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quantum yield, wide spectral adjustability, and low synthesis 

cost. Size-tunable properties through changing the QD size 

and the composition in the synthesis stages are a hallmark 

of group II–VI QDs that have been intensively studied. [ 1–6 ]  

Recent advances in the study of energy transfer between the 

quantum states and surface states (SSs) of group II–VI QDs 

have led to the development of a new fi eld. [ 7–11 ]  As colloidal 

QDs mostly are very small (ca. 1–10 nm), the resulting high 

surface/volume ratio renders a high density of surface states 

that are generally regarded as non-radiative trap states and, 

thus, the cause of low quantum yields (QYs) of the QD emit-

ters. The surface trap states of QDs have often purposely 

been suppressed. [ 12 ]  A key issue arises here, namely, can 

we convert the non-radiative trap states to radiative ones? 

Recently, the surface trap states of CdSe QDs have been 

effectively converted to radiative ones by plasmon-resonance 

methods and the QY of these QDs was greatly enhanced. [ 13 ]  

Studies have shown that colloidal QDs with rich surface trap 

states could be used as white-light sources because surface 

trap states can generate a high-QY broad emission band in 

the visible region; furthermore, they can be changed by some 

external parameters. [ 14–21 ]  DOI: 10.1002/smll.201400094

 We explore a strongly interacting QDs/Ag plasmonic coupling structure that 
enables multiple approaches to manipulate light emission from QDs. Group II–VI 
semiconductor QDs with unique surface states (SSs) impressively modify the plasmonic 
character of the contiguous Ag nanostructures whereby the localized plasmons (LPs) 
in the Ag nanostructures can effectively extract the non-radiative SSs of the QDs to 
radiatively emit via SS–LP resonance. The SS–LP coupling is demonstrated to be 
readily tunable through surface-state engineering both during QD synthesis and in the 
post-synthesis stage. The combination of surface-state engineering and band-tailoring 
engineering allows us to precisely control the luminescence color of the QDs and enables 
the realization of white-light emission with single-size QDs. Being a versatile metal, the 
Ag in our optical device functions in multiple ways: as a support for the LPs, for optical 
refl ection, and for electrical conduction. Two application examples of the QDs/Ag 
plasmon coupler for optical devices are given, an Ag microcavity + plasmon-coupling 
structure and a new QD light-emitting diode. The new QDs/Ag plasmon coupler opens 
exciting possibilities in developing novel light sources and biomarker detectors. 
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  1.     Introduction 

 Colloidal semiconductor quantum dots (QDs) are prom-

ising light-emitting materials because of their unique char-

acteristics, such as their large quantum-size effect, high 
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 Surface-state related emission arises from the optical 

transitions of surface trap states located in the bandgap of 

QDs, which emerges as a broad peak at the lower photon 

energy relative to the band-edge emission (BEE). [ 12,22 ]  The 

SS emission (SSE) can be tuned and controlled in both syn-

thesis stages in solution and post synthesis stages in thin 

solid fi lms. [ 14,23,24 ]  The synthesis parameters (e.g., the initial 

amount and concentration of the reacting materials, tempera-

ture, time, etc.) and post-synthesis wet chemical treatments 

(e.g., ligand modifi cation and medium capping) remarkably 

infl uence the properties of SSE. However, post-synthesis wet-

chemical treatments usually introduce more defects on the 

surface of the QDs and form rich-surface trap states, which 

usually additionally quench the luminescence. Whereas sur-

face states are dominant routes in the non-radiative decay 

of excited electrons, the resonant coupling of QD emitters-

metallic plasmons provides an effective way for extracting 

the energy of the surface states via radiative decay chan-

nels. [ 13 ]  This physical approach greatly enhances the intensity 

of SSE. Though plasmon-enhanced SSE has been reported 

before, [ 25–27 ]  the key factors that may tune the SS–plasmon 

coupling are yet to be explored. 

 In this paper, group II–VI QDs with well-defi ned surface 

states are synthesized for the tuning of the strong coupling 

between the QD emitters and plasmons in Ag nanostruc-

tures. The adjustability of SS–LP coupling via surface-state 

engineering, such as surface passivation of QDs during syn-

thesis and surface photoactivation of the QDs after syn-

thesis, is explored. We demonstrate the precise tuning of 

QD–plasmon coupling through modifi cation of the density 

of surface states (DOSSs) of the QDs by surface passiva-

tion with incorporation of a S precursor, which forms a shell 

around a CdZnS core during the synthesis procedure. We fur-

ther show the facile tuning of the QD–plasmon coupling via 

reducing the DOSSs of the QDs by applying photoactivation 

(UV-light irradiation) in a post-synthesis stage. An analog to 

a white-light emitting device using single-size CdZnS QDs is 

successfully developed by the combination of surface-state 

engineering and band-tailoring engineering. To illustrate the 

applications of these QDs/Ag plasmon couplers, we have 

realized the concurrence of multiple functions in the Ag 

layer, consisting of plasmon supporting, refl ecting mirror, and 

electrode. An optical microcavity plus SS–plasmon coupling 

structure is demonstrated in which the SSE of the single-size 

QDs almost covers the whole visible-light band. The electro-

luminescence of a newly realized QD light-emitting diode 

(QDLED) shows bias-sensitive SSEs.  

  2.     Tuning of the SS-LP Coupling via Surface-
State Engineering of QDs 

 Our previous studies have demonstrated the distinct enhance-

ment of the SSE of colloidal CdSe quantum dots (QDs) 

via coupling to localized plasmons (LPs) in Ag nanostruc-

tures. [ 13 ]  The strong QD emitter–plasmon coupling makes 

the emission of a QDs/Ag structure quite different from 

that of bare QDs. It has been found that an oleic acid (OA) 

ligand on CdSe QDs plays a critical role in the modifi cation 

of an Ag nanostructure by forming a CdSe QDs/Ag coupler, 

which consequently has an impact on the coupling of the QD 

emitters with LPs in Ag. However, in the QDs/Ag coupler 

the modifi cation of SSs on the LP coupling was not studied 

nor fully understood. Here we take our QDs/Ag couplers 

and investigate the adjustability of the SS–LP coupling by 

manipulation of the SSs both during and after synthesis. We 

call these in-synthesis and post-synthesis tuning approaches 

to the surface of the QDs the surface-state engineering and 

the band-tailoring engineering, respectively. 

 Five batches of CdS QDs with different dot size and a 

different density of SSs were synthesized. The photolumines-

cence (PL) spectra and TEM images of the QDs are shown in 

Figure S1 (Supporting Information). The PL peak positions 

of the BEEs for the fi ve-batch QDs were at 410, 428, 440, 

456, and 472 nm, with a narrow FWHM of 21, 20, 20, 17, and 

17 nm, respectively. The estimated dot sizes are 3.1, 3.8, 4.2, 

5.1, and 6.0 nm, respectively. The phenomenon of the intense 

size-dependent enhancement of the SSE was also reproduced 

in the CdS QDs/Ag couplers. The PL spectra of the CdS QDs/

Ag couplers before and after annealing are shown in  Figure    1  . 

The detailed PL and time-resolved PL decay spectra of the 

QDs/Si and QDs/Ag are shown in Figure S2 (Supporting 

Information). It can clearly be seen that the couplers without 

annealing show more intense enhancements of the SSE for 

the small-size CdS QDs than the large-size ones whereas the 

annealing treatment results in more intense enhancements 

of the SSE for the large-size QDs than the small-size ones. 

The color bands in Figure  1  indicate a red shift of the SSE. 

Annealing leads to a red-shift of the dominant LP modes in 

the QDs/Ag couplers, therefore, the luminescence of CdS 

QDs with the appropriate size can be changed signifi cantly 

when the SSE is resonantly coupled with the LP modes in 

Ag.  

 As seen in Figure  1 , the enhancement of the SSE shows a 

large difference before and after annealing. This interesting 

phenomenon can be understood clearly by the following 

plasmonic interaction picture. In a metal/dielectric system, 

the plasmonic mode (or frequency) in the metal is primarily 

determined by the dielectric function of the metal, but the 

geometry (i.e., grain size and shape) also has an impact. 

Shown in Figure S5 in the Supporting Information, the as-

deposited Ag fi lm consists of small grains with sizes of about 

10–30 nm, however, the annealing treatment causes a great 

change in the Ag morphology by reshaping the small Ag 

grains into larger ones with irregular shapes. Small Ag par-

ticles have a higher plasmonic frequency than large Ag par-

ticles. [ 28,29 ]  Thus, the annealing process leads to a red-shift of 

the LP modes in the CdS QDs/Ag couplers. The resonance 

of the SSEs of CdS QDs with LP modes in the Ag particles 

causes a strong light-absorption/scattering and intensely 

enhanced local electromagnetic fi elds that greatly affect the 

radiative recombination of the QDs. Therefore, the as-depos-

ited small Ag grains favorably enhance the SSEs of small-size 

QDs whereas the larger Ag particles formed by annealing 

favorably enhance the SSEs of large-size QDs. 

 We found that the luminescence properties of the 

annealed QDs/Ag couplers are more stable than those 

of couplers without annealing. This phenomenon can be 
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ascribed to the following two factors: First, the surface of 

the metallic Ag fi lm becomes more stable (lower activity) 

after annealing in OA (residue in the QDs layer). Second, 

the OA residue in the QDs, which acts as an etchant to Ag, 

decreases because of the intensifi ed chemical and physical 

processes at the annealing temperatures, such as redox 

reactions, desorption, and evaporation. [ 30 ]  A notable reduc-

tion of the OA residue in the QDs layer by annealing was 

observed by FTIR (spectra shown in Figure S4, Supporting 

Information). 

 The SS–LP coupling evidently improves the energy 

transfer from the band-edge excitons to the SS-related exci-

tons. As shown in Figure S2 in the Supporting Information, 

the plasmon-enhanced SSEs of the CdS QDs/Ag couplers 

mostly have longer lifetimes than the corresponding SSEs 

of the CdS QDs/Si couplers. This phenomenon is different 

from the previously reported plasmon-enhanced BEE life-

times where the intensity enhancements of the BEEs were 

often accompanied with a reduction in the decay lifetimes 

because resonant plasmons in the metal commonly enhance 

the radiative decay rate ( k  r ) of the BEEs. The contradictory 

phenomenon observed in CdS QDs/Ag couplers, namely, the 

enhanced SSE intensities and increased decay lifetimes, can 

be explained by the Purcell effect. The LP coupling not only 

increases the radiative decay rate ( k  r ) but also suppresses 

the non-radiative decay rate ( k   nr ) of the QDs SSs. The 

detailed data and analysis are given in Figure S2 (Supporting 

Information). 

 The intensity-enhancement factors of the SSEs in the 

QDs/Ag couplers are dependent on the thickness of the QD 

layer. A huge enhancement factor as high as 580 (Figure S5, 

Supporting Information) was realized by optimizing the thick-

ness of the QD layer, exceeding almost all the previously 

reported enhancement factors of plasmon-enhanced emis-

sions of QDs. We further found that after annealing a thin Ag 

fi lm with discrete surface morphologies presents primarily 

similar LP-enhancement characteristics to a thick and con-

tinuous-morphology Ag fi lm (Figure S6, Supporting Infor-

mation). These results indicate that the LP coupling in the 

QDs/Ag couplers is non-sensitive to the initial morphology 

and the thickness of Ag. Thus, the proposed fl uorescence/

metal system for luminescence enhancement does not need 

any accurate tailoring of the shapes and sizes of the Ag nano-

structures nor the coordination of the distance between the 

QD emitters and the Ag particles as is the case in many pre-

vious works. [ 31–36 ]  Therefore, our QDs/Ag plasmon couplers 

for luminescence enhancement are readily realized and cost 

effi cient. 

small 2014, 10, No. 15, 3099–3109

 Figure 1.    PL spectra of the QDs/Ag/Si samples with and without annealing and the corresponding light spot (Excitation line: 325 nm).
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  2.1. In-Synthesis     Tuning of SS–LP Coupling via Surface 
Passivation of QDs 

 Precise manipulation of plasmonic coupling is a key issue to 

realize new light sources on the nanoscale. Many research 

efforts have been reported on the tuning of plasmonic cou-

pling via complicated fabrications of metallic nanostructures. 

On the contrary, we demonstrate here the facile and precise 

tuning of LP coupling via modifi cation of the SSs of the QDs 

emitters both during and after synthesis. 

 SS–LP coupling can be readily manipulated by changing 

the SSs of the QDs during the synthesis stage. We change 

the DOSSs of the QDs by surface passivation through incor-

poration of a S precursor for the formation of a ZnS shell 

on a CdZnS core during the synthesis process. To strengthen 

the function of the SSs while maintaining the BEE at the 

same energy, alloyed CdZnS QDs were synthesized to dem-

onstrate the possibility of tuning the SS–LP coupling. Five 

batches of alloyed CdZnS QDs were extracted in the syn-

thesis stage: three batches of CdZnS QDs were obtained 

after 1, 4, and 8 min from the fi rst injection of S precursors; 

two batches of CdZnS/ZnS QDs were obtained after 2 and 

30 min from the second injection of S.  Figure    2  a–d shows 

the typical TEM images of four different-sized QDs (two 

batches of CdZnS QDs obtained during the process for core 

growth and two batches of the CdZnS/ZnS QDs obtained 

during the stage of the shell formation). The estimated sizes 

of the four batches were 3, 5, 7, and 10 nm, respectively. 

Shown in Figure  2 e are the peak wavelengths of their BEEs, 

which are 446, 446, 450, 446, and 440 nm, respectively, with 

a FWHM of around 16 nm. The competition between the 

increased size of the particles and the decreased Cd/Zn 

ratio during the reaction limits the BEE peak position vari-

ations to a small range so that the SS effect can be studied 

separately. Figure  2 e displays that the core–shell structure 

evidently suppresses SSE but enhances BEE because of the 

surface passivation by the formation of a shell on the sur-

face of the QDs. [ 37–40 ]   

 The change of DOSSs of the QDs signifi cantly modi-

fi es the SS–LP coupling of the QDs/Ag couplers both with 

and without annealing (Figure  2 f–o). The QDs with shorter 

growth time evidently have higher DOSSs, corresponding to 

the stronger SS–LP coupling. For example, the SSE of the 

QDs/Ag dominates the PL in Figure  2 g whereas the SSE of 

the QDs/Ag in Figure  2 l–o is not prominent. Because of the 

strong SS–LP coupling the luminescence color of the QDs/

Ag is in sharp contrast to that of the QDs/Si in Figure  2 g, but 

the colors of the QDs/Ag and QDs/Si in Figure  2 o can hardly 

be discriminated because of the effective passivation of the 

SSs. It can be concluded that the surface-state engineering of 

the QDs during synthesis can profoundly tune the QDs–LP 

coupling.  

  2.2. Post-Synthesis     Tuning of SS-LP Coupling Via Surface 
Photoactivation of QDs 

 It has been demonstrated that the passivation of the SSs 

by shell formation on the QDs during the synthesis stage 

can effectively modify the SS–LP coupling. In this section, 

we further show the facile tuning of the SS–LP coupling 

by modifying the SSs of the QDs emitters in a post-syn-

thesis stage. Photoactivation (UV-light irradiation) of the 

surfaces of synthesized QDs can lower the DOSSs as well, 

without changing the size of the QDs. A chemical picture 

of UV-light irradiation on the QDs in ambient air shows 

that oxidation of the QD surface effectively passivates 

the SSs. A sample similar to that shown in Figure S2j in 

the Supporting Information (#5 CdS QDs) was irradiated 

by a 405-nm picosecond laser and the PL spectra were 

measured at regular time intervals.  Figure    3  a,b shows the 

PL spectra of the #5 CdS QDs/Ag and #5 CdS QDs/Si at 

different intervals in the irradiation process. Photoactiva-

tion greatly changes the PL spectra of the QDs/Ag cou-

plers. The PL spectra of the QDs/Ag were fi tted by three 

Gaussian peaks (the inset in Figure  3 c): one for the BEE 

and two for the SSE. The two fi tted SSE peaks correspond 

to two major SS levels in the bandgap of the QDs. The 

temporal evolution of the PL intensities versus the irra-

diation time for the three peaks are shown in Figure  3 c. 

This shows that the BEE intensity increases initially and 

then decreases, whereas the two SSE peaks decrease with 

prolonging irradiation time. The temporal evolution of the 

lifetimes of BEE and SSE, plotted in Figure  3 d, show that 

there is little change in the BEE lifetime, but the SSE life-

time decreases, similar to the SSE intensity in Figure  3 c. 

The fact that the BEE intensity increases in the fi rst 20 min 

indicates that photoactivation passivates the SSs in this fi rst 

stage. At this point, the surface of the QDs adsorbs O 2  and 

forms an oxide surface (such as CdO and SO 4  2− ). [ 41–43 ]  The 

dangling bonds on the surface of the QDs are passivated 

by the oxidation process, resulting in a decrease of the 

DOSSs. The reduction of the DOSSs by 405-nm light irra-

diation may cause the suppression of the possible electron 

transfer from band-edge states to the SSs, in other words, 

the energy transfer rate from the band edge to the SSs, 

 k  ET  in Equation S3 (Supporting Information), decreases. 

The little variation in BEE lifetime in the irradiation pro-

cess suggests that the sum of the radiative decay rate ( k  r ), 

non-radiative decay rate ( k  nr ), and  k  ET  remains unchanged. 

From Equations S5 and S6 (Supporting Information) we 

calculated that  k  r  increases in the fi rst 20 min, which is in 

accordance with the enhanced BEE intensity (Figure  3 a,c). 

For the SSE, things are different in the fi rst 20 min: because 

of surface oxidation of the QDs the DOSSs decrease thus 

 k  nr  decreases, whereas the lifetime of the SSE changes little 

as shown in Figure  3 d, indicating that  k  r  increases at this 

stage. The reduction of the DOSSs may dominantly infl u-

ence the SS recombination.  

 After the fi rst 20 min, the excessive irradiation on the 

QDs causes some desorption of the Cd and S atoms on 

the surface of the QDs, therefore, more vacancy defects 

are introduced on the surface. Consequently, more photo-

generated electrons in the QDs could transfer to surface 

defect states and the BEE begins to quench in a slow rate. 

During the irradiation time of 40–100 min, both BEE and 

SSE decrease slowly following a similar trend (Figure  3 c) 

whereas the SSE lifetime becomes shorter (Figure  3 d). The 
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increment in surface defects caused by excessive irradiation 

may differ from the SSs (dangling bonds) of the as-synthe-

sized samples. It can be concluded that moderate photoac-

tivation can further tune the SS–LP coupling to infl uence 

the emission of the QDs/Ag couplers by passivation of the 

SSs and increase the radiative rate of the BEE. However, 

the tuning approach of the shell growth on QD cores seems 

more effective in the suppression of the SSE in comparison 

to the photoactivation approach for the QDs/Ag plasmon 

coupler.  
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 Figure 2.    a,b) TEM images of the alloyed CdZnS cores obtained after 1 min (a) and 8 min (b) of the fi rst injection of S precursor. c,d) TEM images 
of the CdZnS/ZnS QDs obtained after 2 min (c) and 30 min (d) of the second injection of S precursor. e) Temporal evolution of the PL spectra of 
the alloyed QDs obtained at different growth times in reaction (1, 4, and 8 min after the fi rst S injection for the alloyed core growth and 2 and 
30 min after the second S injection for the shell formation). f–k) PL spectra of the 3 batches of CdZnS QDs on Si and on Ag. l–n) PL spectra of the 
2 batches of CdZnS/ZnS QDs on Si and on Ag.
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  2.3.     Realization of White-Light Sources Using Single-Size QDs 
by Combining Surface-State Engineering and Band-Tailoring 
Engineering 

 In a typical white-light emitting device (WLED), white light 

is generated via superposition of a narrow blue-light emission 

from InGaN/GaN LED chips (λ 470 nm) and a broad yellow-

light emission (λ 500–700 nm) from YAG:Ce phosphors. 

We demonstrate here an analog of a WLED using single-

size CdZnS QDs that our tuned through surface-state engi-

neering and band-tailoring engineering. In the CdZnS QDs, 

the PL spectra clearly show a narrow BEE peak and a broad 

SSE with longer wavelengths. Similar to typical white-light 

spectra of InGaN/GaN LEDs it is possible to realize white 

luminescence from single-size QDs as well by tuning the 

two emission peaks of the QDs to have suitable wavelengths 

and intensity ratios. Commonly, the wavelengths of the emis-

sion peaks of the QDs are fi xed from the synthesis stage of 

the QDs. In our previous work, very small CdSe QDs were 

synthesized to obtain a blue BEE (at ca. 460 nm) and white 

luminescence from a CdSe QDs/Ag coupler was demon-

strated. [ 13 ]  But the small CdSe QDs with the blue BEE peak 

were not stable as their high surface energy easily caused 

aggregation of the QDs during annealing. Moreover, in the 

small CdSe QDs the relatively weak blue BEE peak was gen-

erally accompanied by a prominent SSE peak, which made 

it impossible to achieve WLEDs. Though CdS QDs seem a 

good alternative white-light source and we have been able to 

realize approximate white-light emission from our CdS QDs 

on Ag in this work (Figure  1 ), the BEE and SSE peaks of 

the CdS QDs are diffi cult to tune simultaneously. The band-

tailoring engineering of the alloyed QDs has proven to be a 

valid way for the precise positioning the BEE peak mainly 

through adjusting the amount of the initial precursors. [ 37–40 ]  

This is, however, not suffi cient to realize white-light emission 

from the single-size QDs. It is also critical to tune the SSE of 

the QDs. By combining the tuning approaches stated above 

(surface passivation of the QDs in the synthesis stage, SS–LP 

coupling, and surface photoactivation of the QDs/Ag cou-

plers after synthesis), white-light emission from the single-

size QDs can be achieved. 

 Semi CdZnS/ZnS core–shell QDs structures with a par-

tially passivated core surface were prepared for this. The 

preparation method of the semi core–shell QDs is similar to 

that stated in Section 2.1. The difference is that the Zn:Cd 

ratio (1.5) and the amount of second injected S for the syn-

thesis of the semi CdZnS/ZnS core–shell QDs are smaller 

than those for the full CdZnS/ZnS core–shell QDs, which 

causes an incomplete ZnS shell coating that partially pas-

sivates the surface dangling bonds on the core surface. An 

expected result of the semi CdZnS/ZnS core–shell structure 

was the enhancement of the BEE and the alleviation of 

the plasmon-enhanced SSE which provides an independent 

parameter to tune the two emissions. 

 The schematic illustration of the preparation for the 

semi CdZnS/ZnS core–shell QDs/Ag couplers is shown in 

 Figure    4  a,b. Figure  4 c shows the evolution of the PL spectra 

for the semi CdZnS/ZnS QDs using the surface-state engi-

neering approach. The PL spectra of both QDs/Si and QDs/

Ag are plotted for comparison. The annealing treatment of 

the QDs/Ag coupler leads to the enhancement of the cou-

pling between the QDs and LPs in Ag. The SSE at 596 nm 
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 Figure 3.    a) PL spectra of #5CdS QDs/Ag with 405 nm irradiation. b) PL spectra of #5CdS QDs/Si with 405 nm irradiation (Inset: temporal evolution 
of the intensity for the BEE). c) Temporal evolution of the intensities for the fi tted peaks (Inset: The PL spectra of the #5 CdS QDs/Ag are fi tted by 
one BEE peak and two SSE peaks). d) Temporal evolution of the lifetimes for the SSE (600 nm) and BEE (472 nm) in the irradiation process.
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is clearly enhanced whereas the BEE at 470 is suppressed. 

The luminescence color of the annealed QDs/Ag coupler is 

yellow because of the blend of the blue BEE and the orange 

SSE. After UV-light irradiation on the sample, the BEE 

intensity increases notably whereas the SSE of the QDs/Ag 

declines slightly. As a result, a white-light source is realized 

by the superposition of the two emissions from the single-size 

QDs on Ag. The 1931 CIE coordinates for the realized white-

light source are (0.34, 0.31).    

  3.     Optical Devices with Enhanced SSE 

 In the QDs/Ag plasmon couplers stated above the layer of 

QDs acts as both an intense luminescence emitter and a 

modifi er of the plasmonic properties of the Ag nanostruc-

ture. Our goal was to further exploit the versatility of the Ag 

metal. Being a noble metal Ag has multiple functions, such 

as acting as a plasmon carrier, optical mirror, or electrode, 

etc. Optical devices with unique functions could be formed 

by utilizing the QDs/Ag coupler. Here we propose two appli-

cation examples of the QDs/Ag coupler in optoelectronic 

devices: 1) An optical microcavity with a simple structure of 

Ag/PMMA-QDs/Ag (PMMA: polymethylmethacrylate) in 

which the Ag fi lms not only act as the carriers of the LPs for 

the SSE enhancement of the QDs, but also serve as the cavity 

mirrors with high optical refl ectivity; 2) A QD light-emitting 

device (QLED) in which Ag acts as both the electrode and 

the optical confi nement layer for electroluminescence. 

  3.1.     Optical Microcavity-modulated + Plasmon-Enhanced SSE 

 In an optical microcavity structure, the typical thickness of 

an active layer is designed to be  λ  0 /2 n  where  λ  0  is the wave-

length of the emission peak and  n  is the refractive index of 

the active layer. The SSE peak of the QDs is very broad and 

can be strongly enhanced (thus higher gain) by forming a 

QDs/Ag coupler. When the broad and plasmon-enhanced 

SSE peak is taken as the gain spectrum of the active layer, 

the important advantage is that  λ  0  could be tuned over a 

wide range. In this designed microcavity structure, both the 

PMMA-QDs and the Ag layers serve multiple functions, as 

the active layer and the SP modifi er, and the LP carriers and 

the mirrors, respectively. 

 The preparation of the plasmon-enhanced Ag/PMMA-

QDs/Ag microcavity structure is shown in  Figure    5  a. A 

thick Ag fi lm (ca. 250 nm) with high refl ectivity was fi rstly 

deposited on a Si chip. Then the blend of PMMA – CdS 

QDs ( λ  BEE  = 456 nm) dissolved in toluene was spin-coated 

on the Ag fi lm to form an active layer (ca. 200 nm) and fol-

lowed by annealing to enhance the SSE. A top Ag layer (ca. 

50 nm) was fi nally deposited on the PMMA-QDs layer. An 

SEM image of the cross section of the microcavity is shown 

in Figure  5 b. The PL and refl ection spectra of the micro-

cavity structure with the cavity mode at 624 nm are shown 

in Figure  5 c. The dotted line in Figure  5 d shows the PL spec-

trum of the annealed PMMA-CdS QDs/Ag which is the 

recurrence of the plasmon-enhanced PL spectrum shown 

in Figure  1 . PL spectra of microcavities with active layers 

of different thicknesses and excited by a 405-nm laser are 

shown in Figure  5 d. When the microcavities are excited by 

the 405-nm laser, narrow peaks (FWHM around 11–16 nm) 

associated with the resonant cavity modes appear within 

the enhanced broad SSE spectrum. The cavity-mode related 

emission peaks almost span the whole SSE spectral range 

(500–700 nm) though the peaks have a relatively low Q-factor 

(40–50) because of the imperfection of the Ag/PMMA-QDs/

Ag cavity structure made by spin coating. With this simple 

microcavity structure, the narrow PL spectra centered in the 

plasmon-enhanced SSE range can be easily customized.  

 The microcavity structure is used for further investiga-

tion of the QDs dynamics related to the plasmon-enhanced 

SSE. The measured decay time of the luminescence can be 

expressed in terms of the radiative rate and non-radiative 

rate as given in Equation S4 (Supporting Information). Figure 

 5 e shows that the lifetime of the SSE at 624 nm in the cavity 

(75.2 ns) is much shorter than that on Ag (103.6 ns). The 

decreased lifetime in the cavity is consistent with previously 

reported results of emitters in other types of cavities. [ 44–47 ]  
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 Figure 4.    Combination of the band-tailoring engineering and SSE-tuning engineering. a) Schematic illustration of the combination of band-tailoring 
engineering and SSE-tuning engineering. b) Schematic illustration of the preparation for the semi CdZnS/ZnS core–shell QDs. c) The application 
of surface-state engineering on the CdZnS/ZnS QDs for white luminescence (Inset: the HRTEM image of the QDs (bar: 5 nm) and a photograph of 
the light spot excited by the 325-nm line of a Xe lamp).
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The coupling between the QDs and the optical microcavity 

enhances the radiative decay rate  k  r  of the excitons in the QDs 

(Purcell effect). On the contrary, the plasmon-enhanced SSE 

results in an increasing lifetime (103.6 ns) compared to that of 

PMMA-QDs/Si (72.4 ns), which is related to the suppression 

of the non-radiative decay rate  k  nr  of the SSE by LP-coupling.  

  3.2.     An Electroluminescence Device with Enhanced SSE 

 As a noble metal, Ag is a good electrode material because 

of its high electric conductivity, relatively low work function 

(ca. 4.3 eV), and good chemical stability. Here, an Ag fi lm 

is used as the cathode and to form QDs/Ag couplers in the 

QD light-emitting diodes (QD LEDs). The QD LED con-

sists of ITO/PEDOT:PSS/CBP:QDs/Ag ( Figure    6  a) (where 

PEDOT:PSS = poly(3,4-ethylenedioxythiophene):poly(sty

rene sulfonate), a hole-injection layer (HIL)). The energy-

level diagram of the device is shown in Figure  6 b. The semi 

CdZnS/ZnS core–shell QDs (470 nm) in toluene were mixed 

with 4,4′, N , N ′-diphenylcarbazole (CBP) in chloroform and 

the mixture was spin coated on the PEDOT:PSS layer to form 

the CBP:QDs active layer. The Ag electrode (ca. 100 nm) was 

thermally evaporated on the CBP:QDs layer. Holes were 

injected from the ITO layer through the PEDOT:PSS layer 

whereas electrons were injected from the Ag cathode. The 

emission was measured at the ITO side.  

 The electroluminescence (EL) spectra at different bias 

for the QD-LED are shown in Figure  6 c. The PL of the 

CBP:QDs is plotted for comparison. The current densities 

and ratios of SSE to BEE versus bias voltage are shown 

in Figure  6 d. The BEEs of the EL spectra have larger line 

widths (FWHM of 24–40 nm) than that of the PL spectra (ca. 

20 nm) whereas the BEEs of the EL spectra display a red-

shift by about 15 nm in comparison to that of the PL spectra. 

The red-shift and spectral broadening may originate from 

the Förster energy transfer and the Joule heat in the device. 

When the bias is 6 V, the EL is very weak. The EL at 8 V is 

about 10-fold that at 6 V, whereas the intensities of the SSE 

are not prominent. When the bias increases to 10 V, however, 
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 Figure 5.    The plasmon-enhanced SSE in the microcavity. a) Schematic diagram of the preparation of the simple Ag/PMMA-QDs/Ag optical 
microcavity structure. b) The SEM image of the cross section of the microcavity. c) The PL and refl ection spectra of the microcavity structure with 
the cavity mode at 624 nm. d) The PL spectra of the microcavities with varied active-layer thicknesses and the PMMA-CdS QDs/Ag (dashed line 
for reference) excited by a 405-nm laser line and detected at 0°. The inset shows the color photos of the spots on the surface of the top Ag layer 
excited by a 405-nm laser line. e) Comparison of the time-resolved PL (TRPL) for the microcavity and the PMMA-CdS QDs/Ag (Inset: The TRPL of 
PMMA-CdS QDs/Si and PMMA-CdS QDs/Ag).
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the BEE decreases while the SSE clearly increases. The ratio 

of SSE to BEE further increases to about 0.45 at 12 V. 

 The SSE difference between the EL and PL can be 

explained by different excitonic generation and recombi-

nation mechanisms. The SS excitons in the EL are possibly 

formed via the direct trapping of the injected carriers on the 

SSs of the QDs whereas the excitons in the PL are mainly 

created inside the QDs. During measurement of a PL spec-

trum electron–hole pairs are mainly generated inside the 

QDs by absorption of excitation photons. Most photon-gen-

erated carriers directly recombine inside the QD cores and, 

consequently, the BEE dominates the PL spectrum shown 

in Figure  6 c. In the meantime, a fraction of the carriers may 

diffuse to the QD surface and be trapped by the SSs, which 

eventually decay by either radiative recombination (SSE) 

or non-radiative recombination. On the contrary, for the EL 

spectra shown in Figure  6 c, where SSE varies with the bias 

voltage, the mechanisms could be quite different. In the 

QD LED the QDs are dispersed in the CBP host material. 

When the bias is small the injected electrons and holes from 

the two electrodes may fi rst form excitons in the CBP, after 

which these excitons diffuse into the QDs by energy transfer 

(shown in the inset of Figure  6 d). Thus the EL at smaller 

currents shows a relatively weak SSE. As the bias increases, 

both the energy and density of the injected carriers in the 

CBP layer increase, whereas the hot carriers may directly 

collide with the QDs surface and a considerable part of the 

injected hot electrons and holes are possibly trapped by the 

SSs and converted to SS excitons. We further found that this 

bias-sensitive SSE can also be tuned by surface-state engi-

neering. The surface-passivated QDs show that the ratio of 

SSE to BEE is not sensitive to the bias voltage (Figure S8, 

Supporting Information).   

  4.     Conclusions 

 We have demonstrated that QDs emitters can be deliberately 

manipulated via a combination of surface-state engineering 

and band-tailoring engineering. We have explored multiple 

functions for Ag in tuning the luminescence by forming QDs/

Ag couplers, including its LP coupling, optical refl ection, 

and electrical conduction. The chemical interaction between 

CdZnS QDs and Ag modifi es the plasmonic properties of the 

couplers, which in turn infl uences the coupling between the 

SSs of the QDs emitters and LPs in Ag nanostructures, thus, 

the emission of the QDs is readily tuned. The SS–LP coupling 

can be precisely modulated by changing the SSs of the QDs 

by either a semi-shell capping on the QDs during synthesis 

or by UV irradiation after synthesis. The enhancement of the 

relative intensity ratio of SSE to BEE by LP coupling is over 

100 whereas UV irradiation is able to shrink the intensity 

ratio of SSE to BEE by fi ve times. By combining the alloyed 

core–shell QDs and UV irradiation, we were able to indi-

vidually adjust the energy position and density of the SSs for 

customizable luminescence colors using single-size QDs. To 

illustrate the applications of the QDs/Ag plasmon couplers, 

we have realized multiple-function concurrence of Ag in our 

couplers, namely, Ag acts as LP support, refl ecting mirror, 

and electrode. Optical microcavities with QDs sandwiched 

between the top and bottom Ag mirrors have been designed 

and fabricated in which the SSE was greatly enhanced by LPs 

and strongly modifi ed by the microcavities. In the newly real-

ized QD LEDs incorporated with a QDs/Ag plasmon coupler 

and simultaneously having Ag act as the cathode, the inten-

sity ratio of SSE to BEE shows a distinct tunability through 

changing the bias voltage and, consequently, the EL color 

of the QDs is tunable as well. The new QDs/Ag plasmon 

 Figure 6.    a) Structure diagram of device ITO/PEDOT:PSS/CBP:QDs/Ag. b) The energy-level diagram of the device. c) EL spectra of the QLED at 
various voltages. Inset: the area (integrated intensity) of EL spectra versus the bias. d) Current density and the ratio of SSE to BEE versus the bias 
of the QLED. Inset: two mechanisms for the generation of SSE excitons.
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coupler opens exciting possibilities in developing novel light 

sources and biomarker detectors.  

  5.     Experimental Section 

  Chemicals : Cadmium oxide (CdO, 99.95%), selenium powder 
(Se, 99.999%), oleic acid (OA, 90%), 1-octadecane (ODE, 90%), 
tri- n -octyl phosphine (TOP, 90%), and polymethylmethacrylate 
(PMMA, average MW 350000) powders were purchased from Alfa 
Aesar. Sulfur powder (99.99%), tributylphospine (TBP, 95%), and 
zinc acetate dehydrate (Zn(OAc) 2 ·2H 2 O, 99.99%) were purchased 
form aladdin-reagent. The PEDOT:PSS (1.3 wt% dispersion in H 2 O, 
conductive grade) was purchased from Aldrich. 

  Synthesis of the CdS QDs : Typically, for CdS QDs with an emis-
sion peak at 472 nm, 2 mmol CdO powder, 3 mL OA, and 30 mL 
ODE were loaded in a 50 mL three-necked fl ask. Then the mixture 
was heated to 300 °C under argon atmosphere until a transparent 
Cd precursor was formed. The heat was then removed and 1 mL 
TBPS solution (S powder dissolved in TBP with 3 m  concentration) 
was swiftly injected into the fl ask, after which the fl ask was cooled 
naturally. The CdS QDs were centrifuged with ethanol and then re-
dispersed in toluene. The wavelength of the QDs can be tuned by 
mainly varying the injection temperature and the reaction time. 

  Synthesis of the CdZnS/ZnS Core–Shell QDs and the quasi 
CdZnS/ZnS Core–Shell QDs : For the CdZnS/ZnS core–shell QDs, 
1.5 mmol CdO, 12 mmol Zn(OAc) 2 .2H 2 O, 8 mL OA, and 17 mL ODE 
were heated at 300 °C under argon atmosphere until the trans-
parent Cd/Zn precursor was formed. Then 3 mmol S dissolved in 
6 mL ODE was swiftly injected. The mixture in the fl ask was heated 
at 300 °C for 8 min. During this time, three batches were extracted 
at 1, 4, and 8 min. Then, 4 mL TBPS with 3 m  concentration was 
injected for ZnS shell formation. The growth time of the shells was 
30 min. After cooling, the CdZnS/ZnS QDs were centrifuged with 
ethanol and then re-dispersed in toluene. For the semi CdZnS/ZnS 
core–shell QDs, the synthesis method was similar to that stated 
above. The Cd, Zn element amounts were 2 mmol and 3 mmol, 
respectively. And the S (dissolved in ODE) for the fi rst injection 
was 3 mmol, the TBPS for the second injection was 1.2 mL. 

  Preparation and Characterization of the Samples with SSE–LP 
Coupling : Half of a clean Si wafer was coated with a 60-nm Ag fi lm 
by thermal evaporation. The QDs/toluene solution was then spin-
coated on the Ag/Si substrate. Each wafer was cleaved into two 
pieces along the direction perpendicular to the boundary between 
the areas with Ag and without Ag. One cleaved piece was kept as a 
reference sample whereas the other was annealed in air at 150 °C 
in an oven for 30 min. The PL spectra of both the areas with and 
without Ag were measured. 

 Steady-state PL and lifetime measurements were performed 
using an Edinburgh FLS920 system with an excitation line of 
325 nm from a Xenon lamp (for PL) and with a 405-nm picosecond 
laser for the lifetime experiments. The absorption measurements 
were performed using a UV-3600 UV-vis-NIR spectrophotometer. 

  Preparation of the QDLEDs : The hole-injection layer of 
PEDOT:PSS was spin coated onto the cleaned surface of ITO 
glass. The PEDOT:PSS layer was heated at 150 °C for 30 min to 
remove the water. A 1.5 mL solution of CBP dissolved in chloro-
form (50 mg mL –1 ) was added to about 4.5 mL of a CdZnS/ZnS 
QDs (470 nm) dispersion in toluene (34 mg mL –1 ). The CBP:QDs 

mixture was then spin coated onto the PEDOT:PSS layer and this 
layer was dried by a blower to remove the residual solvent. Finally 
the Ag cathode (ca. 100 nm) was deposited on the CBP:QDs layer 
by thermal evaporation through a mask.  
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 Supporting Information is available from the Wiley Online Library 
or from the author.  
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