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CHAPTER X

SYNTHESIS AND LUMINESCENCE PROPERTIES OF ZNS AND METAL 
(MN, CU)-DOPED-ZNS CERAMIC POWDER

10.1 Abstract

ZnS and m etal (M n, C u)-doped-Z nS w ere su ccessfu lly  prepared b y  w et 
chem ical synthetic  route. T he understanding o f  substituted metal ions (M n, Cu) into 
ZnS leads to transfer the lum inescent centre b y  sm all am ount o f  m etal dopant (M n, 
Cu). Fourier transform infrared and X -ray diffraction w ere used to determ ine  
chem ical bonding and crystal structure, respectively . It sh ow ed  that sm all am ount o f  
m etal (M n, Cu) can be com p lete ly  substituted into ZnS lattice. X -ray flu orescen ce  
w as used to confirm  the ex isten ce  o f  m etal-doped ZnS. Scanning electron  
m icroscop e revealed that their particles exh ib its b lock y  particle w ith irregular sharp. 
Laser confocal m icroscop e and p h oto lu m in escen ce sp ectroscop y sh ow ed  that ZnS 
and m etal-doped-Z nS exhib ited  intense, stable, and tunable em ission  coverin g  the  
blue to red end o f  the v is ib le  spectrum. Z nS, M n-doped-Z nS and C u-doped-Z nS  
generated b lue, y e llo w  and green color, resp ectively .

10.2 Introduction
A s a w id e  band-gap sem iconductor w ith  a range o f  band-gap en ergy  o f  3 .6 -

3 .9  eV , ZnS has been  w id e ly  applied to m ake num erous optical d ev ice s  such as 
ultraviolet light-em itting d iod es [214 -216] , flat panel d isp lay [2] and thin fdm  
electro lu m in escen ce [2 1 7 -2 1 9 ], V arious ZnS crystal structures in clu d in g  bulk and 
nano-particle such as sphere, rod, tube and w ire have b een  su ccessfu lly  synthesized  
b y u sin g  d iverse m ethods and their lum inescent properties have been  investigated  
[53 , 220 , 2 2 1 ], In recent years, accordingly, M n-doped, C u-doped and M n-Cu- 
codoped ZnS pow ders have received  m uch attention in research b ecau se  m any  
functions can b e added b y  transporting and con tro llin g  num erous types o f  spin state. 
In addition, it can b e indicated that the properties are c lo se ly  related to the
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concentration o f  m etal-doped b ecau se it can change the energy band and form  
lu m in escen ce  o f  different energy lev e l.

M any approaches have b een  used  for the preparation o f  pure ZnS and m etal- 
doped ZnS and controlling their m orp h ology  has b een  reported. In 2 0 0 1 , Jiang et al 
have exhib ited  the in situ form ation m ethod for ZnS nanow ires in the liquid crystal 
tem plate [222 ]. In 2 0 0 5 , Charinpanitkul has synthesized  ZnS nanoparticles in 
m icroem ulsion  and investigated  the e ffect o f  surfactant on particle s ize  [223 ]. In 
2 0 0 9 , Li et al and Salavati-N iasari et al have prepared ZnS via  layer-by-layer se ll-  
assem b ly  technique [224] and hydrotherm al syn th esis [225 ], respectively . R ecently , 
in  2010 , U ek aw a et al a lso  found that ZnS nanoparticles can be su ccessfu lly  prepared  
b y  heating the m ixture o f  ZnS precipitate and ethylene g lyco l [226], H ow ever, these  
synthetic m ethods are relatively  m ore com plicated . T he high reaction tem perature in 
operation p rocess and the use o f  organic so lven t should be preferably avoided. In 
addition, the flu orescen ce intensity  is  far b elow  the m inim um  requirem ent o f  optical 
d ev ices at room  temperature. T he develop m en t o f  n ovel and sim ple synthetic route 
has therefore considered in order to obtain h igh  y ie ld  o f  product.

In this research work, w e  w ish  to present the synthesis o f  ZnS and m etal- 
doped ZnS ceram ic pow der b y  conventional and fac ile  synthetic route using  z in c  
sulfate and sodium  su lfide as reagent m aterials. M etal ions induce im purity lev e l b y  
substituting the position  o f  Zn2+ in the lattice o f  ZnS and consequently  change the 
optical properties. T he colorfu l flu orescen ce lights w ere consequently  observed.

10.3 Experimental
10.3.1 Chemical Reagents

Sodium  sulphide (N a2S. 9H 20 )  w as purchased from C aledon C hem ical 
C om pany, Canada. Z inc su lfate (Z n S 0 4. 7H 20 ) ,  Cuprous chloride (C uC l) and 
M anganese sulfate (M n S 0 4. H 20 )  w ere purchased from J. T. Baker C hem ical 
C om pany, Canada. A nalytical grade o f  m ethanol w as purchased from B ioshop , 
Canada. D istilled  water and analytical grade o f  m ethanol w ere used as solvent. A ll 
the chem ical reagents w ere used as received .
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10.3.2 Instruments
Fourier transform infrared sp ectroscop y  (FTIR)

FTIR w as perform ed on a Bruker V ector 22 m id-IR  spectroscopy (Bruker, 
G erm any), A ll FTIR absorption spectra w ere recorded over 4 5 0 0 -5 0 0  cm"1 
w avenum bers region  at a resolution  o f  8 cm"1 w ith 1024  scans using  a deuterated  
tr ig lycine su lfate (D T G S) detector. A  straight line b etw een  tw o low est poin ts in the 
respective spectra region w as ch osen  as a baseline. P otassium  brom ide (K B r) acting  
as a non-absorbing m edium  w as m ixed  w ith  a solid  sam ple (0 .3 -0 .5  w t %) b y  an 
agate mortar and p estle  to prepare a pellet specim en.

- X -ray D iffraction (X R D )
The synthesized  ceram ic pow ders w ere stored in an oven  ab ove 1 5 0 °c  

overnight for w ater absorption prevention. T he crystal structure o f  the pow ders w as  
analyzed b y  X R D  (P hillips p.w. 1830 difffactrom eter) u sin g  nickel-filtered  C uK a  
radiation. D iffraction  patterns w ere recorded over a range o f  2 5 -8 0 °. The con sisten cy  
result w as com pared w ith  literature [226],

Scanning electron m icroscop e (SE M ) and energy d ispersive analysis  
(E D X )

T he pow ders w ere investigated  b y  SEM  (a JOEL JSM -6301F  scanning  
m icroscope). T he m achine w as operated at an acceleration vo ltage o f  20  keV  at a 
w orking d istance o f  15 m m  to identify  the m orphological properties o f  pow ders. 
B efore in vestigation , the sam p les w ere sputter-coated w ith  A u to enhance the 
electrical conductivity.

X -ray fluorescence (X R F )
X R F  (A  Phillips 1404 X R F  W avelength  D isp erse  Spectrom eter) w as used to 

determ ine the trace elem ent o f  sam ple. It equipped w ith  an array o f  f iv e  analyzing  
crystals and fitted w ith  a Rh X -ray tube target w as used. A  vacuum  w as used as the 
m edium  o f  analyses to avoid  interaction o f  X -rays w ith  air particle. 1 g  o f  sam ple  
w as m ixed  w ith  6 g  o f  H 3B O 3 and con seq u en tly  pressed under 10 tons o f  force.

Laser confocal m icroscop e and p h oto lu m in escen ce spectroscopy
Laser con focal m icroscop e and lu m in escen ce  experim ents w ere perform ed  

using  an O lym pus BX 41 fibre-coupled con foca l m icroscope. Excitation o f  the dopant 
ions is perform ed u sin g  a continuous argon laser. The excitation  beam  w as focused
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on the sam ple surface b y  m eans o f  an 100 achrom atic m icroscope objective (N A 0 .9 )  
dow n to approxim ately 0.3 m m  sp otsize . To separate the excitation  beam  and the 
sam ple lu m in escen ce , an interferential fdter that rem oves the excitation  w avelen gth  
(notch filter) w as used. T he flu orescen ce w as focu sed  into a fibre-coupled high- 
resolution  spectrom eter (S P E X 5 0 0 M ) and then detected  using a C C D  camera.

Preparation o f  ZnS and m etal-doped ZnS pow der
T h e ZnS ceram ic pow der w as prepared as fo llow : 10 g  o f  N a2S. 9 H 2O  w as 

added to 50 ml o f  d istilled  water. T h e m ixture w as stirred for 1 hour. In parallel, 10 
g o f  ZnSC>4. 7H 2O w as also d isso lv ed  into 50 m l o f  d istilled  water. N a 2S. 9 H 2O 
solution  w as then poured into ZnSC>4. 7H 20  solution .

T he sto ich iom etric o f  ch em ica l reaction w as below ;
N a2S .9H 20 + Z n S 0 4 .7 H2 0  —> ZnS precursor

For the individual M n-doped and C u-doped ZnS ceram ic pow der, it w as 
prepared as fo llow : 10 g  o f  N a2S. 9 H 20  w as added to 50 ml o f  d istilled  water. The 
m ixture w as stirred for 1 hour. In parallel, 9 .5 g  o f  Z n S 0 4. 7H 20  and each o f  0 .5  g  o f  
CuCl and MnSC>4. H 2O w as also d isso lv ed  into 50  m l o f  d istilled  water. N a 2S. 9 แ 20  
so lu tion  w as then poured into ZnSC>4. 7H 2O solution .

T he sto ich iom etric o f  ch em ica l reaction w as below ;
N a2S .9H 20 +  0.95(Z nSO 4.7H 2O ) +  0 .05 (C uC l) —» C u-doped-ZnS precursor  

N a 2S .9H 20  + 0 .95 (Z n S O 4.7H 2O ) + 0 .0 5 (M n S 0 4. H20 )  - »  M n-doped-Z nS
precursor

On the other hand, for the co-m eta l doped ceram ic pow der, it w as prepared as 
fo llow : 10 g o f  N a2S. 9 H 2O w as added to 50 m l o f  d istilled  water. The m ixture w as  
stirred for 1 hour. In parallel, 9  g  o f  Z n S 0 4. 7H 20  and each 0.5 g  o f  C uC l and 
M n S 0 4. H 20  w as a lso  d isso lved  in to  50  ml o f  d istilled  water. N a 2S. 9H2O solution  
w as then poured into Z n S 0 4. 7H 20  solution .

N a 2S .9H 20  +  0 .9(Z n S O 4.7H 2O) +  0 .0 5 (M n S 0 4. H20 )  +  0 .05(C u C l) - >  M n- 
C u-codoped-Z nS precursor

T he reaction w as con tin u ally  conducted for 4 hours at room temperature. 
A fter the reaction w as com pleted , m ethanol w as em p loyed  to u se  in order to rem ove  
im purities, 50 m l o f  m ethanol w as added and then the m ixture w as centrifuged at 500
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rpm for 30  m in. The obtained  ZnS and m etal-doped ZnS w ould  precipitate. T he step  
o f  adding m ethanol w as repeated ten tim es and each o f  m ethanols w a s rem oved. T he  
m ixture w as kept in o ven  at 15 0 ° c  overnight.

10.4 Results And Discussion

Fourier transform  infrared sp ectroscop y (FTIR)
FT1R spectra o f  Z nS and ZnS doped w ith  Cu and Mn are sh ow ed  in F igure

9 .1 . T he characteristic Z nS vibration peaks can b e  observed at 1120 , 617 , and 4 6 4  
cm ’1. T he peaks at 2 9 2 4 , 2 8 5 0 , 2 3 6 4  and 1624 cm ’1 are due to m icrostructure  
form ation o f  the sam ples. T he obtained peak valu es are in good agreem ent w ith  the 
literatures [227 , 228], T he broad absorption peak in the range o f  3 0 0 0 -3 6 0 0  cm"1 
corresponding to -O H  group indicates the ex isten ce  o f  water absorbed in the surface  
o f  nanocrystals. The bands at 1 5 0 0 -1 6 5 0  cm ’1 are due to the c = 0  stretching m od es  
arising from  the absorption o f  atm ospheric C 0 2 on the surface o f  the nanocrystals 
[229],

T he FTIR spectrum  o f  ZnS doped  w ith  M n sh ow s sim ilar peaks as the 
spectrum  o f  pure ZnS particle. The peak at 1120 cm ’1 split into tw o  peaks, i.e . at 
1120 and 1130  cm '1, indicating that the doped M n affected  the structure o f  portion o f  
the ZnS particles. In parallel, Cu d oping had a lso  an effect on the structure o f  ZnS. 
T he peak at 1120 cm ’1 sp lit into tw o peaks, i.e. at 1120 and 1110 cm ’1, respectively . 
It can b e  explained  that either M n or C u atom  can b e partially substituted into Zn  
p osition  in ZnS crystal. In addition, it can be observed that M n and Cu- codoped  
w ere su ccessfu lly  carried out. The peak at 1120 cm ’1 split into three peaks, i.e . at 
1110, 1120  and 1130 cm ’1, su ggestin g  that both M n and Cu atom w ere su ccessfu lly  
substituted into m ain ZnS crystal. T he appearing peaks at 1110  and 1130 w ere  
corresponded Z n-S-M n and Z n-S-C u, resp ectively . T he partial m etal substitution  
result w as consistent w ith  X R D  experim ent.
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Figure 10.1 FTIR spectra o f  Z nS, and M n doped  ZnS, Cu doped ZnS and M n-Cu  
codoped  ZnS

- X -ray diffraction (X R D )
X R D  pattern o f  ZnS and ZnS doped w ith  Cu and M n are sh ow ed  in Figure  

10.2. Three w ell-d efin ed  diffraction peaks corresponding to the la ttice planes o f  
(1 1 1 ), (220) and (3 1 1 ) can b e  observed in all sam ples. T h ese  peaks m atched very  
w ell w ith the cub ic z in c  b lended structure (JC PD S N o . 0 5 -0 5 6 6 ), confirm ing the 
purity o f  the synthesized  Z nS. A s ZnS w as doped  w ith  M n and Cu, the (111 ) peak  
b ecam e broadened in all ca ses, a long w ith  the sm aller relative in tensity o f  peak (1 1 1 )  
(T able 10.1), su ggestin g  that the crystallin ity  o f  ZnS w as degraded as a result o f  
doping. B ecau se  o f  the s iz e  effect, X R D  peaks broaden as the particle becom e  
sm aller [142],

H ow ever, in the ca se  o f  Cu doped sam ples, the X R D  patterns show ed  
additional peaks at 32°. T he incom plete substitution occurred during experim ental
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reaction step. Partial am ount o f  copper can not b e w ell substituted due to non­
su ffic ien t energy.

B roadening o f  peaks ind icates the nanocrystalline nature o f  the sam ple from  
X R D  patterns. A ccord in g  to D ebye-Scherrer formula, crystallite s iz e  can be  
calcu lated  b y  this equation  b elow ,

D  =  kA7(Pcos0)
W here D  is the m ean grain size, k is  constant (sh ap e factor, approxim ately 1 ), X is the 
X -ray w avelength  (1 .5 4 0 5 6  A ° for C u-K a), (3 is  the full w idth  at h a lf m axim um  
(F W H M ) o f  the diffraction  peak and 0 is the B ragg angle.

A ccord ing  to the FW H M  o f  the m ost in tense peak (1 1 1 ) plane, the average  
crystallite  sizes o f  ZnS and m etal-doped ZnS w ere show ed in T able 10.1. The  
crystallite  s ize  o f  ZnS w as 30 Â , but slightly dropped to the range o f  2 2 -2 8  Â  as it 
w as dop ed  w ith M n and Cu. T he lattice parameter o f  ZnS also decreased. T h is is due 
to very  sm all am ount o f  im purity, and these ion s w ere doped into ZnS lattice.
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F ig u r e  10.2  X R D  pattern o f  ZnS, and m etal (M n, C u)-doped-Z nS.
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Table 10.1 C rystallite s iz e  and lattice param eter o f  Z nS, and ZnS doped w ith Cu and
M n.

Sam ple
R elative  Intensity  
o f  Peak (111)

C rystallite S ize , Â Lattice Parameter, Â

ZnS 100 30 10.77
5% w t M n-doped ZnS 78.6 28 10.75
5% wt C u-doped ZnS 58.2 25 10.72
2 .5% w t C u-2.5% w t 
M n-codoped-Z nS

49 .2 22 10 .69
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- Scan n in g  electron m icroscop e (S E M ) and en ergy  dispersion analysis
(E D X )

2Wv*n 1 Election Image 1 1 200pm 1 Electron bn»ge 1

F ig u re  10.3 F ield  em ission  scanning  electron  m icroscope (FESEM ) and energy  
dispersion an a lysis (A ) ZnS (B ) M n-doped-Z nS (C) C u-doped-ZnS (D ) M n-C u- 
codoped-Z nS

Figure 10.3 exh ib its the typical m icrostructure FESEM  im age o f  as- 
synthesized  undoped ZnS and m etal-doped ZnS. T he pow ders exh ib ited  b locky  
particles w ith  irregular shapes p ossib ly  due to the agglom eration am on g particle. 
Therefore, the actual s ize  o f  the nanoparticle can not be determ ined from  the FESEM  
im ages as it is  lim ited  by its agglom eration  and the resolution o f  the used  FESEM  
instrum ent.

On the other hand, an X -ray energy dispersive spectroscopy (E D X ) spectrum  
(the inset in F igure 10.3) acquired from  the m etal-doped ZnS confirm  that the 
particles con sist o f  Zn, ร and related m etal-dope (M n and Cu) w ith  m ainly a
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stoich iom etric ZnS com position . T h e su ccessiv e  substitution o f  M n and C u-dopcd  
into ZnS cubic structure w as su ccessfu lly  prepared. T he am ount o f  M n and Cu atom  
w as indicated on  E D X  spectrum  w hich  is  con sisten t w ith  added-am ount in 
preparation step.

- X -ray F luorescence (X R F )
X R F  w as used to determ ine the quantitative analysis o f  all sam ples. Table

10.2 represents the elem ent contents o f  ZnS and m etal-doped ZnS ceram ic. The 
m ajor e lem ents o f  all sam ples are Zn and ร, w h ile  the m inor elem ents are M n and 
Cu. In case  o f  M n-doped ZnS and C u-doped Z nS, the ex isten ce  o f  M n and Cu is 
3.141%  and 6.481 %, resp ectively . H ow ever, in case  o f  M n-C u-codoped  Z nS, the 
ex isten ce  o f  M n and Cu is 7 .904%  and 2.330% . T his result can confirm  the presence  
o f  M n-doped ZnS, C u-doped ZnS and M n-C u-codoped ZnS. T his analysis m ethod is 
accurate w ith  an experim ental error o f  10%. T his is  due to the counting statistic  
during m easurem ent.

Table 10.2 X R F quantitative an alysis o f  ZnS and m etal-doped ZnS ceram ic
Sam ple Zn ร M n Cu
ZnS 5 7 .488 4 5 .5 1 2 - -
5% wt M n- 
doped ZnS

60 .1 1 0 3 9 .5 7 7 3.141

5% wt Cu- 
doped ZnS

33 .6 2 2 59 .8 9 7 6.481

2.5% w t Cu- 
2.5% w t M n- 
codoped-Z nS

33 .823 55 .943 7 .9 0 4 2 .3 3 0
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- P hotolum inescent characterization

W ith o u t ex c ita tio n  W ith  ex c ita tio n

F ig u re  10.4  T he fluorescence im age o f  ZnS particle w ithout excitation  and the  
flu orescen ce im age o f  ZnS particle w ith  excitation  (A ) ZnS (B ) M n-doped-Z nS (C ) 
C u-doped-Z nS (D ) M n-C u-codoped-Z nS

The flu orescen ce and room  temperature p h oto lu m in escen ce (P L ) spectra o f  
ZnS and m etal-doped ZnS are illustrated in Figure 10.4 and F igure 10.ร, 
respectively .

ZnS particle and m etal-doped ZnS particles w ere resp ective ly  d ispersed  on 
clean  g lass slid es for fluorescence m icroscop e observation. O n the left hand side o f
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Figure 10.4, it sh ow s a flu orescen ce im age o f  ZnS and m etal-doped ZnS particle 
w ithout excitation , where various ZnS and m etal-doped ZnS clusters w ere  
aggregated b y  sm all nanoparticles. In case  o f  pure ZnS particle (A), under a u v  light 
o f  3 2 0  nm excited , the ZnS particles em it strong blue flu orescen ce light (R ight hand 
side). T he p h oto lu m in escen ce spectrum  in F igure 10.5A exh ib its a sharp PL at 450 
nm , com p lete ly  coin cid in g  w ith  the blue flu orescen ce light.

On the other hand, for the M n-doped Z nS, a super-bright y e llo w  w ith  bluish  
flu orescen ce w as observed w h en  excited  w ith  4 5 0  nm w avelength . In parallel, for the 
C u-doped Z nS, a super-bright green flu orescen ce w as observed  at sim ilar excitation  
as previous experim ent. It exh ib ited  a sharp strong PL band located at 595  and 517  
nm , resp ectively . It can be noted  that the strong y e llo w  and green flu orescen ce are 
attributed to the transition em ission  from m anganese and copper atom  introduced  
en ergy  lev e l. Thus, m etal-doped ions, as op tica lly  active  lu m in escen ce  centers, 
effic ien tly  created the lu m in escen ce o f  particle. A fter m etal-doped step, the 
lum inescent centers w ere transferred to im purity ions.

For the M n-C u codoped Z nS, M n2+ and Cu+ w ere then substituted into Z n2t 
sites. T he transition m etallic ion s have different d-d transitions, w h ich  result in the 
em issio n  y e llo w . H ow ever, due to starting chem ical reagents, M n2+ and Cu+ w ere  
derived from  MnSC>4. H2O and C uCl, resp ectively , su ggestin g  that the m atching  
oxidation  num ber betw een  M n2+ and Zn2+. M n is m ore com p lete ly  substituted in Zn 
p osition  than Cu atom. H ow ever, in this M n-C u codoped  Z nS, Cu w as a lso  used as 
substituted m etal. It is controversial that X R F and E D X  qualitative an alysis exhibited  
Cu atom . D u e to m ism atching oxidation  num ber o f  Cu and Zn, Cu can not be w ell 
substituted into ZnS crystal and m ay ex ist as other im purity (not M n-C u-codoped  
Z nS). T he green color can not be detected.

On the other hand, the PL band located at 4 5 7  and 595 nm, sh o w in g  both blue  
and y e llo w  region , suggesting  that partially substitution o f  M n atom  into ZnS. The  
sam ple m ay contain M n-C u-codoped ZnS and neat ZnS. It can b e exp la in ed  that Cu 
atom  m ay affect this co-d op e substitution step. C onsequently , the substitution ability  
o f  M n in M n-C u-codoped ZnS m ay be decreased from M n-doped Z nS. H ow ever, 
this issu e w ill b e d iscussed later on.
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F ig u re  10.5  P h oto lu m in escen ce spectra o f  ZnS and m etal-doped ZnS particle  
(A ) ZnS (B ) M n-doped-Z nS (C ) C u-doped-ZnS (D ) M n-C u-codoped-Z nS

On the other hand, in theory, it is w ell-k n ow n  that m etal-doped ZnS can be 
considered  as a p-type sem iconductor [230], M n and Cu state related em ission  is 
alw ays expected  at a lo w er  energy position  as com pared to the band energy  
absorption as show ed  in F igure 68. From the fundam ental point o f  v iew , a w id e  
variety o f  sem iconductor can b e expected  to generate tunable dopant em ission  in 
different spectral w in d ow  o n ce  they get su ccessfu lly  doped  w ith  M n and Cu. Either 
M n or Cu substitute Zn ion s in ZnS crystals introducing a trap en ergy  lev e l, w here  
electron and h o le  can b e  trapped. A n electron can undergo p hoto-excitation  process
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in the host ZnS lattice of nanoparticles and consequently decay via a non-radiative 
transition from the 4T i level to the 6A( level [231], The strong emission could be 
attributed to the radiative decay between those localized states of Mn and Cu inside 
the ZnS band gap. This particular type of materials can be utilized as fluorescent 
materials in OLED displays.

Conductive band edge

Figure 10.6 Energy level of ZnS, Mn-doped ZnS and Cu-doped ZnS 

10.5 Conclusion

ZnS and metal (Mn, Cu)-doped-ZnS were successfully synthesized via wet 
chemical synthetic method. FTIR and X-ray diffraction can be used to identify the 
chemical bonding and crystal structure. The metals (Mn, Cu) can be completely 
substituted to ZnS lattice. SEM revealed that their particle was blocky particle with 
irregular sharp. The laser confocal microscope and photoluminescence spectroscopy 
showed that as-synthesized ZnS and metal (Mn, Cu)-doped-ZnS exhibited light 
emission. The photophysical insights were studied. ZnS emits light tunable in the 
entire visible window by incorporating Mn and Cu dopant, suggesting that the 
luminescent centers were transferred to impurity ions.
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