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  1   .  Introduction 

 ZnO quantum dots are attractive candidates for a variety of 
applications, such as solar cells and light-emitting devices [  1–5  ]  
(LEDs) or bio-imaging. [  6–8  ]  The interest in ZnO as the active 
material in nanocrystal LEDs arises from its superior exciton 
stability at room temperature, with a binding energy of 60 meV. 
In addition, ZnO is capable of emitting light both in the ultra-
violet (UV) through near bandgap emission and in the vis-
ible through defect and surface state mediated emission. [  6,8,9  ]  
Because the Bohr exciton radius of bulk ZnO is 2.34 nm, [  10  ]  
nanometer-sized ZnO nanocrystals exhibit quantum confi ne-
ment, [  11–15  ]  which may allow tuning of emission wavelengths 
via the quantum dot size. 

 A critical issue for optical applications 
of ZnO quantum dots is the luminescent 
quantum yield. Previous reports based 
on chemical sol-gel processes mentioned 
luminescent ZnO quantum dots with 
quantum yields as high as ≈26%. [  8  ]  Tune-
able emission in the blue to yellow range 
of the spectrum with quantum yields 
as high as 61% was reported for ZnO 
quantum dots synthesized by LiOH-medi-
ated growth and a post-crystallization sur-
face capping. [  6  ]  Quantum yields up to 76% 
in the blue were achieved by complexing 
the ZnO surfaces with oleic acid; [  16  ]  how-
ever, the quantum yield decayed over 

times of a few days. Aside from the crystal quality and post-
processing, it was demonstrated that the quantum dot diam-
eter is an important factor for quantum yield with the highest 
quantum yields having been observed for nanocrystal diam-
eters of only a few nm. [  11  ]  In this size range, the large surface 
to volume ratio enhances the importance of surface states that 
are presumed to play a central role for visible emission. [  17  ]  As 
surface states interact with the environment, it is important to 
consider the ambient when comparing and analyzing lumines-
cence properties of ZnO quantum dots. 

 The high quantum yields achievable with ZnO quantum 
dots demonstrate that they may be an interesting alternative to 
liquid phase synthesized chalcogenide semiconductor quantum 
dots. Different from those materials, the inherent nontoxicity of 
ZnO and its strong defect luminescence in the green suggest 
applications in bio-imaging. The ligand-free synthesis in the 
gas phase may be an advantage for optoelectronic device appli-
cations, as it obviates the need for ligand removal or replace-
ment schemes typically required to achieve good electronic 
transport in nanocrystal fi lms. Among gas phase routes to syn-
thesize ZnO quantum dots are fl ame pyrolysis, [  18,19  ]  hot-wall 
reactors, [  20,21  ]  microwave plasmas, [  19  ]  or a combination of the 
latter two. [  21  ]  To date, the smallest ZnO nanoparticles produced 
in the gas phase were between 4–6 nm in diameter and were 
synthesized in a microwave plasma. [  19  ]  However, there are no 
reports on quantum yields of ZnO nanoparticles made in the 
gas phase up to now. 

 Here we report on the synthesis and photoluminescent 
properties of ZnO quantum dots made in a scalable non-
thermal plasma process. Gas phase synthesis is extremely fast 
(a few milliseconds to tens of milliseconds), [  22  ]  continuous 
(liquid phase processes are often run in batch form and the 
characteristics of QDs from different batches may vary), [  23  ]  
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the DEZ vapor was injected through an inlet tube that extended 
into the main reactor chamber, while a mixture of O 2  and Ar 
was passed through a sidearm tube and fi lled the space around 
the upper injection line. The ring electrodes were placed such 
that plasma initiated about 1cm above the end of the top line 
and the discharge extended downstream in order to dissociate 
and charge the DEZ and O 2  molecules individually before 
they mixed in the main reactor chamber. The nominal applied 
plasma power read at a power meter was 100 W, though the 
power actually coupled to the plasma is much lower. DEZ vapor 
was injected with a fl ow rate of 6 standard cubic cm per minute 
(sccm), controlled using a needle valve. The O 2  fl ow rate was 
3 sccm, and the Ar fl ow rate was 40 sccm. ZnO quantum 
dots were formed in the plasma and collected at the reactor 
exhaust on stainless steel mesh fi lters. The size of the resulting 
quantum dots was changed by varying their residence time in 
the plasma. This was controlled by adjusting the pressure in 
the plasma reactor over the range of 0.5–1.3 Torr (66–200 Pa) 
using an electronic butterfl y valve to throttle the vacuum pump. 
An additional reactor with a reduced diameter was used for 
making the smallest particles, using similar gas fl ow rates and 
plasma power.  

 The crystallinity of the ZnO quantum dots was studied using 
X-ray diffraction (XRD). The diffraction patterns correspond 
closely to the pattern for wurtzite ZnO. From the Scherrer equa-
tion, [  24  ]  which correlates the peak broadening with the quantum 
dot size, we calculated crystallite diameters of 3.4 nm, 3.0 nm 
and 2.4 nm for the samples made in the larger-diameter reactor 
at 1.3 Torr, 1.0 Torr, and 0.5 Torr, respectively, and 2.1 nm for the 
quantum dots prepared in the smaller-diameter tube.  Figure    2   
shows the XRD pattern from the 3.4 nm ZnO quantum dots. 
The crystallinity of the ZnO quantum dots is also demonstrated 
by the periodic electron diffraction seen in the high-resolution 
transmission electron microscopy (HRTEM) image (inset of 
Figure  2 ). Note that these ZnO quantum dots are among the 
smallest synthesized by a gas phase approach reported in litera-
ture thus far.   

largely scalable (up to kg or even tons) and ligand-free, which 
makes this synthesis route highly interesting for large scale 
applications, for example, in light emitting devices. We obtain 
size-controlled ZnO quantum dots with effi cient lumines-
cence without any further surface chemical treatment. As 
our quantum dots are ligand-free, we are in a position to dis-
cuss, for instance, the role of surface OH groups in the visible 
emission mechanism under different atmospheric conditions 
much clearer than in case of usual liquid-phase approaches. 
The ZnO quantum dots synthesized here are smaller than in 
previous reports on gas phase synthesis and range between 
2.1–3.4 nm. They exhibit a clear blue-shift in light emission 
with decreasing size, indicating quantum confi nement. The 
luminescent quantum yield is largest for the smallest quantum 
dots of 2.1 nm and reaches 60%. Fourier transform infrared 
spectroscopy (FTIR) and photoluminescence (PL) support the 
importance of adsorbed surface groups for effi cient visible 
luminescence.  

  2   .  Quantum Dot Synthesis 

 The ZnO quantum dots were synthesized in a nonthermal, 
low pressure fl ow-through reactor equipped with a 13.56 MHz 
radio-frequency plasma source. Diethylzinc (DEZ) and molec-
ular oxygen (O 2 ) were the precursor materials, using argon 
(Ar) as the background gas. One challenge arises from using 
these precursors: they will react with each other spontaneously, 
resulting in uncontrolled deposition of a low-quality fi lm on the 
reactor walls. To prevent this, both precursor species have to 
be injected separately into the plasma for dissociation before 
they mix and fi nally react.  Figure    1   shows a sketch of the newly 
designed reactor that solves this challenge. Rather than mixing 
the precursors in a gas line prior to their entry into the plasma, 

      Figure 1.  Sketch of plasma reactor chamber. 
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      Figure 2.  X-ray diffraction pattern of the ZnO quantum dots with a diam-
eter of 3.4 nm. Vertical lines indicate the diffraction peak position and 
intensity of bulk wurtzite ZnO. The inset shows a HRTEM image of the 
ZnO quantum dot. 
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vicinity of the valence band. This will be discussed in more 
detail below. 

 A central issue for applications of the ZnO quantum dots as 
light emitter is the photoluminescent quantum yield (PLQY). 
The ZnO quantum dots exhibit both UV and visible light 
emission. The PLQY of the ZnO quantum dots, measured in 
ethanol dispersion, at an excitation wavelength of 315 nm, is 
shown in  Figure    4  . For these measurements, we integrated over 
the entirety of the emission, including both the UV and visible 
photoluminescence in the PLQY calculation. There are three 
remarkable results: fi rst, a peak PLQY of 60% is achieved for 
the air-exposed 2.1 nm quantum dots, which is to our knowl-
edge the highest value reported on any kind of compound semi-
conductor nanoparticles synthesized in the gas phase. Second, 
a clear dependence on air exposure of the ethanol dispersion 
is obtained: as-produced ZnO quantum dots dispersed in 
ethanol exhibit PLQYs of 9% and 42% for 3.4 nm and 2.1 nm 
quantum dots, respectively. After exposure to ambient air for 
one day, PLQYs from those samples increased to 12% and 60%. 
Third, the PLQY of the ZnO quantum dots increases as size 
decreases, for both fresh and air-exposed samples. A similar 

  3   .  Luminescence Properties 

 The normalized photoluminescence (PL) spectra of the ZnO 
quantum dots dispersed in ethanol are depicted in  Figure    3  a. 
The spectra were measured after the particle dispersions 
were exposed to ambient air for 12 hours. The majority of the 
light emission is spread over the visible spectral range with 
the maximum intensity in the green/yellow region, from 550 
to 590 nm, with some contribution in the UV region due to 
near-bandgap exciton emission. The yellow/green emission 
component is likely defect emission due to surface states. We 
observe a blue shift of the emission maxima with decreasing 
size, for both the visible (Figure  3 a) and the UV (see Figure  3 b) 
emission. The near-bandgap emission shifts from 371 nm 
for the largest quantum dots to 355 nm for the smallest ones 
due to quantum confi nement (see Figure  3 b). Note that the 
size dependent bandgap shift is much less than expected by a 
simple effective mass model. For example, for a particle size 
of 3.4 nm, we observe a PL maximum emission at 371 nm, 
while the effective mass model predicts 305 nm. This strong 
discrepancy is well known for ZnO and widely discussed in lit-
erature. [  25–30  ]  Some of the main reasons discussed in literature 
are: Stokes shift between absorption and emission peak due to 
different fi ne structure states involved, [  27,28  ]  or due to phonon 
interaction, [  28  ]  leakage of the carrier wave function to surface 
states (i.e., a fi nite well depth height), [  29  ]  or Stark shift due to a 
strong electric fi eld due to surface charges. [  30  ]   

 Photoluminescence blue shifting with decreasing quantum 
dot size from 589 nm for 3.4 nm quantum dots to 545 nm for 
2.1 nm quantum dots is also obtained for the visible emis-
sion component, similar to what is reported in literature. [  25,31  ]  
For quantum-confi ned ZnO, the widening of the bandgap is 
expected to result mainly from the upward movement of con-
duction band states due to the smaller effective mass of the 
electron than the hole. [  12,14,26,32,33  ]  The fact that the energy shift 
for the visible emission (0.17 eV) is of similar magnitude to 
that observed for the UV emission (0.15 eV), indicates that 
for the visible emission, recombination most likely occurs 
from states close to the conduction band to deep defects in the 

      Figure 4.  Photoluminescence quantum yield of the ZnO quantum dots 
with different sizes dispersed in ethanol, measured after air exposure of 
the dispersion for 1 hour and 1 day. The inset shows a dispersion of par-
ticles with a diameter of 2.1 nm in ethanol under UV excitation at 360 nm. 

(a) (b)

      Figure 3.  a) Normalized photoluminescence (PL) spectra of the ZnO quantum dots with diameters between 2.1 nm and 3.4 nm. b) Near-bandgap 
exciton emission in more detail for 2.1 nm to 3.4 nm quantum dots. 

Adv. Funct. Mater. 2014, 24, 1988–1993



FU
LL P

A
P
ER

1991

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the missing EPR signal of this paramagnetic state. [  43  ]  In addition, 
aside from oxygen vacancies, there have also been reports that 
claim oxygen interstitials and anti-sites are responsible for the 
green emission. [  9,39,44  ]  Emission directly involving surface states 
of OH groups themselves, however, are reported to show lower-
energy yellow emission at around 577 nm (2.15 eV). [  45,46  ]  

 To further uncover the mechanism of the green–yellow 
luminescence of the plasma-synthesized ZnO quantum dots, 
PL spectra of the 2.4 nm quantum dots dispersed in ethanol 
were recorded in nitrogen and in ambient atmosphere under 
UV illumination. In  Figure    5  a, PL spectra measured under dif-
ferent conditions are shown. The reference (black line) is the 
PL measurement of the ZnO quantum dots prior to air expo-
sure, which was performed in nitrogen atmosphere. In the ref-
erence case, the particles have been exposed to UV light only 
for several tens of seconds during the measurement. When 
under continuous UV illumination while still in a nitrogen 
environment, the green–yellow emission decreases and van-
ishes almost completely after 4 minutes of exposure. This effect 
is reversible by exposing the same dispersion to ambient air, 
where the green–yellow emission reappears and continues to 
increase on a timescale of several days.  

 Similar effects of quenching of visible emission by UV 
exposure have been already discussed in literature. [  17,28,30,43,47  ]  
It is assumed that after UV excitation and electron-hole pair 
generation, adsorbed solvent molecules like ethanol act as 
hole scavengers in an oxidation process. At the same time, 
adsorbed oxygen, if available, scavenges the electron, which 
can be consumed in a reduction of free hydrogen ions to 
dihydrogendioxide. [  48  ]  Under aerobic conditions, both reac-
tions can be repeated arbitrarily often because the amount of 
available solvent and oxygen molecules to be adsorbed is not 
limited. In that case, visible emission is expected to occur, in 
agreement with our fi ndings. Under anaerobic conditions, only 
the solvent adsorption and hole scavenging can be repeated, 
while adsorbed oxygen cannot be replenished and the electron 
scavenging process is stopped. This leads to a charge imbal-
ance with excess electrons, which is the widely accepted reason 
for the quenching of the visible PL under anaerobic condi-
tions. [  28,43,49  ]  Earlier reports argue that these excess electrons 

size dependence of the quantum yield—albeit with signifi cantly 
lower absolute values—was reported for small ZnO quantum 
dots synthesized using a wet chemical approach. [  11  ]  The increase 
of the PLQY with decreasing quantum dot size is opposite to 
what is obtained for many other quantum dot materials, for 
example, for Si and CdSe quantum dots, where the PLQY signif-
icantly decreases with smaller size. [  34,35  ]  This points to the role of 
surface states in the luminescence properties of ZnO quantum 
dots, which may differ in comparison to other materials.   

  4   .  Green–Yellow Luminescence Mechanism 

 The mechanism of the green–yellow luminescence in ZnO—
responsible for the high PLQY in our quantum dots—is highly 
debated. It is likely that there is more than one path for charge 
carrier recombination in this spectral range and that the 
importance of each one depends on the relative density of the 
involved states, which are infl uenced by the synthesis method 
and the quantum dot surface conditions. 

 The charge carrier recombination mechanism leading to the 
green emission in ZnO is attributed to singly ionized oxygen 
vacancies by the vast majority of reports in literature. [  11,17,25,36–40  ]  
The proposed process involves the capture of photogenerated 
holes in the valence band by surface OH groups that bond to 
the quantum dots in humid ambient air or in an ethanol disper-
sion. [  17,25,40  ]  The holes, captured by the OH groups, have a fi nite 
probability to tunnel back into the crystal to singly ionized oxygen 
vacancies (V O  • ), creating a doubly ionized recombination center 
(V O  •• ) with an energy level closer to the valence band. A shallow 
trapped electron may recombine with the captured hole at this 
center, emitting green light. The tunnelling probability is expected 
to strongly increase with reduced particle size. [  11  ]  This model is 
consistent with our experimental fi ndings and can explain the 
higher PLQY in smaller particles, together with the increased 
ratio of surface to volume for smaller quantum dots and thus the 
increased availability of oxygen vacancy concentration and OH-
groups at the surface. [  41,42  ]  It must be noted that there have been 
recent reports on ZnO quantum dots that show green lumines-
cence without the presence of V O  • , which was demonstrated by 

      Figure 5.  a) PL intensity of the 2.4 nm ZnO quantum dots after exposing to UV light in nitrogen and ambient atmosphere. Dashed black lines act as 
a guide to the eye indicating the peak emission wavelength shifts. b) FTIR spectra of the 2.4 nm ZnO quantum dots kept under nitrogen atmosphere, 
and after exposure to air for 3 h and reintroduction of nitrogen for 5 min, 45 min, and 14 h. 

(a) (b)
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 To further discuss the importance of OH-groups on the vis-
ible emission, PL studies of the ZnO quantum dots under high 
vacuum (HV) conditions have been performed. The measure-
ment temperature was 300 K and during the measurements, 
the vacuum level was 5 × 10 −5  mbar. As can be seen in  Figure    6  , 
no green–yellow emission signal is observed in HV, whereas 
the near bandgap emission signifi cantly increases by factor of 
about 3. In fact, vacuum is expected to desorb surface oxygen-
containing species, such as OH groups. [  50  ]  Thus, we attribute 
the reduction in visible PL and the increasing intensity of UV 
emission under HV conditions to the absence of OH-groups 
according to the mechanism discussed above. This considera-
tion is also consistent with our FTIR measurements.   

  5   .  Conclusions 

 In summary, we have synthesized quantum dots of the com-
pound semiconductor ZnO using a nonthermal plasma reactor, 
which is a unique and fl exible synthesis tool that provides con-
trol over quantum dot size and chemistry. The as-deposited 
ZnO quantum dots can be synthesized in a size range suffi -
ciently small to demonstrate quantum size effects, and exhibit 
PLQYs as high as 60% in the visible part of the spectrum. Fur-
ther, we investigated the effect of size and atmosphere on the 
luminescence properties of the ZnO quantum dots. Irradia-
tion of the quantum dots with UV light suppresses the visible 
emission effi ciency, while, air exposure enhances the visible 
emission. These observations, in combination with the FTIR 
measurements of the ZnO quantum dots in various atmos-
pheres, demonstrate the importance of surface OH-groups for 
high visible-range quantum yield, which is consistent with the 
commonly accepted role of surface OH-groups in the visible 
emission mechanism. The high quantum yields achieved in 
this work add to the promise of these ZnO quantum dots in 
light emitting applications.  

  6   .  Experimental Section 
 The PLQY is defi ned as the ratio of emitted photons to absorbed 
excitation photons. To determine it, an absolute method was used, as 
described in detail in the literature. [  51  ]  Before measurement, the ZnO 
quantum dots were dispersed in ethanol in a nitrogen-fi lled glove 
box and were measured at the same day they were dispersed. A light-
emitting diode (Seti UVTOP-315) was used to excite the ZnO quantum 
dot dispersion in an integrating sphere (Labsphere) and measure the 
combined transmitted excitation and sample photoluminescence with 
a fi ber spectrometer (Ocean Optics USB 4000) with a free spectral 
range of 170 to 880 nm. The spectral response of the spectrometer has 
been calibrated with a NIST traceable calibration lamp (Ocean Optics 
LS-1-CAL). All measurements were repeated three times and averaged 
to improve accuracy. The PL measurements shown in Figure  5 a were 
performed in this setup as well. 

 The PL spectra of the ZnO quantum dots presented in Figure  3  
were measured with a PTI Quantum Master 4 Fluorometer. For these 
experiments, the ethanol dispersions of the ZnO quantum dots 
were prepared in the glove box and then kept in air for one day. FTIR 
measurements were done in nitrogen-purged glove box using an ALPHA 
infrared spectrometer (Bruker Optics) in the diffuse refl ectance infrared 
Fourier transform spectroscopy (DRIFTS) mode. 

are trapped by the V O  •  center, forming oxygen vacancies with 
two electrons and thus quenching green luminescence, [  49  ]  
whereas a very recent study concludes that the quenching of 
the visible emission is related to Auger de-excitation of the 
emissive state by the excess electrons. [  43  ]  

 Interestingly, a blue shift of the visible emission is observed 
under UV excitation, while a redshift is obtained after exposure 
to air, as indicated by the dashed line in Figure  5 a. The fi nd-
ings reported in literature regarding PL shift following UV irra-
diation are quite diverse, with some groups seeing little or no 
energy shift, [  28,43  ]  and others fi nding a blue shift similar to our 
results. [  17,30  ]  Although the defi nite reason for the energy shift of 
the visible emission observed in our experiment is still unclear, 
one hypothesis is that the blue shift is related to the charging 
of the quantum dots or UV-induced breaking/desorption of 
certain surface species (e.g., OH-groups), by which higher-
energy emissions from different kinds of surface defects could 
become dominant. Supporting the surface desorption/adsorp-
tion hypothesis is the observation that under UV illumination, 
the visible emission is quenched, while after exposure to air, 
the visible emission is enhanced. 

 To elucidate more details about the mechanism leading to 
the strong green–yellow emission from the air-exposed ZnO 
quantum dots presented here and to reveal possible connec-
tions with the surface chemistry, we performed FTIR measure-
ments under different atmospheres (Figure  5 b). In particular, 
we closely examined the OH stretching vibration, which is a 
broad FTIR feature near 3400 cm −1 . The ZnO quantum dots 
that had never been exposed to air and were stored in nitrogen 
show the smallest OH bonding signal. After being in contact 
with ambient air for 3 h, the quantum dots show an increase 
in the OH bonding peak, while a subsequent storage in N 2  
atmosphere reverts this effect again: after 45 min, a decrease in 
signal intensity is noticeable and after 14 h the intensity of the 
OH bonding peak is almost the same as for the particles before 
they were exposed to air. Based on these results, exposure to air 
readily increases the number of OH bonds on the surface of 
the ZnO quantum dots. This fi nding is qualitatively consistent 
with the hypothesis that OH groups act as surface traps for 
photogenerated charge carriers, enhancing visible emission. 

      Figure 6.  PL intensity of the 2.1 nm ZnO quantum dots in ambient atmos-
phere and in vacuum (5 × 10 −5  mbar), measured at room temperature. 
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