were an-
nealed in air for 1 h at 300 °C. 70 nm was deliberately se-
lected as the typical layer thickness since layers of this 
thickness would most likely prevent possible impurity 
migration from the substrate into ZnO NRs.  

Solution growth of ZnO NR arrays  

Intentionally defect-rich ZnO NRs were grown using a 
solution-based method as presented in Ref 26. In short: 
100 ml of solution were prepared by dissolving and con-
tinuous stirring (1 h) of 0.025 M zinc nitrate hexahydrate 
(Zn(NO3)2⋅6H2O, (ZNH), reagent grade) and 0.15 M hex-
amethylenetetramine (C6H12N4, (HMTA), reagent grade) 
and 4 drops of 5 %wt hydrochloric acid (HCl, reagent 
grade) in H2O. As presented by Ranjith et al., a high 
HMTA to ZNH concentration ratio allows thereby for the 
deposition of ZnO rich in intrinsic defects – especially 
Zni.

13 Afterwards the solution was transferred into a seal-
able plastic bottle and seed-layer coated substrates were 
immersed into the solution. The substrates where placed 
almost vertically and the growth side was pointing slight-
ly downwards. Subsequently the sealed bottle was heated 
to 95 °C in a standard laboratory oven. After the growth 
period (6 h) the naturally cooled solution was discarded 
and the obtained samples were thoroughly rinsed with 
H2O and blow dried with nitrogen. In order to avoid pos-
sible impairment of later photo-catalytic measurements 
any growth on the backside of the samples was carefully 
etched back using HCl.  

Rapid Thermal Annealing (RTA) of ZnO nanorod-arrays 

The ZnO nanorod-arrays were annealed at various tem-
peratures (350 °C, 450 °C, 550 °C) in Oxygen (O2, 1 bar) 
and/or in vacuum (VAC)) using a Jipelec 150 RTA system. 
In the case of oxygen as the annealing atmosphere, the 
RTA chamber was filled with the gas prior to the tempera-
ture ramp up. The samples were then annealed for 10 min 
at the set temperature (ramp rate = 10 °C/s).  

Characterization 

Samples were subject to LT-PL analysis at 11.5 K using a 
cw He-Cd laser (λex =  325 nm, 1.6 mW) as the excitation 
source. A Jeol JEM-2100 was used to record TEM images 
of ZnO NRs. Raman analysis was performed using a Ren-
ishaw micro-Raman spectrometer equipped with a 514 nm 
laser. The beam was focused trough a Leica 100 x (NA = 
0.9) objective. The laser power density on the sample was 
less than 5 mW/µm2 (spot size ca. 1 µm). 

The photo-catalytic properties were tested by placing a 
ZnO NR array into a UV-cuvette filled with 3 ml of ca. 17 
µM methylene blue solution (MB) or ca. 55 µM methyl 
orange solution (MO) in H2O. The absorbance spectrum 
of the constantly stirred dye solution was then monitored 
at 664 nm (MB) or 464 nm (MO) every 20 seconds using 
an Ocean optics HL-2000-LL lamp and QE65000 spectro-
photometer. During a typical analysis the dye solution 
was left in the measurement setup for at least 30 min in 
the dark prior to the insertion of the sample. The last ab-
sorbance measurement before the sample was put into 
the solution was taken to determine the initial dye con-
centration C0 (Lambert–Beer law). After the sample was 

Page 2 of 14

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

put into the cuvette the dark dye-adsorption was meas-
ured for 1.5 h after which the illumination was turned on. 
This “light on” stage lasted for 1.5 h followed by another 
off/on cycle (1 h each). Finally an additional “light off” 
stage was introduced for 20 min. A 365 nm high power 
UV-LED has been used as light source. The intensity has 
been adjusted to either 1 mW/cm2 (low-intensity; l.i.) or 
3 mW/cm2 (high-intensity; h.i.). Since multiple photo-
catalytic measurements have been performed on each 
sample, the results presented have been labelled in ac-
cordance to the number of measurements the sample had 
been subjected to (e.g. (1) for the first, (2) for the second 
photo-catalytic measurement etc.). Between the photo-
catalytic measurements the samples were washed in eth-
anol and Millipore water (30 min each).   

It is important to note that the real surface area of the 
samples could not be determined. Hence, sample compar-
isons on the basis of the absolute changes of the dye con-
centration are not meaningful. The reader should there-
fore evaluate each dye-degradation diagram presented as 
an individual measurement sequence. Since all the meas-
urements in one dye-degradation plot are taken on the 
same sample (if not mentioned otherwise), knowledge of 
the exact surface area is not necessary. This approach al-
lows us to draw conclusions regarding the general trends 
among the samples (e.g. dark dye-adsorption, changes in 
the photo-catalytic activity upon annealing etc.). Fur-
thermore absolute comparisons of the dye-degradation 
performance between measurements on the same sample 
are possible. Because of the latter, dye-degradation rates 
for each measurement have been calculated from the first 
“light on” stage. In order to avoid confusion (i.e. unwant-
ed sample comparison) these rates are listed in Table S1 
and Table S2.   

Furthermore it is important to make the reader aware 
of the shortcomings that dye discoloration-tests may rep-
resent when evaluating the photo-catalytic performance 
of materials. A major drawback – especially when investi-
gating visible light active materials – is that dyes may also 
absorb visible light. This can induce e.g. self-
decomposition or dye-sensitization of the photo-catalyst 
leading to a discoloration of the solution that may then be 
misinterpreted to stem from the photo-catalyst.27-29 Simi-
larly, in the case of MB, discoloration may also occur due 
to the reduction of MB to the leuco methylene blue form 
(LMB). Since LMB is only an intermediate and can be 
readily form MB again when oxygen is present in the solu-
tion (pH dependent) the dye is not fully degraded and 
discoloration rates may be again misleading.27 Also the 
charge of the dye is crucial, as attractive forces between 
the photo-catalyst and dye can lead to higher degradation 
rates. The pH of the dye solution may even intensify this 
effect.27, 29 In the present study the aforementioned effects 
were minimized by choosing 365 nm as illumination 
wavelength (no/little absorption of the MB and MO but 
full absorption of ZnO, see Figure S1), performing the 
tests in nearly neutral solution (less “artificial” dye ad-
sorption) and light on/off cycling. The latter allows exam-
ining a possible re-colorization which can be an indica-

tion of a not fully degraded dye (e.g. LMB formation for 
MB decomposition). Finally it is important to point out 
that while it is certainly true that the dye testing can be 
influenced by many factors, for the purpose of the present 
study, comparative measurements were carried out only. 
These were done on a series of materials that are all es-
sentially the same in terms of structure, bulk composition 
and morphology. Our materials differ only in the number 
and nature of the defects present. 

Results and discussion 

Prior to the RTA treatment various samples were evalu-
ated for the reproducibility of the described deposition 
method. Furthermore the material characterization de-
picted in Fig S2 was carried out to ensure that no major 
differences between the samples exist. As visible from the 
PL, XRD and SEM measurements in Figure S2, the synthe-
sis procedure leads to comparable NR array growth - 
structurally as well as optically in terms of their overall 
defect emission shape.     

In an earlier study it was demonstrated that RTA at 
temperatures of ca. 450 °C leads to strong, defect-related 
orange emission, from samples prepared using the growth 
method outlined in this paper. These defects occurred 
regardless of the annealing atmosphere used (argon, oxy-
gen, forming gas, nitrogen, vacuum) and represented the 
dominating recombination channel in these structures.26  

Fueled by these earlier results photo-catalytic meas-
urements on a set of samples, annealed at 450 °C in con-
trasting RTA conditions – vacuum and oxygen, have been 
carried out. The defect-related orange emission was readi-
ly observed for both of the annealed samples (Figure 1 a)). 
While the as-grown sample shows deep-level defect 
(DLD) emission one order of magnitude smaller than the 
near-band-edge (NBE) emission, the DLD/NBE intensity 
ratio drastically increased for both samples subjected to 
RTA at 450 °C. The DLD-related peak for these samples 
was centered around 1.9 eV (orange) with two smaller 
shoulders being noticeable in the range 2.6 eV – 2.1 eV. 
The DLD emission spectrum was fitted with 3 Gaussian 
peaks indicating that the orange emission at 1.9 eV was 
responsible for more than 90 % of the total intensity (see 
Figure S3).  

Additionally the RTA treated samples exhibited clear 
features in the NBE emission with peaks at ca. 3.375 eV, 
3.363 eV, 3.313 eV, 3.240 eV and 3.170 eV. For the as-grown 
sample only a broad peak at ca. 3.363 eV and a sub-
bandgap emission centered around 3.225 eV could be no-
ticed.  

Figure 1 a) already includes the assignment of the ob-
served NBE peaks stemming from a detailed discussion in 
a later section of this paper. For the moment it is only 
important to note the following: RTA at 450 °C leads to 
the emergence of strong defect-related orange emission 
with intensity on the same order of magnitude as the NBE 
– regardless of the annealing atmosphere used. Further-
more contrasting RTA conditions do not influence the  
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Figure 1. Materials characterization for as-grown and RTA treated (450 °C; in vacuum or oxygen) ZnO NR arrays. a) LT-PL spec-
tra of as-grown + RTA treated ZnO NR arrays. b) - d) dark dye-adsorption and photo-catalytic dye-degradation curves in meth-
ylene blue (MB) and methyl orange (MO) for as-grown + RTA treated samples. Insets show the change of the dye concentration 
in the first dark stage magnified. Dye-degradation was carried out under illumination from a UV-LED (365 nm) with high inten-
sity (3 mW/cm2; h.i.) or low intensity (1 mW/cm2; l.i.). Corresponding TEM micrographs of annealed ZnO NR arrays: e) VAC 
450 °C, f) O2 450 °C and g) as-grown ZnO nanorod. h) Raman spectra of ZnO nanorod arrays before and after RTA in O2 or VAC 
at 450 °C revealing the presence of a graphitic structure in the case of vacuum as annealing atmosphere (e.g. shell/layer or clus-
ters). 

appearance of characteristic peaks in the NBE emission. 
These peaks and their positions are essentially the same 
for the samples annealed in oxygen or vacuum.  

With the knowledge of the changes in defect chemistry 
that results from the RTA – especially in regards to the 
strong orange DLD emission – the samples have been 
analyzed for their photo-catalytic properties. First an as-
grown sample has been analyzed. Its photo-catalytic 
properties are shown in Figure 1 b). When the sample is 
put into the solution (after initial stage without sample – 
dye solution only) the concentration is observed to de-
crease when MB is the dye used. On the other hand, vir-
tually no change in the dye-concentration can be noticed 
when methyl orange (MO) is used as the dye. However, 
MB is known to be easily adsorbed to various surfaces. 
Thus it is possible that the dye is also attracted by the 
substrate. Therefore the adsorption of MB cannot conclu-
sively being attributed to the ZnO nanorod-arrays alone. 
It is noteworthy that the dark-adsorption is very similar 
for the two measurements performed on the sample, indi-
cating the acceptable level of reproducibility of the meas-
urement.  

After turning on the UV-LED both dyes are degraded by 
the ZnO nanorod-arrays, as evidenced by a decreasing 
C/C0 ratio. The difference in the magnitude of degrada-
tion between the two dye solutions used is related to the 
higher concentration of MO compared to MB. When 
comparing the photo-catalytic dye-degradation of the 
sample under high ((curves (2) and (3) in Figure 1 b)) and 
low intensity (curves (4) and (5) in Figure 1 b)), it can be 
seen that for MB (cationic) as well as for MO (anionic) a 
higher illumination intensity leads to faster dye-
degradation. 

Under the assumption that a higher illumination inten-
sity leads to a higher photo-generated charge carrier den-
sity, the measurements suggest that the increased photo-
catalytic activity is due to an increased charge carrier 
transfer at the dye solution/ZnO interface. The exact 
mechanism of dye-degradation is not the topic of this 
study but studies on both systems ZnO/MO and ZnO/MB 
conclude that photo-generated holes in the valence band 
and photo-generated electrons in the conduction band 
(and trapped at defect sides) contribute to the dye-
degradation.21, 30-33 However, for MB an assessment of the 
formation of dye-intermediates is to a certain extent pos-
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sible by evaluating the dark stage after the first illumina-
tion stage. If the bleaching of the dye solution is caused 
due to the formation of the leuco methylene blue form 
(LMB) over the reduction of MB by electrons from the 
conduction band from ZnO, a recovery of the C/C0 ratio 
should be observed during this stage. In a dark, well aer-
ated system (in this study constant stirring) LMB would 
thereby rapidly react with oxygen to form MB thus lead-
ing to the recovery.27, 34 The fact that a strong recovery of 
the MB concentration is not observed indicates that this 
degradation mechanism is not dominant for the samples. 
However, it is important to note that the re-oxidation to 
MB may be considerably slower in the case of LMB bond-
ed to OH- groups (e.g. bound to the nanorod surface).35 
On a longer time scale, the binding of LMB to the nano-
rod surface could in turn lead to photo-catalyst poisoning, 
as also observed for other intermediates of the ZnO-MB 
system.36  

The dye-degradation curves for the samples subjected 
to RTA in O2 and vacuum at 450 °C are shown in Figure 1 
c) and d), respectively. In order to evaluate the influence 
of RTA on the photo-catalytic performance the samples 
were also studied prior to the heat treatment. These 
curves (black traces (1) in Figure 1 c) and d)) show a simi-
lar behavior among all stages of the experiment when 
compared to the as-grown sample in Figure 1 b).  

After RTA both samples show an improved photo-
catalytic dye-degradation of MB and MO. For the orange-
luminescent samples a higher number of charge carriers 
have thus to be present at the surface in order to facilitate 
the catalytic reactions. Since the defect-related recombi-
nation in these samples is dominant this must in turn 
mean that recombination itself involves slow-trapping of 
a photo-generated electron to increase the lifetime of the 
photo-generated hole or that the defect states are active 
towards dye degradation themselves.  

When comparing these two samples, it is however no-
ticed that the sample annealed in vacuum shows a strong 
dark adsorption of MB. The first dark stage is magnified 
for these samples in Figure 1 c) and d). For the first meas-
urement after RTA (trace (2) – red; MB) a strong decrease 
of the dye concentration is visible for the sample annealed 
in vacuum. Interestingly no dark absorption could be ob-
served for the measurements in MO solution. Since the 
dark adsorption is so different for dyes with different po-
larity it seems appropriate to reason that the surface of 
the nanorod-arrays annealed in vacuum at 450 °C must 
exhibit some sort of charge – in this case negative.  

From the results presented so far it is concluded that 
the observed dye-adsorption is not directly related to any 
of the observed PL features. It is not related either to the 
strong orange emission nor to the defect centres respon-
sible for the features in the NBE (“A-lines”) because if it 
were, then the sample annealed in oxygen would show a 
similar dark dye-adsorption.  

Furthermore it is noteworthy that after RTA both an-
nealed samples degrade MB faster under low intensity 
illumination (1 mW/cm2, curves (4) in Figure 1 c) and d)) 
than compared to measurements under high intensity 
illumination but before RTA (3 mW/cm2, curves (1) in 
Figure 1 c) and d)). Thus it may be possible that due to the 
relatively low MB concentration of ca. 17 µM the dye-
degradation at higher illumination intensities might be 
somewhat mass transport limited.   

In order to get a better understanding of what governs 
the observed photo-catalytic properties TEM (Figure 1 e) – 
g)) and Raman analysis (Figure 1 h)) have been carried out 
on these samples. Focusing on the TEM image of an as-
grown NR first (Figure 1 g)) no obvious structural defects 
can be observed. This situation changes upon RTA. Here 
structural defects can be seen for both vacuum and O2 as 
the annealing atmospheres (Figure 1 e) and (Figure 1 f), 
respectively). The defects are visible throughout the en-
tire length of the rods and also the density of the defects 
seems to be independent of the annealing atmosphere 
used. A closer evaluation and correlation of the structural 
defects to the PL properties is carried out in a later sec-
tion. However, for the moment it is important to note the 
appearance of the structural defects in both annealed 
sample does in turn indicate that these defects can also 
not be responsible for the strong dye-adsorption in the 
dark of the vacuum annealed sample.  

The Raman measurements shown in Figure 1 h) were 
initially taken to a) confirm the deposition of hexagonal 
NRs and b) to look for possible manifestations of defects 
in the spectra. In short, the modes seen in the range 150 – 
750 cm-1 can indeed be all attributed to wurzite ZnO while 
no meaningful information may be gathered regarding 
the nature of any intrinsic point defects.37-40 However, it is 
noteworthy that the intensity of the dominant E2(H) 
mode (ca. 439 cm-1) is increased after both RTA treat-
ments. Generally, an increase in the peak intensity is as-
sociated with an improvement of the crystal quality.20 
When comparing the A1(LO) mode (broad feature around 
580 cm-1) for both annealed samples, it can be additionally 
noticed that the sample annealed in vacuum exhibits and 
increased intensity. Since this mode is commonly associ-
ated with oxygen deficiency it may be reasonable to ex-
pect a slight increase in the concentration of oxygen va-
cancies upon RTA in vacuum.20, 41, 42 Also the intensity of 
the collected spectra does not differ strongly for the re-
spective samples. However, a surprising observation was 
made while scanning to longer Raman shifts (right part in 
Figure 1 h)). While all other samples showed no response 
for Raman shifts > 750 cm-1 the sample which has been 
annealed in vacuum at 450 °C exhibits a strong Raman 
signal in the range 1250 – 1700 cm-1.  

These signals cannot be assigned to ZnO but are in fact 
carbon-related modes that have been observed by other 
authors.43-46 The peak centred around 1590 cm-1 originates 
from the G-band (graphitic or graphene-like) and the 
shoulder between ca. 1300 – 1500 cm-1 is the manifestation 
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of the D-band (disordered/defective carbon).43, 46 From 
previous XPS measurements on samples prepared in a 
similar fashion to the samples in this study, it is known 
that such films are rich in carbon.26 However, the concen-
tration of carbon in the films (carbon residues as well as 
unintentional doping) has been found to be comparable 
for all samples grown and independent of the annealing 
atmosphere used. An example XPS spectrum (after pro-
longed argon bombardment for surface contamination 
removal) of a NR array annealed in vacuum at 450 °C is 
shown in Figure S4. The high carbon concentration in the 
films is believed to originate from the high HMTA con-
centration in the growth solution. As reported previously, 
the high amount of HMTA is needed for the synthesis of 
intentionally defect rich NR arrays.26  

Given the higher intensity of the G-band in the Raman 
measurements, RTA in vacuum at 450 °C must therefore 
lead to the formation of Raman active graphitic but de-
fect-rich structures (e.g. layer or clusters) in or around the 
ZnO nanorods. From this first set of samples multiple 
questions regarding the influence of defects on the photo-
catalytic properties of the ZnO nanorod-arrays persist: 

• Is the improved photo-catalytic performance unique 
to orange-luminescent ZnO NRs or is the improve-
ment only due the annealing treatment itself? 

• May oxygen vacancies be responsible for the im-
proved dye-degradation as they have been shown to 
aid photo-catalytic processes?23, 47  

• Are the structural defects unique to orange-
luminescent ZnO NRs and do they affect the photo-
catalytic properties? 

• What causes the strong dark dye-adsorption for 
RTA in vacuum and is the observed graphitic struc-
ture somehow linked to it? 

In order to evaluate these questions another set of 
samples was annealed in vacuum but at multiple temper-
atures. These samples were then measured with respect to 
their physical and photo-catalytic properties. The samples 
were then re-characterized following a second RTA 
treatment in oxygen at 380 °C. Furthermore a lower illu-
mination intensity (1 mW/cm2) was chosen for the photo-
catalytic experiments since the measurements with vary-
ing intensities and MB as dye in Figure 1 indicated a pos-
sible mass transport limitation for the reaction performed 
using higher illumination intensities. 

Before turning to the photo-catalytic properties, we 
shall however examine first what the nature of the ob-
served structural defects and orange emission may be. 
The LT-PL spectra of the second set of samples are shown 
in Figure 2 a)-d). These spectra are again divided between 
NBE- and DLD-related bands.  

Starting with the DLD emission of the samples an-
nealed in vacuum only (Figure 2 b)-d), it can be seen that 
the emission changes significantly depending on the RTA 
temperature. While the intensity of the DLD band is 

comparably low for the samples annealed at 350 °C and 
550 °C, very strong orange emission can be seen at 450 °C. 
Upon RTA at 550 °C additional defects are introduced 
centred around 2.5 eV. Given that vacuum was used as the 
annealing atmosphere it appears likely that these defects 
stem from the oxygen sub-lattice (e.g. oxygen vacancies). 
Additionally it is important to note, that annealing at 
temperatures > 400 °C results in the desorption of hydro-
gen.48 Hydrogen, however, can passivate deep-level de-
fects and a possible desorption may thus lead to the 
emergence/increase of PL emissions in the visible region 
(especially green) and a decrease of the NBE.49-51 For fur-
ther discussion on the DLD emission of comparable sam-
ples the reader is referred to Ref. 26  

In light of the appearance of strong orange emission 
upon RTA at 450 °C it is however important to point out 
that this defect-emission is observed independent of the 
RTA atmosphere used (e.g. forming gas, argon, oxygen, 
vacuum). PL spectra of samples annealed in argon and 
forming gas are thus presented in Figure S3 and Figure S5, 
respectively. Furthermore the sample presented in Figure 
S5 was investigated for the possible diffusion of oxygen 
vacancies towards the nanorod surface upon annealing 
treatments, as recently suggested by Bora et al..52 For the 
presented samples this effect could however not be as 
clearly observed as in the mentioned literature report. 
Importantly the analysis revealed that long-term anneal-
ing prior and after the RTA treatment does neither affect 
the appearance of the orange emission nor does any of 
the annealing treatments have significant influence on 
the structural properties of the NRs (e.g. the surface are 
remains comparable after RTA).   

Cross-annealing in oxygen leads to a slight increase of 
the orange emission for the sample which had been pre-
viously subject to RTA in vacuum at 350 C. No change of 
the emission shape is recognized for the sample which 
already showed strong orange emission. This is an im-
portant finding as it illustrates that the orange emission 
cannot be eliminated due to annealing in contrasting 
conditions (oxidizing and reducing). It further underlines 
a possible kinetic formation of this defect-centre as func-
tion of the RTA temperature. For the sample which was 
first annealed in vacuum at 550 °C the intensity of the 
emission at ca. 2.5 eV is reduced upon cross-annealing. 
This may point towards a possible filling of oxygen vacan-
cies at the NR surface due to annealing in oxygen.  

When focusing on the NBE, peaks at ca. 3.375 eV, 
3.363 eV, 3.313 eV, 3.240 eV and 3.170 eV are again visible 
for all annealed samples. The peaks seem to become more 
pronounced with increasing RTA temperature. This is 
especially true when comparing the different spectra of 
samples annealed in vacuum at 350 °C and 450 °C (Figure 
2 b) and c), respectively). However, a further temperature 
increase (550 °C in Figure 2 d)) does not lead to an addi-
tional increase in the NBE features. 
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Figure 2. a)-d) LT-PL spectra of ZnO NR arrays before and 
after RTA in O2 at 380 °C. Samples shown in b)-d) were sub-
ject to RTA in vacuum at 350 °C, 450 °C or 550 °C, respective-
ly. Please note that the spectra contain an artefact at ca. 
1.68 eV originating from the second harmonic of the NBE 
peak at ca. 3.363 eV. e)-g) TEM images of the samples an-
nealed in vacuum at 350 °C, 450 °C or 550 °C, respectively. h) 
TEM image of a NR which had been RTA treated in VAC @ 
450 °C and subsequently in O2 at 380 °C. The scale bar in the 
images represents 50 nm.  

The peaks centred around 3.375 eV and 3.363 eV can be 
assigned to free excitonic recombination (A-exciton, FXA) 
and transitions of excitons bound to neutral donors D0X, 
respectively.53, 54 The presence of an undefined NBE peak, 
as is the case for the as-grown sample, implies that the 
NRs are highly defect-rich after the deposition. Especially 
the FXA, which gets more pronounced with higher anneal-
ing temperatures, indicates an overall improvement of the 
crystallinity upon RTA. However, the RTA also leads to 
the emergence of the peaks at ca. 3.313 eV, 3.240 eV and 
3.170 eV, which are not located in the two electron satel-
lite region.54 These peaks show a separation of 74 meV 
and 71 meV (see Figure 2 d)) which is close to the optical 
phonon energy in ZnO (72 meV). It is therefore reasona-

ble to assign the peaks at 3.240 eV and 3.170 eV as 1st and 
2nd longitudinal optical phonon (LO) replica of the peak 
at 3.313 eV, which is termed as the “A-line”. The A-line 
luminescence features are often observed in ZnO but 
their origin is still controversial.55-59 Based on the optical 
phonon energy it becomes obvious that the A-line cannot 
be the phonon replica of the FXA since the energy differ-
ence is too little (62 meV). The appearance of the A-lines 
is annealing atmosphere independent (see also Figure 1 
a)) and also cross-annealing in oxygen at 380 °C does not 
show any influence on these features. Furthermore it is 
important to note that the A-line emission is also not re-
lated to the observed DLD emission – especially with re-
spect to the orange emission which was found to be an-
nealing atmosphere independent but temperature de-
pendent.  

Interestingly the A-line emission coincides with the ap-
pearance of structural defects throughout the nanorods. 
As can be seen from the TEM images of the samples an-
nealed in vacuum at 350 °C, 450 °C and 550 °C (Figure 2 
e)-g), respectively) these structural defects are present 
on/in all of the annealed samples. Furthermore the TEM 
analysis revealed the presence of these defects throughout 
the entire rod (bulk and surface) and along the full 
length, indicating that their appearance is growth-stage 
independent. Also the structural defects are not influ-
enced by subsequent RTA in oxygen (see example TEM 
image of a nanorod form a sample annealed in VAC 
450 °C + O2 380 °C in Figure 2 h).  

Some structural defects are shown in more detail in 
Figure 3. The crystal lattice can clearly be seen for both an 
as-grown as well as an annealed sample (Figure 3 a) and 
b), respectively). For the as-grown NR-tip no obvious in-
clusions or impurities are recognized. This is in contrast 
to the NR depicted in Figure 3 b), which exhibits structur-
al defects. A lighter contrast, as seen for all of these de-
fects, results from an increased transmission trough the 
rods. This in turn may identify the defects as areas with 
less material. A hypothesis which is further supported by 
the fact that the crystal structure inside and around the 
rod is unchanged (Figure 3 b)). The “real” position of the 
electronic defect is therefore believed to reside at the 
edges of the lighter area – visible by a darker outline 
where the crystal lattice appears to be damaged. 

A dark outline and the related lattice damage are also 
clearly visible for the defect shown in Figure 3 c) – espe-
cially in the upper part of the defect. However, this defect 
was specifically investigated for its stability upon pro-
longed electron-beam irradiation (200 kV). After 2 min its 
shape changed significantly (Figure 3 d). Sample beam 
interactions are not unusual in TEM, however the re-
arrangement of the crystal in the bombarded area is the 
signature of local energy differences in the samples. No 
“healing” of the defect could be observed.  

Figure 3 e) and f) show visual differences of a structural 
defect depending on the TEM focus. While the  
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Figure 3. Detail TEM images of ZnO NRs. a) Tip of an as-
grown ZnO NR. b) Detail of a structural defect of an an-
nealed sample. c) Detail of a structural defect at the begin-
ning of prolonged electron beam radiation (200 kV). d) The 
same detail as in c) but after 2 min of radiation. e) Tip of an 
annealed nanorod when in focus. f) The same detail as in e) 
but slightly out of focus, resolving structural defects.   

investigated rod-tip was in focus in Figure 3 e) the im-
age in Figure 3 f) shows the same detail slightly out of 
focus. In the focused image the structural defect is almost 
not visible. However, when slightly out of focus defects 
can be clearly observed. This is an important finding since 
it provides evidence that the defects are indeed locally 
determined and that one defect does not propagate 
throughout the entire rod. 

Additional PL analysis, on samples annealed at 450 °C, 
was carried out in order to further investigate the nature 
of the A-line as well as the orange emission in the sam-
ples. Firstly, it is noted that during temperature depend-
ent PL measurements the peak centre of the A-line shift-
ed to lower energies with increasing temperature (red-
shift, see Figure S6).The energy shift (in the range be-
tween 11.5 K and 120 K) is ca. 12.6 meV compared to 17.7 
meV and 21.3 meV for the D0X and FXA transitions, re-
spectively. If the A-line emission observed here was 
caused due to a free-to-bound (FB) transition – as sug-
gested by various authors56, 58, 60-63 – the slope of the peak 
position-shift as a function of temperature should be 
similar to the FXA transition (after thermally correcting 
the A-line peak values).56 However, for the samples exam-
ined in this study, the slope after the correction is still 
different (Figure S6 and related comments). In turn this 
may be taken as a first indication that the A-line transi-
tion in these samples is of a different nature.  

From the temperature-variable PL measurements an ac-
tivation energy EA of 7.9 meV was estimated, which could 
be attributed to the dominant orange emission in the 
DLD range. However, compared to the NBE peaks this 
emission centre (ca. 1.9 eV) shows a blue-shift with in-
creasing temperature (Figure S7). Interestingly a signifi-
cant shift is only visible for temperatures > 100 K. If a 
shallow donor is assumed to be involved in the transition  

 

Figure 4. Peak position (a)) and peak intensity (b)) vs. laser-
beam intensity for the NBE emissions and the orange emis-
sion (centered at 1.9 eV) recorded from LT-PL measurements 
at 11.5 K. The lines in a) are used as guidelines for the eyes. 

it might be reasonable to expect thermalized electrons 
in the conduction band from these states at a specific 
temperature. As the recombination would then happen 
from the conduction band minimum (CBM) a blue-shift 
of the emission would occur, which could be partly com-
pensated by the thermal shrinking of the bandgap.57, 63 It 
is thus possible that the orange emission is dominated by 
the recombination between discrete defect states at lower 
temperatures but resembles a transition of an electron 
from the CBM into deep defect state with increasing tem-
perature. 

Secondly, PL measurements with varying laser intensity 
were recorded and the peak position of the PL emission 
(Figure 4 a)) and intensity (Figure 4 b)) were examined as 
a function of the beam intensity. In regards to the A-line 
emission of the NBE it was found that the peak position 
does not change significantly with varying beam intensity. 
In fact it can be seen that the change (< 1 meV) is similar 
to the FXA and D0X transitions. On the other hand a blue-
shift of the peak position (6 meV) with increasing beam 
intensity has been observed for the defect-centre at 
1.9 eV.  

Similarly the peak intensity can be investigated in rela-
tion to the intensity of the laser beam. Since the beam 
intensity was only varied by two orders of magnitude, the 
power dependence of the luminescence can be described 
as I ∝ Lk (where I is the PL intensity, L the beam intensity 
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and k a coefficient) and can thus be computed as I = 
aLk.64, 65 Where a is a further coefficient. Free- and bound-
excitonic transitions exhibit a coefficient k > 1. On the 
other hand, free-to-bound (FB) and donor-acceptor (DA) 
recombination processes progress with k < 1. 64, 65 The 
coefficient k has been determined to be 1.31, 1.30, 1.31, and 
0.92 for the FXA, D0X, A-line and 1.9 eV transition, respec-
tively.  

The absence of a peak shift and an intensity change 
with k > 1 for the A-line emission as a function of the 
beam intensity rules out the possibility of a FB or DA 
transition as possible origin. Furthermore the intensity 
change is strikingly similar to the excitonic transitions 
(FXA and D0X). Since the appearance of the A-line emis-
sion and the structural defects are coincidental, it is thus 
postulated that the A-line emission in this study is related 
to the structural defects (bound-exciton at structural de-
fects). That structural defects may be involved in this 
emission has been also proposed by others.55, 58, 66 Howev-
er, the temperature and beam intensity dependent PL 
results in this study are more in favor of a bound-
excitonic nature, similar to the finding of Kurbanov et al. 
which found speck-like defects upon annealing of ZnO 
nanocrystals.55  

Following the explanations above it also becomes obvi-
ous that the 1.9 eV defect emission must be of different 
origin – either of DA or FB nature. The observed blue-
shift with increasing beam intensity may be taken as a 
fingerprint of a DA transition at low temperature. Since 
more donor-acceptor pairs are photo-excited the distance 
between the defects decreases, which in turn leads to a 
blue-shift with increasing beam intensity.57, 67  

Finally, the evidence presented here further supports 
the hypothesis that the orange emission of these samples 
may originate from the kinetic formation of the VO-Zni 
defect complex.26, 49, 68 Theoretical calculations of the de-
fect-complex have shown that the formation via a kick-
out process leads to the shift of the Zni closer to/into the 
CBM while the VO shifts closer to the valence band.69, 70 
Together with the evidence from the temperature-
dependent PL measurements it is postulated that at low 
temperatures photo-luminescent transitions between 
these discrete defect states also contribute to the record-
ed signal. At room-temperature the recombination pro-
cess is believed to happen mainly from the conduction 
band to the VO state. Future research regarding the or-
ange-luminescent defect centre is nevertheless needed. In 
particular electron paramagnetic resonance (EPR) meas-
urements could prove highly valuable for the examination 
of the recombination mechanism but also for the evalua-
tion of the photo-catalytic reactions and the involvement 
of intermediates.71    

Based on the knowledge gained regarding the nature of 
the orange emission and the structural defects an assess-
ment of the photo-catalytic properties of the defect-rich 
NR arrays cross-annealed in oxygen was carried out. The  

 

Figure 5. a)-c) dark dye-adsorption and photo-catalytic dye-
degradation curves in methylene blue (MB) for samples be-
fore and after RTA in vacuum (VAC) at different tempera-
tures + after cross-annealing in O2 at 380 °C. Illumination 
intensity: 1 mW/cm2. The insets magnify the change of MB 
concentration in the dark. b) also includes a sample which 
was only measured after receiving both RTA in VAC 450 °C + 
O2 at 380 °C (trace (4)). Only samples measured after RTA in 
VAC 450 °C and 550 °C show strong dye adsorption.  

 

Figure 6. Raman spectra of samples annealed in vacuum at 
different temperatures before (a)) and after (b)) cross-
annealing in O2 at 380 °C. After cross-annealing in O2 at 380 
°C the intensity of carbon related modes (e.g. graphitic shell) 
decreases dramatically.  

dye-degradation spectra together with the Raman spec-
tra of the samples before and after annealing in oxygen 
are shown in Figure 5 and Figure 6, respectively. Investi-
gating the behavior of the samples in the dark first, no 
strong dark dye-adsorption could be observed for the 
sample annealed at 350 °C (Figure 5 a)). However, strong 
dye-adsorption in the dark was again present for the  
strong orange emitting sample (450 °C in Figure 5 b), also 
compare to Figure 1d)) but was also seen for the sample 
annealed in vacuum at 550 °C (Figure 5 c)). 

Interestingly cross-annealing in oxygen destroys the 
strong dark dye-adsorption for these samples. The same 
holds true for a sample that had been not tested for its 
photo-catalytic performance prior to RTA in vacuum at 
450 °C + O2 at 380 °C (trace (4) in Figure 5 b)).  
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To evaluate these effects, annealed samples were meas-
ured for their Raman responses after each RTA step. As 
can be seen from Figure 6 a), only annealing conditions 
that lead to strong dark dye-adsorption (450 °C and 
550 °C) also result in the appearance of intense carbon-
related modes in the Raman. However, these modes are 
dramatically decreased upon the cross-annealing step in 
O2 at 380 °C (Figure 6 b)).  

As elucidated in the first part of the paper, the carbon- 

related modes cannot be attributed to any of the ob-
served PL emissions (including the observed structural 
defects). More so these features are found to be annealing 
atmosphere and temperature dependent. Thus it is postu-
lated that annealing in vacuum at elevated temperatures 
(> 400 °C) leads to diffusion of carbon from the bulk of 
the rods towards the surface, forming a graphitic struc-
ture (e.g. overlayer/shell). An additional RTA step in O2 
then results in “burning off” of these structures. In turn it 
becomes clear that the strong dark dye-adsorption of MB 
is directly correlated to the graphitic structure which 
must exhibit a negative charge.  

Importantly a charged surface could lead to a better 
degradation of pollutants due to an increased attraction 
of same towards the nanorod-surface. Hence, when eval-
uating the influence of a particular deep-level defect on 
the photo-catalytic performance one has to pay extra at-
tention to a possible interplay and synergy between the 
defect and possible surface effects. When both contribute 
to the photo-catalytic performance a direct correlation to 
the effect of the deep-level defect may not be established. 
In the present study this problem has been tackled by 
cross-annealing the samples in oxygen. Furthermore it is 
noteworthy that the dye adsorption effect is diminished 
after several subsequent measurements.  

Regarding the photo-catalytic dye-degradation all sam-
ples show an improvement (i.e. increased degradation 
rate) after the respective RTA in vacuum ((2) traces in 
Figure 5). However, it should be noticed that that sample 
annealed at 450 °C (strong orange emission) shows a larg-
er improvement compared to samples annealed at 350 °C 
or 550 °C.  

As mentioned above, it may be possible that an inter-
play between the strong dye-adsorption and the orange-
luminescent defects leads to the enhanced degradation 
characteristics. An indication for this may be seen in the 
reduction of the degradation rate upon cross-annealing in 
oxygen. Based on the performance after cross-annealing, 
the apparent quantum efficiency (number of degraded 
dye molecules/number of incident photons) was estimat-
ed to be ca. 36.7 % (first light-on stage). Although the 
degradation rate decreases after cross annealing, the or-
ange luminescent sample still shows an overall improve-
ment of the photo-catalytic performance when compared 
to the as-grown measurement – a behaviour which was 
also observed when MO was used as a dye (see Figure S8). 
This is not as clearly seen for the samples which were sub-

ject to RTA in vacuum at 350 °C or 550 °C prior to the 
cross-annealing step. In addition to the removal of carbon 
the cross-annealing in oxygen could therefore also play a 
crucial role in terms of the defect chemistry. It is reasona-
ble to expect a certain filling of oxygen vacancies upon 
this treatment (see also decreased DLD emission at ca. 2.5 
eV after cross-annealing in oxygen for the sample subject-
ed to RTA in vacuum at 550 °C - Figure 2 d)), which in 
turn could lead to a reduced dye-degradation since oxy-
gen vacancies have been reported to aid same.23, 47 How-
ever, under the assumption that higher temperatures dur-
ing the RTA in vacuum lead to a higher number of oxygen 
vacancies it can be expected that the orange-luminescent 
defects (VO-Zni defect-complex) are indeed a major con-
tributor to the enhanced photo-catalytic performance for 
the sample annealed in vacuum at 450 °C. These results 
are in line with previous experimental evidences that sug-
gest that the orange-luminescent defect centres act as 
slow electron traps which prolong the hole lifetime and 
therefore increase the possibility to run photo-chemical 
reactions. 

Conclusions  

A simple, low-temperature solution-based growth 
method was used to grow intentionally defect-rich ZnO 
NR arrays. While keeping variables such as growth condi-
tions/technique and morphology unchanged a careful 
analysis of the material properties and resulting photo-
catalytic performance of rapid thermally annealed ZnO 
nanorod-arrays was carried out. The presence of various 
defects could be confirmed with structural defects, strong 
orange emission and a graphitic structure (e.g shell) dom-
inating the material properties. Inherent to all annealed 
samples (TRTA 350 °C – 550 °C) is the appearance of struc-
tural defects, which were attributed to the PL emission at 
ca. 3.31 eV. No direct influence on the photo-catalytic per-
formance could be established for these defects. Rapid 
thermal annealing at 450 °C in vacuum gave rise to strong 
orange defect emission. Building on an earlier study, fur-
ther evidence has been provided that the orange emission 
in the samples is caused by the VO-Zni defect-complex. 
Interestingly, these samples showed strong dye-
adsorption and an improvement of the photo-catalytic 
dye-degradation. The experimental studies suggest that a 
graphitic structure (e.g. shell) is responsible for the dark 
adsorption. In turn this may enforce the dye-degradation 
by orange-luminescent samples due to the attraction of 
MB towards the sample surface as a result of the graphitic 
structure.  

Finally some more general conclusions regarding the 
assessment of photo-catalytic properties of defect-rich 
materials can be drawn from the specific findings of this 
study. Firstly, a comparison between different morpholo-
gies and/or growth methods is troublesome unless the 
defect chemistry is similar. Secondly, the significance of 
other possible contributions (e.g. surface-functionality 
and polarity, nature of the dye, other defects) needs to be 
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evaluated prior to assessing the influence of a specific 
defect. Whenever possible, appropriate post-deposition 
treatments (e.g. cross-annealing, plasma- and surface 
treatment) should be used to help minimize these contri-
butions. Finally, an interplay of intrinsic defects – which 
can mask the real contribution of a specific defect –must 
be expected when various defect centres are present in 
the material.  
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