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white light-emitting diodes and photo-
luminescence (PL) sensors, due to their 
favorable optical properties and versatile 
surface modifi cation. [ 1–9 ]  In particular, the 
ratiometric optical thermometry based on 
dual-emitter QDs has attracted emergency 
interest because of its self-referencing 
capability. Considering the signifi cant 
role of built-in correlation, especially for 
overcoming the errors caused by the vari-
ations in sensor temperature, the unique 
dual emissions from two thermodynami-
cally coupled substrates within the QDs 
can improve the monitor sensitivity and 
robustness against fl uctuations. [ 7,10–12 ]  

 To date, the approaches for accom-
plishing such dual emissions from the 
QDs for the exploration of ratiometric 
optical thermometry are mainly divided 
into three strategies: (i) By controlling the 
cadmium-based QD synthesis process to 
obtain band-edge and surface trap-state 

emissions. [ 13–15 ]  For instance, Jethi et al. reported that CdSe 
QDs with intrinsic dual emissions from the core and surface 
can be an excellent candidate for exploring the ratiometric tem-
perature sensor. [ 15 ]  However, the variations and degradation of 
the surface caused by the processing and aging make this dual 
emissions be uncontrollable. [ 16 ]  (ii) By growing thick shells and 
fi nely controlling the composition and the crystal structures of 
core/shell interface in “giant” QDs systems to obtain two types 
of direct radiative exciton emissions. [ 17–21 ]  For example, Zhao 
et al. reported that a novel PbS/CdS “giant” QD system with 
dual emissions could be used as an ultrasensitive and self-
calibrating thermometer. [ 12 ]  (iii) By doping II–VI host with Mn 
ions to obtain dual emission from the excitonic core along with 
the Mn ion emission. [ 1–3,9,14,22 ]  For example, Gamelin’s group 
reported that the dual emissions from two thermodynamically 
coupled substrates within the Mn-doped Cd-based QDs favored 
the exploration of stable and reproducible temperature sensors 
with improved sensitivity and robustness. [ 1,3,7,23 ]  Unfortunately, 
the dual emissions of the dopant and the excitonic core could 
only be accomplished in the Cd-based QDs with specifi ed band-
gaps, which had to be tuned by carefully engineering the size 
and composition of the host. [ 2,24,25 ]  Meanwhile, because of the 
intrinsic toxicity of Cd, the future applicability of these QDs is 
doubtful, in regard to their inevitable environmental pollution. 
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  1.     Introduction 

 Dual emission quantum dots (QDs) have attracted consid-
erable interest as a novel type of phosphor for constructing 
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 Accordingly, one of the effective routes is to realize the co-
doping of two optically active transition-metal ions in the 
environment-friendly host QD materials, to achieve highly 
effi cient and robust intrinsic dual-dopant ion emissions. [ 4,26,27 ]  
Among the metal dopants, Cu +  and Mn 2+  are the most popular 
ones to behave separate and/or dual emissions. The emission 
of Cu doped QDs stems from the radiative recombination of 
the electrons from the host conduction band (CB) with holes 
trapped in Cu ions, yielding the color-tunable emissions and 
exhibiting the composition- and size-dependent bandgaps of 
the host. [ 8,28–31 ]  On the other hand, the Mn-doped QDs have a 
much weaker dependence of emission energy on the bandgaps 
of the host QDs, since their radiative pathway is involved with 
the energy transfer of electron-hole pairs from the host to the 
localized Mn 2+  ion and the subsequent electronic transition of 
Mn 2   +  d -orbitals (i.e.,  4 T 1 - 6 A 1 ). However, this emission only hap-
pens in the QDs with a bandgap larger than the energy of Mn-
doped emission. [ 30,32–38 ]  Furthermore, regardless of the fact that 
even a few groups reported the dual emissions in QDs, [ 4,26,35 ]  
the PL mechanism of Cu- and Mn-doped QDs is still unclear 
currently, which is a crucial issue for the exploration of the QDs 
with intrinsic dual-dopant ion emissions. 

 Herein, we report the exploration of Cu and Mn codoped 
Zn–In–S QDs with intrinsic dual dopant emissions based 
on a hot-injection method. We mainly focus on three topics: 
(i) to obtain the intrinsic dual emissions in Cu and Mn codoped 
Zn–In–S QD; (ii) to explore the ratiometric optical thermom-
etry based on the obtained Zn–In–S QDs; (iii) to reveal the 
PL mechanism of dual emissions in Cu and Mn codoped 
Zn–In–S QDs. It is found that the Cu doping levels play a criti-
cally important role on the PL performances of the QDs, which 
tailor the host energy levels to allow the desired intrinsic dual 
emissions in a tunable manner. Moreover, the as-constructed 
ratiometric temperature sensor based on the 
Cu and Mn codoped Zn–In–S QDs exhibits 
a robust stability over the broad tempera-
ture window. During the preparation of this 
manuscript, we noticed that Huang et al. 
recently reported the synthesis of Ag–Mn 
codoped Zn–In–S QDs and its application 
as ratiometric temperature sensor. However, 
the Ag-related emission in their doped QDs 
was considered as a defect (the captured 
electrons’ anion vacancies)-related emis-
sion, rather than an intrinsic dopant emis-
sion as presented in our Cu and Mn codoped 
Zn–In–S QDs, which might bring some of 
diffi culty for the exploration of stable tem-
perature sensors. [ 27 ]   

  2.     Results and Discussion 

 To prepare the Cu and Mn codoped Zn–In–S 
QDs with different relative intensities of 
the dual emissions, the Cu and Mn dopant 
nominal concentrations were adjusted from 
2.5 to 5 mol% and 1.3 to 2.6 mol%, respec-
tively, with otherwise same experimental 

conditions. The obtained codoped products were referred to 
samples 1, 2, 3, and 4 for Cu doping levels at 2.5%, 2.5%, 5.0%, 
and 5.0% and Mn doping levels at 1.3%, 1.3%, 2.6%, and 2.6%, 
respectively. Sample 3 is selected as a typical sample to study in 
details its application as ratiometric temperature sensor due to 
its superior sensitivity than other three samples. More details 
are shown in the Experimental Section. 

  2.1.     Morphology and Microstructure of Cu and Mn Codoped 
Zn–In–S QDs 

 According to the ICP optical emission spectrometer (ICP-
OES) analysis, the QDs of sample 3 are typically composed 
by Cu:Mn:Zn:In of 1.24:0.57:71.03: 27.16 in mol%.  Figure    1  a 
shows their representative X-ray diffraction (XRD) patterns, 
disclosing that they correspond to zinc blende ( ZB ) ZnS phase 
(JCPDS Card No. 77–2100). [ 39 ]  The diffraction peaks shift to 
lower angles as compared to the standard ones of  ZB  ZnS, 
which could be attributed to the substitution of smaller Zn 2+  
( r  = 0.75Å) by larger In 3+  ( r  = 0.80 Å). Based on the XRD data, 
the crystallite size of the QDs is ≈3.6 nm according to the 
 Debye-Scherrer  equation. Figure  1 b shows their typical trans-
mission electron microscopy (TEM) image. The QDs have an 
average diameter of ≈3.7 nm, which agrees to that recorded 
from the XRD. Figure  1 c is the high-resolution TEM (HRTEM) 
image of a single QD. The interplanar distances of 0.31 and 
0.27 nm (Figure  1 c) are assigned to the  d -distances of {111} and 
{002} planes of  ZB  ZnS, respectively. [ 40,41 ]  The corresponding 
fast Fourier transform (FFT) pattern shown in Figure  1 d fur-
ther verifi es that the as-synthesized QDs are  ZB  ZnS. [ 40,41 ]   

 To further understand the microstructure of the as-synthe-
sized Cu and Mn codoped Zn–In–S QDs, the compositions and 
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 Figure 1.    a) Representative XRD pattern of the Cu and Mn codoped Zn–In–S QDs of sample 
3. b) Typical TEM image of codoped Zn–In–S QDs for sample 3. c,d) HRTEM image and FFT 
pattern of a single QD for sample 3.
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valence states of the QDs were characterized by the X-ray pho-
toelectron spectroscopy (XPS). As shown in  Figure    2  a, the full 
spectrum shows the dominant photoelectron signals of Cu 2p, 
Mn 2p, In 3d, Zn 2p, and S 2p, confi rming that Cu and Mn ions 
have been doped into Zn–In–S QDs. The Cu 2p spectrum splits 
into 2p3/2 (932.2 eV) and 2p1/2 (952.2 eV) peaks (Figure  2 b), 
which are in good accordance with those reported in literatures, 
indicating that the Cu valence state in the Zn–In–S QDs is 
+1. [ 42 ]  Similarly, the Mn 2p spectrum ( Figure    3  c) splits into two 
peaks at 654.2 and 641.9 eV, implying that the Mn valence state 
is +2. [ 43 ]  Figure  2 d shows the typical In 3d spectrum, in which 
the strong peaks at 444.9 and 452.4 eV are assigned to the In 3d 
3/2 and In 3d5/2, respectively, suggesting the In valence state 
is +3. The spectrum of the Zn 2p in Figure  2 e is composed of 
2p3/2 (1021.9 eV) and 2p1/2 (1045.2 eV) peaks, confi rming that 
the valence state of Zn ion is +2. The S 2p in Figure  2 f has 
double peaks of S 2p1/2 (161.9 eV) and 2p3/2 (163.1eV) with an 
energy difference of 1 eV, which are attributed to S −2 .    

  2.2.     Optical Properties of Cu and Mn Codoped Zn–In–S QDs 

 Figure  3 a shows the digital pictures of the Cu and Mn codoped 
QDs with various Cu and Mn doping levels under the radia-
tion of a UV lamp with a wavelength of 365 nm. By changing 
the doped levels, these samples represent different colors, sug-
gesting that the PL emissions could be profoundly tailored by 
adjusting the doping concentrations of Cu and Mn dopants 
within the Zn–In–S QDs. Figure  3 b provides the representa-
tive UV–vis absorption and PL spectra of Cu and Mn codoped 

Zn–In–S QDs with various doping concentrations of Mn and 
Cu ions. As presented in Figure  3 b, a broad absorption band 
is observed at ≈400 nm, which is similar to those in the pre-
vious works, and can be ascribed to the Zn–In–S host excitonic 
transition. [ 26,43,44 ]  The absorption spectra have no obvious sharp 
exciton absorption peak, which are related to both intrabandgap 
states and inhomogeneous composition distribution. [ 37,45 ]  In 
addition, the absorption spectral contour and peak position 
exhibit no obvious variation among these four samples, indi-
cating that low doping levels of Cu and Mn ions incorporated 
into the Zn–In–S hosts have little effect on the size and com-
position of the QDs. [ 26,46 ]  The Cu and Mn codoped QDs show 
a broad PL spectra with two emissions peaked at 512 and 
612 nm, respectively, as shown in Figure  3 b. The relative 
intensities of these two emissions suggest that their PL perfor-
mance substantially depends on the concentrations of Cu and 
Mn dopants, while their peak positions are nearly unchanged. 
The PL QYs of these samples are estimated in the range of 
28%–38%, as summarized in  Table    1  .  

 To reveal the PL origins in the codoped Zn–In–S QDs, the 
typical PL decay curves, recorded at the emission peaks of 512 
and 612 nm, are shown in Figures  3 c,d, respectively. These PL 
decay curves are fi tted by a biexponential function, and their 
time constants and normalized amplitudes are summarized 
in Table  1  and Table S1 (Supporting Information). In contrast 
to the PL band at 512 nm with a short lifetime scaled in hun-
dred nanoseconds, the other one at 612 nm exhibits a much 
longer lifetime in a millisecond scale. [ 8,46,47 ]  In details, the PL 
lifetimes monitored at 512 nm are ranged in 238.5–380.6 ns, 
which are consistent with the excited-state lifetimes of Cu 
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 Figure 2.    Representative XPS spectra of Cu and Mn codoped Zn–In–S QDs (sample 3): a) survey spectrum, b) core level spectrum for Cu 2p, c) core 
level spectrum for Mn 2p, d) core level spectrum for In 3d, e) core level spectrum for Zn 2p, and f) core level spectrum for S 2p.
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dopant emission (often falling in hundred nanoseconds), owing 
to the recombination radiation between the hole in Cu  t 2   and 
the electron in the host CB. [ 26,28,36,46 ]  Besides, the PL lifetimes 
monitored at 612 nm are ≈2.4–3.2 ms, which is comparable to 
those of previously reported Mn doped QDs, due to the  4 T 1 - 6 A 1  
transition of Mn ions. [ 11,36,45 ]  The above results indicate that 
the green and red emissions originate from the Cu +  and Mn 2+  
ions, respectively. Furthermore, it seems that the PL excitation 
spectra (Figure S1, Supporting Information) of sample 3 moni-
tored at high (i.e., 512 nm) and low (i.e., 612 nm) energies are 
identical with similar onsets in the absorption spectra, indi-
cating that both emissions are decoupled in one particle, and 
derived from the excitation of the host Zn–In–S. [ 34,45,46,48 ]   

  2.3.     Ratiometric Thermometry Property 

 To investigate their ratiometric thermometry properties, the as-
prepared Cu and Mn codoped Zn–In–S QDs were transferred 

into an aqueous solution through ligand exchange by 11-mer-
captoundecanoic acid (MUA). [ 44 ]  Both the absorption and PL 
spectra did not undergo observable variation over the ligand 
exchange, except their PL QY decreased from 36% to 28%. The 
inset in  Figure    4  a provides the digital photograph of these QDs 
in both chloroform and water. Their PL QYs, in regard to the 
fresh QDs and the counterparts after kept for one month aging 
in chloroform and water, are just changed from 36 and 28% to 
34 and 25% (Figure S2, Supporting Information), respectively, 
representing their robust stability. Figure  4 a shows the temper-
ature-dependent PL spectra of Cu and Mn codoped Zn–In–S 
QDs, implying that, with the increase of the temperatures, the 
relative PL intensities of Cu ions become stronger and stronger, 
companying with a decrease and blue shift of Mn 2+  PL. The 
temperature dependence of PL peak positions in the Cu and 
Mn codoped system is shown in Figure S3 (Supporting Infor-
mation). This indicates that the Cu +  emission exhibits a mono-
tonic shift with the increase of the temperatures, indicating that 
the QDs PL shift is a suitable parameter for the characteriza-
tion of optical thermometry. Taking the linear fi t of Cu +  as a 
reference, the thermometry temperature sensitivity is ≈0.28 
and 0.024 nm K −1  in the temperature range of 80–140 K (Area 
I) and 140–340 K (Area II), respectively. Figure  4 b shows their 
corresponding thermometric response curve, plotting the ratios 
of integrated Cu ions emission ( I  Cu ) to total integrated one ( I  tot ) 
 vs  temperatures. The monotonic increase in the  I  Cu / I  tot  ratios 
with the raise of the temperatures further suggests their very 
promising applications in optical thermometry. Based on the 
linear fi t as a calibration curve shown in Figure  4 b, its thermo-
metric sensitivity  S  m  can be ≈0.132% K −1  over a broad window 
of 100–320 K. Such broad operating temperature window 
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  Table 1.    Details of dual emissions in Cu and Mn codoped Zn–In–S QDs.  

Samples Nominal Cu and Mn doping level 
[mol%]

τ Cu  a)  
[ns]

τ Mn  b)  
[ms]

PLQY 
[%]

1 Cu:2.5; Mn 1.3 270.4 3.1 28

2 Cu:2.5; Mn 1.3 238.5 3.2 34

3 Cu:5.0; Mn 2.6 380.6 2.4 36

4 Cu:5.0; Mn 2.6 251.8 2.7 38

    a,b) τ Cu  and τ Mn  represent the average PL lifetime of Cu and Mn ion emissions, 
respectively. More details for the fi tting parameters and analytic methods are 
shown in Table S1 (Supporting Information).   

 Figure 3.    a) Digital pictures of Cu and Mn codoped Zn–In–S QDs with different Cu and Mn doping levels under radiation of a UV lamp (365 nm, 4 W). 
b) Representative UV–vis absorptions (left) and normalized PL spectra ( λ  ex  = 365 nm) of Cu and Mn codoped Zn–In–S QDs dispersed in chloroform. 
c,d) Excited-state PL decay curves (y-axis in log scale) of Cu and Mn codoped Zn–In–S QDs recorded at the emission wavelengths of c) 512 nm and 
d) 612 nm, respectively.
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(Δ T : ≈200 K) of our two-parameter sensor exceeds those of 
other typical QD-based dual luminescence nanothermometries 
ever reported (most of Δ T : <100 K, see  Table    2  ).   

 The stability is critically important for the 
practical applications of ratiometric tempera-
ture sensors. Here, we shed light on two key 
points in regard to the stability of the sen-
sors based on Cu and Mn codoped Zn–In–S 
QDs, namely time stability and cycle sta-
bility. As shown in  Figure    5  a, the PL spectra 
of the doped QDs monitored for 60 min 
with an interval of 5 min coincide very well 
to each other (Figure  5 a). Accordingly, the 
fl uctuation of the ≈ I  Cu / I  tot  with the times 
is <1% (Figure  5 b), verifying their excellent 
time stability. Figure  5 c shows its tempera-
ture-cycle stability of the ≈ I  Cu / I  tot  within the 
temperatures ranged from 160 to 260 K with 
an interval of 20 K, in which the data were 
recorded once the sample temperatures have 
been stable for 5 min. Interestingly, for these 
fi ve cycles, the ratios of  I  Cu / I  tot  are almost 
identical, indicating the robust cycle stability 
of the built QD temperature sensors. The 
 I  Cu / I to   t  curves for fi ve cycles are integrated in 

Figure  5 d, which are nearly overlapped, further verifying that 
there is almost no hysteresis in the sensor. As compared to QD-
based dual luminescence nanothermometry in the previous 
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 Figure 4.    a) Temperature-dependent PL spectra of Cu and Mn codoped Zn–In–S QDs (36% QY 
at RT), normalized by the total integrated PL intensities. The inset shows the digital photograph 
of the fresh QDs in both chloroform and water under radiation of a UV lamp (365 nm, 4 W). 
b) Thermometric response of the QDs by plotting I Cu /I tot  versus temperature with a slope of 
1.32 × 10 −3  K −1 . The inset shows the schematic illustration for the luminescence nanothermo-
metries. The average internal temperature sensitivity ( S  m ) is defi ned:  S  m ( T ) = d[ I  Cu / I  tot ]/d T .

  Table 2.    The typical performances of QD-based dual luminescence nanothermometries.  

Phosphor Δ T  
[K]

S m  a)  
[10 −3  K −1 ]

Peak shift 
[nm K −1 ]

Dual emission property Thermal cycling stability Ref.

ZnMnSe/ZnCdSe QDs 173–273 9 No mention Excitonic PL No mention  [ 1 ] 

293–373 9 Mn dopant PL

293–373 9

Mn-doped CdSSe-ZnS core-

shell QDs

293–321 1.7–4 No mention Excitonic PL Reversible  [ 2 ] 

Mn dopant PL

ZnMnSe/ZnS/CdS/ZnS QDs 390–500 7.3 No mention Excitonic PL No mention  [ 3 ] 

270–320 7.2 Mn dopant PL

320–370 8.3

ZnCdMnSe QDs 250–390 9.3 No mention Excitonic PL No mention  [ 23 ] 

Mn dopant PL

CdSe QDs 82–280 4.4 No mention Excitonic PL Reversible  [ 15 ] 

surface state PL

PbS/CdS/CdS “giant” QDs 150–230 −113 b) No mention Excitonic CdS PL No mention  [ 12 ] 

230–280 −113 b) 0.336 excitonic PdS PL

280–350 −15 b) 0.336

350–373 −15 b) No mention

Ag and Mn codoped Zn–

In–S QDs

273–353 2.27 No mention Ag related dopant PL c) 

Mn dopant PL Reversible   [ 27 ]  

 Cu and Mn codoped  

 Zn–In–S QDs 

 100 – 320  1.32   0.28 (100–140 K)   

  0.024 (140–320 K)  

  Cu dopant PL     

Mn dopant PL  

 Reversible,  I  Cu / I  tot  

Fluctuation <1% 

 This work 

    a)  S  m  is defi ned as the intensity ratio of one peak and the total PL unless otherwise indicated;  b)  S  m  is defi ned as the intensity ratio of the two PL peaks( I  PbS / I  CdS );  c) Ag-related 
emission is the radiative recombination of the captured electrons' anion vacancies with holes trapped at the Ag dopant level. [ 27 ]    
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works ever reported (Table  2 ), our thermometry presents a 
totally robust stability, which could be mainly attributed to fol-
lowing two points: (i) The intrinsic dual-dopant emissions. It 
is known that the absolute intensity-based temperature sensors 
are often susceptible to errors due to the changes in environ-
mental factors, such as probe concentration, excitation or detec-
tion effi ciency. Although those factors can perturb the overall 
luminescence intensity by varying the nonradiative decay from 
either excited state, it is exciting that the fast population renor-
malization of various states in a QD ensures the same Boltz-
mann-derived luminescence intensity distributions. Therefore, 
the dual-emitting QDs can be explored as an excellent selec-
tive ratiometric optical thermometry, which can remove the 
signal and background fl uctuation caused by instable experi-
mental conditions to provide an increased signal-to-noise ratio 
with more reliable quantifi cation. [ 6,7,10 ]  (ii) The stability of the 
intrinsic dopant emission. Due to the dopant states in QD host 
can be little affected by the environments, the intrinsic dopant 
emission presents a satisfi ed stability, e.g., thermal stability, 
chemical stability, photo stability, and so forth. [ 28,49,50 ]    

  2.4.     PL Mechanism of Dual Dopant Emissions in Cu and Mn 
Codoped Zn–In–S QDs 

 Now we come to the point about the PL mechanism of Cu and 
Mn codoped Zn–In–S QDs, which is the profound issue to 
realize the desired dual dopant emissions for the exploration 
of ratiometric temperature sensors. It is known that the host 
bandgaps of the QDs are dependent on Cu doping concentra-
tion, [ 44 ]  while the Mn ions emission can only be observed in 
the host with wide bandgap. [ 43 ]  In current case, the effect of Cu 
doping concentrations on the PL properties was investigated 

systematically to understand the exciton recombination mecha-
nism in the Cu and Mn codoped Zn–In–S QDs, with a fi xed 
Mn doping level of 2.5 mol%. The detailed compositions of the 
purifi ed QDs are shown in Table S2 (Supporting Information), 
which shows the presence of both dopants and host elements 
with the real Mn doping level of ≈1 mol% and Cu doping con-
centration of gradually increased from 1.2 to 17.5 mol%, once 
the nominal doping levels are increased from 2.5 to 25 mol%. 
Figure S4 (Supporting Information) shows the corresponding 
XRD patterns of Cu and Mn codoped Zn–In–S QDs under dif-
ferent nominal Cu doping levels, indicating that the QDs retain 
overall an identical zinc blende phase. 

  Figure    6  a shows the representative PL spectra of Cu and Mn 
codoped Zn–In–S QDs under different nominal Cu doping 
levels (the Mn doping level was fi xed at 2.5 mol%), suggesting 
that the Cu doping levels greatly infl uence the optical prop-
erties of the QDs. [ 44 ]  For the QDs with a Cu doping level of 
0 mol%, a single characteristic red emission centered at 612 nm 
is observed, which arises from the intra electron transition of 
Mn ions from the fi rst excited state of   4 T 1   to the ground state of 
  6 A 1  . [ 43 ]  With the increase of the Cu doping levels, the red emis-
sion becomes broader and broader. In particular, when the Cu 
ions doped into the host, a new PL centered at 512 nm emerges, 
which could be ascribed to the emission of Cu ions with a 
hundred-nanosecond scaled PL lifetime (Figure S5, Supporting 
Information). With the further increase of the Cu doping 
level, the relative PL intensities of Cu ions increase and those 
of Mn ions decrease otherwise, showing two distinctively dif-
ferent emissions. However, when the nominal Cu doping level 
increases up to 10 mol%, the Mn ion emission happens to dis-
appear, presenting a single emission again. The single PL emis-
sion makes a shift from 591 to 661 nm monotonously with the 
raise of the Cu doping levels from 10% to 25 mol%, meaning 
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 Figure 5.    a) Time stability of the PL spectra of Cu and Mn codoped Zn–In–S QDs at 200 K. b) ≈ I  Cu / I  tot  for Cu and Mn codoped Zn–In–S QDs at 200 K. 
c) Temperature-cycle stability of  I  Cu / I to   t  for the QDs ranged from 160 to 260 K. d) Integrated  I  Cu / I  tot  curves for fi ve cycles.



FU
LL

 P
A
P
ER

7230 wileyonlinelibrary.com © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the composition-dependent and color-tunable emission, which 
is the typical characteristic of Cu ion emission. [ 11,28,44 ]  Figure  6 b 
shows the corresponding UV–vis absorption spectra of Cu and 
Mn codoped Zn–In–S QDs under different Cu doping levels. 
It discloses that, with the increase of the nominal Cu doping 
levels from 0 to 25 mol%, a systematic red shift is observed, in 
which the absorption onsets shift from ≈400 to ≈620 nm, and 
their bandgaps present a gradual decrease from 3.11 to 1.96 eV 
(the inset in Figure  6 b). Thereby, it can be concluded that the 
dual emissions in the Cu and Mn codoped QDs are dominated 
by the content of Cu ions, which correspondingly tailor their 
energy levels and eventually determine the appearing of Mn ion 
emission.  

 Generally, with the separately doped Mn ions, the recom-
bination is expected to involve the dopant states when the 
bandgap of the host is wider than the energy of Mn  d- state 
emission. [ 32,36,37,45,51,52 ]  However, in our codoped QDs, although 
the bandgap of the host (2.34 eV, for the QDs with a Cu doped 
level of 10 mol%) is much wider than the energy of Mn  d- state 
emission (2.04 eV), the samples only have a single Cu impurity 
state emission without detectable Mn ion emissions. To under-
stand this, it needs to understand the energy level structures of 
Cu and Mn codoped Zn–In–S QDs in detail.  Figure    7   shows 
the  CV  curves of Cu and Mn codoped Zn–In–S QDs under dif-
ferent nominal Cu doping levels ranged from 0 to 25 mol% 
(the Mn doping level is fi xed at 2.5 mol%). The onsets of oxi-
dation and reduction peaks are identifi ed and labeled by the 
short lines. The energy levels for the lowest occupied molec-
ular orbital (LOMO) and highest occupied molecular orbital 
(HOMO) edge can be calculated from the peak reduction poten-
tial ( E  red ) and oxidation potential ( E  ox ), respectively, according to 
Equations  ( 1)   and  ( 2)   [ 53,54 ] 

 ( 4.71) eVLOMO
redE E= − +     ( 1)   

 ( 4.71) eVHOMO
oxE E= − +     ( 2)     

 Then the LOMO and HOMO calculated from the  CV  plots 
are ranged from −6.23 to −5.87 eV and −3.09 to −3.94 eV, 
respectively, which are listed in  Table    3  , and in good agreement 

with the optical bandgaps obtained from the  Tauc  plots (the 
inset in Figure  6 b).  

 According to the  CV  and spectral observations (UV–vis 
absorption and PL spectra), the relative energy positions of 
host bands and dopant states with different Cu doping levels 
are schematically illustrated in  Figure    8  . For the Cu and Mn 
codoped Zn–In–S QDs, the VB and CB move closely to each 
other with the increase of the Cu doping levels. However, the 
movement of CB is more obvious. [ 35 ]  It is notable that, regard-
less of the Cu dopant energy levels all below that of Mn   6 A 1  , 
the Cu ion emission can be still observed once the Cu doping 
levels are fi xed at below 10 mol%. It is distinctively different to 
the reported work, [ 35 ]  which proposed that once the upper level 
ground state was fi xed at Mn   6 A 1  , only Mn  d -state emission 
could happen in the Cu and Mn codoped QDs. Particularly, as 
mentioned above, it is worth noting that the Mn ion emission 
cannot occur with the Cu doping level up to 10 mol%. In this 
case, the host bandgap of the codoped QDs is 2.34 eV, which 
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 Figure 6.    a) Representative PL spectra ( λ  ex  = 365 nm) and b) UV–vis absorptions of Cu and Mn codoped Zn–In–S QDs under different nominal Cu 
doping levels (the Mn doping level was fi xed at 2.5 mol%).

 Figure 7.    Typical  CV  curves of Cu and Mn codoped Zn–In–S QDs under 
different nominal Cu doping levels (the Mn doping level was fi xed at 
2.5 mol%).
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is much higher than the energy of Mn  d -state emission. This 
indicates that there must have a different exciton dynamics 
between the Mn-doped and Cu–Mn-doped QDs. It is generally 
considered that the Cu dopants incorporated into the QDs will 
often introduce the trap states into the host bandgap (as shown 
in Figure  8 ), and the state density will increase with increasing 
the doping concentration. [ 28,31,44 ]  Accordingly, with the increase 
of the Cu doping levels, the hole trapping states resulted from 
the VB in current Cu and Mn codoped QDs would be a more 
competition process. Caused by the excitation, the generated 
holes in the VB would move quickly to the upper Cu dopant 
level of the heavy Cu doped QDs, making the photo-generated 
exciton with little probability to transfer the energy to Mn ions, 
and thus limiting the Mn ion emission. Thereby, rather than 
the host band, the Cu dopant states play the crucially important 
role on the emission changes. In detail, the energy difference 
between the CB of the host QDs and Cu trap state determines 

the presence/absence of Mn ion emission in heavy Cu doped 
QDs. This can be evidenced by our experiments, in which the 
Mn ion emission would disappear, once the emission of the Cu 
ion shift close to the emission energy of Mn ions (Figure  6 a). 
In a brief word, the emissions from the Zn–In–S QDs could be 
tailored by adjusting the incorporated Cu doping levels, which 
allows the dual-dopant emissions for the exploration of ratio-
metric temperature sensor with a robust stability.    

  3.     Conclusions 

 In summary, we have demonstrated the exploration of Cu and 
Mn codoped Zn–In–S QDs with dual emissions at ≈512 and 
≈612 nm from intrinsic Cu and Mn dopants, respectively. The 
intensity ratios of the green/red emissions could be tailored 
by varying the doping levels of Cu and Mn ions, which enable 
the dual emissions in a tunable manner. The key factor for 
obtaining the dual intrinsic emissions in Cu and Mn codoped 
system is to tailor the energy bands via tuning the Cu doping 
levels. The as-constructed ratiometric temperature sensors 
based on the codoped QDs exhibit robust time and cycle sta-
bility with a thermometric sensitivity ( S  m ) of ≈0.132% K −1  over 
a broad window of 100–320 K. The fl uctuation of the ≈ I  Cu / I  tot  
versus times is lower than 1% with almost no hysteresis in 
cycles. This work verifi es that these novel cadmium-free, 
intrinsic dual-emitting QDs with the dopants of Cu and Mn 
ions could be a promising candidate for optical thermometric 
sensing.  

  4.     Experimental Section 
  Raw Materials : The raw materials of cuprous chloride (CuCl, 

99.999%), sulfur powder (S, 99.99%), 1-dodecanethiol (DDT, 98%), 
MUA (95%), oleylamine (OLA, 70%), manganese acetate (Mn(Ac) 2 ), 
and tetrabutylammonium hexafl uorophosphate (TBAPF 6 , 98%) were 
commercially available from Aladdin company, China. 1-octadecene 
(ODE, 90%) was bought from Adamas-beta company, China. Indium 
(III) acetate (In(Ac) 3 , 99.99% trace metals basis) was purchased from 
Aldrich company, USA. All the chemicals were used directly without 
further purifi cation. 

  Synthesis of Cu and Mn Codoped Zn–In–S QDs : The Cu and Mn 
codoped Zn–In–S QDs were synthesized by a hot-injection method. 
Typically, In(Ac) 3  (0.2 mmol), Zn(Ac) 2  (0.2 mmol), CuCl (0.02 mmol), 
and Mn(Ac) 2  (0.01 mmol) were mixed with ODE (6.0 mL), OLA 
(1.0 mL), and DDT (1.0 mL) in a 100 mL fl ask, and degassed for 20 min 
by bubbling with Ar at 100 °C. After that, the reaction temperature was 
raised to 200 °C, and quickly injected with S stock solution (prepared 
by taking 0.6 mmol S powders and 1 mL OLA into 1 mL ODE with 
gently heating under argon atmosphere) for the synthesis of doped 
core nanoclusters. The obtained solution was then annealed for 20 min, 
followed by being rapidly injected by 1 mL Zn stock solution (prepared 
by taking 0.1 mmol Zn(Ac) 2  and 0.1 mL OLA into 0.9 mL ODE with 
gently heating) and maintained 10 min for the overgrowth ZnS shell. The 
resultant colloidal solutions were cooled naturally to room temperature 
(RT) followed by purifi ed repeatedly using chloroform/acetonitrile. 

 To prepare the Cu and Mn codoped Zn–In–S QDs with different 
relative intensities of the dual emissions, the Cu and Mn dopant 
nominal concentrations were ranged from 2.5 to 5 mol% and 1.3 to 
2.6 mol%, respectively, with otherwise same experimental conditions. 
(In details, the obtained codoped products were referred to samples 1, 
2, 3, and 4 for Cu doping levels at 2.5%, 2.5%, 5.0%, and 5.0% and Mn 
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  Table 3.    The calculated energy level structures of Cu and Mn codoped 
Zn–In–S QDs.  

Doping level 
[mol%]

 E  red  
[V]

 E  ox  
[V]

LOMO 
[eV]

HOMO 
[eV]

 E g   
[eV] a) 

 E g   
[eV] b) 

Cu:0; Mn 2.5 −1.62 1.52 −3.09 −6.23 3.13 3.11

Cu:2.5; Mn 2.5 −1.24 1.52 −3.47 −6.23 2.76 2.73

Cu:5; Mn 2.5 −0.99 1.51 −3.72 −6.22 2.50 2.45

Cu:10; Mn 2.5 −0.92 1.42 −3.79 −6.13 2.34 2.36

Cu:18; Mn 2.5 −0.89 1.39 −3.82 −6.1 2.28 2.11

Cu:25; Mn 2.5 −0.77 1.16 −3.94 −5.87 1.93 1.96

    a) The values of  E g   are obtained from the  CV  cures as shown in Figure  7 ;  b) The 
values of  E g   are obtained from the onset position in the UV–vis spectra as shown 
in Figure  6 .   

 Figure 8.    The correlated energy state diagram of Cu and Mn codoped 
Zn–In–S QDs under different nominal Cu doping level (the Mn doping 
level was fi xed at 2.5 mol%). The orange lines represent the  d -states 
of Mn, and the green lines show the trap state of Cu ions with various 
concentrations. Here, the Mn  d- states are labeled following the reports 
of refs.  [ 35,51 ]  The Cu position was determined from the PL spectra of 
codoped QDs. [ 55 ]  CB and VB refer to the abbreviations of conduction and 
valence bands, respectively.
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doping levels at 1.3%, 1.3%, 2.6%, and 2.6%, respectively.) To reveal 
the mechanism of the dual emission in Cu and Mn codoped Zn–In–S 
QDs, a serial of codoped QDs was prepared with various Cu doping 
levels from 0 to 25 mol% and the Mn doping level at 2.5 mol% was 
fi xed. In this part, the QDs were Cu and Mn codoped Zn–In–S cores 
without the overcoating of ZnS shell. It should be noted that the doping 
concatenation in this work is defi ned as the mol amount of dopant 
divided by the total amount of cationic for the Cu and Mn codoped 
Zn–In–S cores. 

  Structural Characterization and Optical Property Measurement : The 
morphology, micorstructure, and composition of the obtained QDs 
were characterized using HRTEM (JEM-2100F, JEOL, Japan), XRD (D8 
Advance, Bruker, Germany), ICP-OES (Ultima 2, Horiba Jobin Yvon, 
France), and XPS (Thermo ESCALAB 250XI, America). 

 The UV–vis measurements of the obtained QDs were performed on a 
UV–vis scanning spectrophotometer (U-3900, HITACHI, Japan). The PL 
spectra, PL QY, and PL decay curves were recorded using a spectrometer 
(Fluromax-4P, Horiba Jobin Yvon, France) equipped with a quantum-
yield accessory and a time-correlated single-photon-counting (TCSPC) 
spectrometer. A pulsed NanoLED (wavelength: 370 nm) was utilized as 
the exciting source for PL decay measurements. In the measurements of 
temperature-dependent PL spectra and decay curves, the samples were 
prepared by dropping QDs dispersed in chloroform on silicon wafer 
substrates, and mounted in a Janis VPF-800 vacuum liquid nitrogen 
cryostat during measurement. The temperatures of samples were 
monitored using Lakeshore temperature controller (Model 331). 

 The cyclic voltammograms ( CV ) were recorded on an electrochemical 
workstation (CHI600, Chenhua, China). The glassy carbon disk, Pt 
wire, and Ag/AgCl were used as the working, counter, and reference 
electrodes, respectively. 0.1  M  TBAPF 6  dissolved in acetonitrile was 
employed as the supporting electrolyte. The working electrodes were 
polished, cleaned, and dried before depositing the NC samples. Then 
a drop of diluted QD solution was deposited onto the surface of the 
working electrode to form a QD fi lm. The scan rate was set at 50 mV s −1 . 
During all the experiments, the electrolyte solutions were thoroughly 
deoxygenated by bubbling nitrogen gas (99.99%).  
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