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Abstracts:
ZnO nanorods arrays are respectively prepared under different vapor pressure with
opening (OZN) or sealing the beaker (SZN). The results from time-resolved
photoluminescence measurements indicate that sealing the beaker during the growth

process can effectively suppress the surface recombination of ZnO nanorods and the
suppression effect is even better than a 500oC post-thermal treatment to OZN. The
results from X-ray photoelectron spectroscopy measurement reveal that the main reason
for this phenomenon is that the surfaces of SZN are attached by groups related to NH3
instead of the main surface recombination centers such as OH and H groups in OZN.
The ammonia surface treatment on both OZN and SZN samples further testifies that
the absorption of the groups related to NH3 has no contribution to the surface
recombination on the ZnO nanorods.
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Introduction
It is well known that surface recombination through surface/interface states is a
major loss mechanism for photo-generated carriers, and its negative influence on the
photonic devices will become stronger as the geometrical dimension of materials is
reduced. In recent decade years, quasi-one-dimensional ZnO nanostructures (e.g.
nanorods, nonotubes and nanobelts) have been widely investigated due to their
promising applications for nanophotonic applications such as nanolasers [1–3], optical
waveguides [4–6], and light emitting diodes [7]. To optimize devices based on ZnO
nanostructures, it is necessary to understand the surface recombination mechanisms
and explore effective way to control it. But the corresponding investigations about
ZnO surface recombination in the emission process and related surface defects are
very limited [8-9].
As our previously report about ZnO nanorods grown by two-step chemical bath
deposition method, post annealing is an efficient way to suppress the surface
recombination process [10-11]. However, this requires high temperature (500oC),
which undoubtedly increases the cost of the practical application. In addition, it is not
possible to apply such post-grown thermal treatment for some applications which
require flexible polymer substrates. From this point of view, if one can explore a way
during the low-temperature growth process which can realize the suppression of the
surface recombination without changing the properties of the ZnO nanorods, it will
not only simplify the preparation procedure of the samples with high crystal quality,
but also save the cost for large-scale fabrication.
Therefore, in this paper, we present an easier way to improve the surface quality
during the growth process of ZnO nanorods. ZnO nanorods arrays are respectively
prepared under different vapor pressure with opening or sealing the beaker. The
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results show that the surface quality can strongly be improved through sealing the
beaker during the growth, which realizes even better suppression effect on the surface
recombination than a 500oC post-thermal treatment to the sample grown in an open
beaker. The improvement mechanism of surface quality is also discussed in detail.

Experimental section
The ZnO nanorods arrays used in this investigation were grown on Si substrates
by the CBD method, which includes a two-steps process, i.e. a substrate treatment
prior to the CBD growth. The substrates were pre-treated by coating the substrate for
different times with a 5 mM solution of zinc acetate dihydrate (Zn (OOCCH3)2·2H2O)
dissolved in pure ethanol. In the CBD growth, 0.1M aqueous solutions of zinc nitrate
hexahydrate [Zn (NO3)2.6H2O, 99.9% purity] and 0.1M aqueous solutions of
methenamine (C6H12N4, 99.9% purity) were first prepared and mixed together. The
pre-treated Si substrates were immersed in the aqueous solution and kept at 93oC for
2h. During the process of two-steps CBD, many parameters can influence the
structure, morphology and properties of the samples, such as seed layer and pH value
of chemical solution [12-13]. But in our case, the only difference between two asgrown ZnO nanorods arrays during the growth processes is that the beaker is sealed or
not. The sample grown in the open beaker is named OZN; the other grown in the
sealed beaker is named SZN. After growth, a part of the OZN was annealed at 500oC
for 1h in air atmosphere (named as OZN-A). Furthermore, SZN and OZN are both
surface modified in 0.1 M (10ml) ammonia solution at 93oC for 15min (named as
OZN-N and SZN-N respectively).
Scanning electron microscopy (SEM) pictures were recorded by using a JEOL
JSM-6301F. Photoluminescence (PL) measurements were carried out at room
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temperature. A CCD detector (Spectrum One) and a monochromator HR460 from
Jobin Yvon-Spex were used to disperse and detect the ZnO emission. Laser line with
a wavelength of 266 nm from a diode laser (Coherent Verdi) pumped resonant
frequency doubling unit (MBD 266) is used as excitation source. Time resolved PL
(TRPL) was performed by using an excitation laser line from a frequency tripled
sapphire:Ti laser emitting at 266 nm, a 0.3 m monochromator and a streak camera at
1.8 K. X-ray photoelectron spectroscopy (XPS) measurements were performed using
a Scienta® ESCA200 spectrometer in ultra-high vacuum (UHV) with a base pressure
of 10−10 mbar. The measurement chamber is equipped with a monochromatic Al (Kα)
X-ray source providing photon with hυ=1486.6 eV. The XPS experimental condition
was set so that the full width at half maximum (FWHM) of the clean Au 4f7/2 line was
0.65 eV. All spectra were measured at a photoelectron take-off angle of 0º (normal
emission) and room temperature. The binding energies were obtained referenced to
the Fermi level with an error of ±0.1 eV.

Results and discussion
The SEM images of the as-grown OZN and SZN are shown in Fig.1. The ZNAs
were vertically aligned on the Si (001) substrates. The length of SZN (730 nm) is
almost twice of OZN (420 nm), which indicates that their growth speeds are different
since the two samples are grown for the same time of 2h. In order to see it clearly, two
sets of OZN and SZN samples grown for different time are prepared. The length
dependence on the growth time is illustrated in Fig. 2, which clearly shows that the
growth speed of SZN is almost twice as fast as that of OZN. According to OZN, the
reactions in solution can be described by the following formulae [14-16] ：
C6H12N4 + 6H2O ↔ 6CH2O + 4NH3
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(1)

NH3 + H2O → NH4+ + OH-

(2)

Zn (NO3)2 → Zn2+ +2NO3-

(3)

Zn2+ + 4NH3 → Zn (NH3)42+

(4)

Zn2+ + 4OH- → Zn (OH)4 2-

(5)

Zn(NH3)42+ + 2OH- → ZnO + 4NH3 + H2O

(6)

Zn(OH)42- → ZnO + H2O + 2OH-

(7)

C6H12N4, which is extensively used in the fabrication of ZnO nanostructures, provides
the hydroxide ions (OH–) and the ammonia molecules (NH3) to the solution. Under
the open environment, the NH3 and H2O will constantly evaporate from the solution
during the whole growth process. On the contrary, when the beaker is sealed, all the
NH3 and H2O vapor can not evaporate outside so that the pressure in the beaker
increases. Besides, more NH3 will participate in the growth of the ZnO nanorods.
These two factors finally result in that growth speed of SZN is faster than that of OZN.

Fig.1 SEM images of OZN (a) and SZN (b) at a 45oC tilled stage.

Fig.3 shows the room temperature PL spectra of OZN, OZN-A and SZN, which
consists of a dominant UV peak at 385 nm in wavelength and a very weak and broad
deep level emission (DLE) band in the range of 500-600 nm. The UV emission band
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Fig.2 Length dependence of ZnO nanorods as a function of growth time

is related to a near band-edge transition of ZnO, namely, a combination of free
exciton and free exciton LO phonon replica emissions. The DLE band has previously
been attributed to intrinsic defects in the crystal structure such as O-vacancy (VO) [1719], Zn-vacancy (VZn)[20-22], O-interstitial (Oi) [23] or Zn-interstitial (Zni) [24].
Recently, this deep level emission band had been identified and at least two different
defect origins (VO and VZn) with different optical characteristics were claimed to
contribute to this DLE band [25-27]. As shown in Fig.3, a remarkable strong
enhancement of UV emission intensity appeared in OZN-A and SZN by almost a
factor of 4~5 compared to the OZN, and on the contrary the deep level emission band
had no big change. We would like to point out that the PL measurements were done in
back-scattering geometry, i.e. all the samples are excited from the front top by a laser
line with a wavelength of 266nm. The measurements from one sample to another
sample were achieved by moving the sample holder and the laser focus and emission
collection were optimized every time in order to avoid any intensity variation due to
the measurement alignment. In addition, in order to check the consistency of the
spectra across the samples, we also have measured different positions across the
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samples to do the spatial analysis. The results from different positions are similar.
This is consistent with the homogeneity of the samples as shown in the SEM imagine
(see Fig.1). Furthermore, according to the absorption coefficient of ZnO, the
penetration depth of the laser is about 300nm, which is shorter than the length of ZnO
nanorods in all the samples. Therefore, the emission intensity in PL spectra is only
related to the crystal quality of the samples.

Fig.3 Room temperature PL spectra of OZN, OZN-A and SZN. Insert is the
corresponding IUV/IDLE value.
The relative integrated PL intensity ratio between the UV (IUV) and DLE (IDLE)
can be used to characterize the qualitative deep level defect concentration of ZnO
nanorods [11]. The larger intensity ratio indicates that ZnO nanorods have a less deep
level defect concentration. The relative integrated PL intensity ratio (IUV/IDLE) of
different samples was summarized in the insert image of Fig.3. It can be seen that
IUV/IDLE value shows almost the same value for OZN-A and SZN, which indicates that
sealing the beaker during the growth can strongly improve the crystal quality of ZnO
nanorods and make it even as good as a 500oC annealed ZnO nanorods grown in an
open beaker. Furthermore, it is well known that ZnO grown in the chemical solution
has two kinds of defects, i.e. surface defects and intrinsic defects as mentioned above.
8

The strong enhancement of UV emission of OZN-A and SZN mainly relates to the
surface defects due to the slight variation in the DLE band compared with OZN [11].
TRPL is a powerful method to monitor the existence of the surface
recombination. As earlier demonstrated for Si epilayer [28-30], the surface
recombination can strongly influence the decay time. The excess minority carriers via
the near bandgap recombination exhibit a single exponential decay or a nonexponential decay, depending on whether the surface recombination is the major
recombination channel or not. Fig.4 shows the low-temperature (1.8K) TRPL spectra
from OZN, OZN-A and SZN. The time-resolved signals were recorded with detection
wavelength at the maximum intensity of the UV emission peak (around 369.52 nm).
All three samples exhibit a non-exponential decay, as shown in Fig.4, which means
the surface recombination is the major recombination channel in them. By examining
the decay curves in Fig.4, we find that the decay curves can be fitted by two
exponential decays:

I (t )  AS e t /  S  AB e t /  B

(8)

Fig. 4 Decay curves for OZN, OZN-A and SZN. The decays were measured at 1.8 K.
The black lines are fitting curve according to Eq. (8).
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Fig. 5 Deduced values of time constant s and ratio AS/AB for OZN, OZN-A and SZN
according to Eq. (8).

where I(t) represents the PL intensity as a function of time, while AS and AB are the
relative weights of the two exponential decays with time constants S and B,
respectively.
The black lines in Fig.4 represent the fitting decay curves according to Eq. (8).
The results show that the value of B is the same, 95 ps, for all decay curves. We
believe that this time constant represents an effective “bulk” exciton decay time in
these samples, which has been discussed in detail in our previous reports [10-11].
Apparently, the value of B in our case is much shorter compared to other reports on
the high-temperature grown ZnO nanorods. For examples, Zhang et al. reported an
exciton radiative lifetime of about 340 ps in ZnO nanorods fabricated by a vapor
transport method [31]. Recently, Mohanta et al. revealed an exciton radiative lifetime
of about 432 ps in ZnO nanorods prepared by metal organic chemical vapor
deposition (MOCVD) [32]. For these two techniques, i.e. vapor transport method and
MOCVD, the growth temperature is at least 450oC, which is much higher than 93oC
in our experiment, so the crystalline quality of their sample is better than our samples ,
which results in that our exciton radiative lifetime is much shorter. Although our
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value is shorter, it is still longer than that (70 ps) from the samples prepared by the
other low-temperature (90oC) aqueous chemical growth technique [33], which means
our sample has a relatively better crystalline quality. Moreover, the same deduced
value of B for three samples prepared under different conditions indicates that the
crystal qualities of “bulk” parts in them are same. It further reveals that the difference
between the three decay curves depends mainly on another fast exponential decay
with time constants S which is strongly influenced by the surface recombination. The
deduced value for time constant S and the ratio of AS/AB are summarized in Fig. 5.
As seen in Fig. 5, S of OZN-A and SZN increases step by step compared with OZN,
while the ratio, AS/AB, decreases. These factors indicate that the first term in Eq. (8)
becomes less important in influencing the decay time of OZN-A and SZN. This
clearly illustrates that sealing the beaker during the growth can effectively suppress
the surface recombination of ZnO nanorods and realize an even better impact than a
500oC post-thermal treatment on ZnO nanorods grown in an open beaker.

Fig.6 XPS survey spectra of OZN and SZN, where the labels indicated the origin of
the corresponding peaks.
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To reveal the effect and mechanism of growth process on the surface
recombination, it is necessary to understand the surface composition of OZN and SZN.
XPS was used to investigate the surface composition of OZN and SZN. Fig. 6 shows
the XPS survey spectra obtained from OZN and SZN, in which all of the peaks can
only be ascribed to Zn, O, and C elements as labeled in Fig. 6 [34]. It indicates that
there are no other impurities observed in both samples. We would like to mention that,
in all the XPS spectra of ZNAs, the binding energies have been calibrated by taking
the carbon C1s peak (285.0 eV) as reference.
The deconvolutions of the XPS spectra for the O1s core level line from OZN and
SZN are shown in Fig. 7(a) and 7(b), respectively. For all XPS spectra in this paper,
the open circles denote the experimental data, red solid line represents the fitting
curves and the deconvoluted individual peaks are depicted by green lines. In Fig. 7 (a),
the deconvolutions show the presence of four different O1s peaks in the OZN. The
peak centered at 530.35±0.3 eV (O1) is associated to the O2- ion in the wurzite
structure surrounded by Zn atoms with their full complement of nearest-neighbor O2ions [35-44]. The peak at 531.54±0.3 eV (O2) is attributed to the presence of OH
bonds, i.e. ZnO(OH) [37-41]. The binding energy peak at 532.87±0.3 eV (O3) can be
ascribed to the specifically chemisorbed oxygen, such as -CO3, adsorbed O2, or
adsorbed H2O [35-44]. Another peak located at 528.38±0.3 eV (O4) is related to the
oxygen from a H-ZnO (10 1 0) surface as reported in our previous report [45]. In Ref
[45], we reported that the OH (O2) and H (O4) bonds play the dominant role in
facilitating surface recombination, but specific chemisorbed oxygen (O3) also likely
affect the surface recombination. The lower binding energy of O3 located at, the less
contribution of the component to the surface recombination. However, in Fig. 7(b),
only O1 and O3 components are extracted from the experimental curve and the
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Fig.7 (a) O1s XPS spectrum of OZN where four components (green curves) were
used to deconvolute the experimental peak, as labeled by O1, O2, O3 and O4; (b) O1s
XPS spectrum of SZN, only O1 and O3 components were extracted from the
experimental curve; (c) Zn 2p3/2 XPS spectrum of OZN, where two components
(green curves) were used to deconvolute the experimental peak, as labeled by Zn1 and
Zn2; (d) Zn 2p3/2 XPS spectrum of SZN, only Zn1 component was extracted from the
experiment curve.

binding energy of O3 (532.12±0.3 eV) in SZN is lower by about 0.75 eV than that in
OZN, which has less contribution to the surface recombination process. Therefore, the
O1s XPS results indicate that surface defects, such as O2, O3 and O4 which do great
contribution to the surface recombination, are strongly suppressed by sealing the
beaker during the growth process. Furthermore, the deconvolutions of the XPS
spectra for the Zn 2p3/2 core level line from OZN and SZN are shown in Fig. 7(c) and
7(d), respectively. The Zn 2p3/2 XPS spectrum from OZN is very broad and
asymmetric. A good fit to the experimental data only could be obtained when
deconvolutions of two Gaussians were used for the spectrum, which indicates that two
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zinc species exist on the surface of OZN. The observed peak with binding energy of
1021.42±0.3 (Zn1) is associated to Zn species in ZnO [46-47]. The other peak with
binding energy of 1022.91±0.3 (Zn2) corresponds to Zn species (1022.73) in ZnO(OH)
according to Ref.[48-50]. However, for SZN, only Zn1 is enough to fit the experiment
curve. This indicates that ZnO(OH) either does not exist on the surface of SZN or the
concentration is too low to be detected by XPS, which further testifies the O1s XPS
results. Therefore, the XPS results indicate that OH and H groups dominate the
surface of OZN, while a totally different situation happens on the surface of SZN.
This phenomenon depends on the different growth mechanism of OZN and SZN,
which will be discussed in detail in the following part.
According to the reaction formulae (1)-(7) of OZN, four coordinated Zn cation
largely occurs as tetrahedral complexes [51]. Therefore, two complexes, Zn(NH3)42+
and Zn(OH)42-, are generated in the solution and become the precursors of ZnO. Some
Zn(NH3)42+ and Zn(OH)42- will exist on the outside surface of OZN since the sample
are interruptedly taken out from the chemical solution and form the surface defects to
provide the surface recombination centers. On the contrary, for SZN, when the beaker
is sealed, the obvious and pivotal difference compared with an open beaker is the
concentration of NH3 in the solution. With opening the beaker, most part of the NH3
will evaporate from the solution so that Zn(OH)42- is the main precursors of ZnO. But
with sealing the beaker, all the NH3 will be kept in the beaker. Thus, two factors
should be taken account for the reaction. On one hand, more NH3 will participate in
the reaction according to chemical formula (4), so more Zn(NH3)42- precursors forms
on the surface of ZnO nanorods. On the other hand, more groups related to NH3 are
absorbed by the surface of ZnO nanorods due to the high concentration of NH3 in the
beaker. Therefore, we deduce that the group related to NH3 is the main group attached
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on the surface of SZN, which may has less contribution on the surface recombination.
In order to verify this, XPS was used to detect the nitrogen signal from the OZN and
SZN. Fig.8 shows the N1s XPS spectra from OZN and SZN. From Fig.8, we can see
that one peak located at 400.02 ±0.3 eV can be observed in both samples. It is known
that the N 1s peak from molecularly adsorbed NH3 on metal and semiconductor
surfaces appears at 400-401 eV, whereas for the partially decomposed species, i.e.,
NHx (x= 1, 2), N 1s peak appears at 398-399.4 eV [52-54]. Thus, the peak at 400.02
eV is well associated with the molecularly adsorbed NH3, which proves that the
groups associated to NH3 indeed cover the surface of SZN as induced above. But we
can also observe that the relative intensity of N1s signal from SZN is about three
times of that from OZN. This implies hat more groups related to NH3 are attached on
the surface of SZN.

Fig.8 N1s XPS spectra of OZN and SZN.

To further reveal the effect of NH3 absorbed by the surface on the optical
properties of ZnO nanorods, ammonia was used to perform surface modification on
the as-grown OZN and SZN. For protecting the surface morphology to make it the
same as the as-grown nanorods, low concentration of ammonia solution (0.1M) and
15

short time (15min) treatment were used in the experiments. In addition, the
experiment was carried out at 93oC as the growth condition, which aimed to simulate
the growth condition for the easier comparison and analysis. The room-temperature
PL spectra from OZN, OZN-N, SZN and SZN-N are shown in Fig.9. As shown in
Fig.9 (a), after ammonia treatment, the UV emission intensity of OZN-N is enhanced
compared with OZN. While the intensity of the DLE band shows almost no change,
indicating that the surface treatment does not influence the concentration of deep level
defects. Thus, the enhancement of the UV emission is mainly related to the surface
treatment by ammonia. When the OZN is immersed in the ammonia solution, two
actions will happen in the solution. On one hand, Zn(OH)42- on the surface will follow
the reaction formula (7) to decompose into ZnO, which will enhance the intensity of
the UV emission as shown for the OZN-N sample. On the other hand, due to the
short time treatment under low concentration of ammonia solution, the surface
morphology of OZN-N is same as OZN, which indicates that a devastating etching
process does not happen on the surface. But 15min is enough for the whole surface to

Fig.9 (a) Room-temperature PL spectra from OZN and OZN-N; (b) Roomtemperature PL spectra from SZN and SZN-N.
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be attached by the groups related to NH3. From this aspect, we can know that the
absorption of the groups related to NH3 not only does not introduce the surface
recombination into the emission process, but also even benefit for the enhancement of
the emission intensity of ZnO nanorods. Furthermore, we performed the same
treatment on the SZN. As shown in Fig.9 (b), after ammonia treatment, the PL spectra
from SZN and SZN-N are almost the same. It indicates that the quantity of NH3 on
the SZN surface is already saturated during the growth process so that no more NH3
can be attached in the ammonia treatment. Hence, the optical property of SZN is
better than OZN. Martins et al had calculated the highest occupied molecular orbital
(HOMO) energy, lowest unoccupied molecular orbital (LUMO) energy and HOMOLUMO band gap of NH3 molecule absorbed by (ZnO) 22 cluster [55]. The band gap
diagram is illustrated in Fig.10. It can be seen that the LUMO and HOMO energy
level of NH3 are both beyond the band gap, indicating that NH3 attachment can not
form surface state in the ZnO nanorods. Besides, the small energy barriers formed at
valence band and conduction band make the electron and hole effectively combined
and enhance the emission efficiency. So far, the theoretical calculation and

Fig. 10 Band gap diagram of ZnO attached by NH3. All the energy values are the
relative value to the vacuum level. The position of LUMO and HOMO were taken
form the calculation [55]. The position of VB and CB of ZnO were taken from the
experiment [56].
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experimental measurement about the LUMO and HOMO energy level of NH3
absorbed by ZnO are still limited. We hope that our results can stimulate more
investigations on it.

Conclusion
In the paper, we present an effective way, i.e. sealing the beaker, to suppress the
surface recombination during the growth process, which can realize a better impact
than a 500oC post-thermal treatment on ZnO nanorods grown in the open beaker. The
results also reveal that the absorption of the groups related to NH3 by the surface of
ZnO nanorods has no contribution to the surface recombination during the optical
emission process. This work not only simplifies the preparation procedure of ZnO
nanorods arrays with high crystal quality and save the cost for large-scale fabrication,
but also provides an easier way to improve the properties of photoelectronic devices.
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Effective suppression of surface recombination in ZnO nanorods
arrays during the growth process
L.L. Yang *, †, ‡, Q.X. Zhao †, M. Willander†, X.J. Liu§, M. Fahlman§, J.H. Yang ‡

Low temperature (1.8K) decay curves for OZN, OZN-A and SZN are fitted by two
exponential decays according to the equation I (t )  AS e

t /  S

 AB e t /  B . The insert

indicate that sealing the beaker during the growth process can effectively suppress the

surface recombination of ZnO nanorods and the suppression effect is even better than a
500oC post-thermal treatment to OZN.
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