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Abstract. The review is devoted to the results of studies on the structure, morphology, 
optical and luminescent properties of thin films doped with the modified Close Space 
Sublimation method. Using this method, ZnO and ZnS films were doped with impurities of 
various metals – Ag, Cu, Ga. It has been shown that doping the films leads to an 
improvement in the crystal structure and radiative properties of films. When using doping 
with this method, cathodoluminescent screens with high luminance have been 
manufactured. The screens show more deep green color than C1 and C2 commercial 
phosphors. The luminance values at 300 K are 200 cd/m2 for the ZnS〈Cu,Ga〉 film and 
1100 cd/m2 for the ZnO〈Cu, Ga〉 ones. At 77 K, the cathodoluminescence luminance for 
ZnO〈Cu,Ga〉 film is 3700 cd/m2 and has not reached the limit value. Doping the ZnO with 
copper has greatly improved the crystal structure and made it possible to obtain films with 
white-light emission. Ag doping suppresses the wide visible bands of photoluminescence 
spectra. The intensity of ultraviolet band is 15-fold increased as compared to their reference 
non-doped films. The ultraviolet/visible emission ratio reached 20. 
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1. Introduction 

There exists a wide variety of techniques for fabrication 
and doping the thin films. To avoid associated chemical 
disposals or keep safe from toxic or combustible gas 
usages in any semiconductor fabrication facilities, many 
researchers choose physical vapor deposition as the 
simplest method. One of such processes is called Close-
Space Sublimation (CSS) (the notations “Closed Space 
Sublimation”, “Close Spaced Sublimation”, “Closed 
Spaced Sublimation”, “Close Spaced Vacuum Sublima-
tion (CSVS)”, “Close-Spaced Vapor Transport (CSVT)”, 
“Sublimation Sandwich Method” are also used), which is 
a kind of thermal evaporation by nature. The CSS 
technique is one of the most economically effective and 
cheap. This makes it a very viable technique for large-
scale manufacturing. Films and crystals of semi-
conductors such as SnS [1], CdTe [2], CdS/CdTe [3] and 
others have been obtained using this method.  

This method is based on the thermal-heating-
induced sublimation of a material followed by vapor 
condensation onto a closely spaced substrate. The cross 
dimensions of the source and the substrate greatly exceed 

the distance between them. In “classic” CSS, the 
substrate to be coated and the source material are both 
placed in a vacuum chamber, which is pumped out, the 
substrate is held at some lower temperature compared to 
the source. As a result, the setup used for film deposition 
by close space sublimation is complex and includes a 
vacuum apparatus, a gas mixture feeding unit, and a sys-
tem of heaters and controllers to control the temperatures 
of the evaporated material and substrate. One of the 
simplest schemes of this setup, which was used to 
evaporate CdTe films, is described in [2]. This technique 
can use alternate exposure to the different elemental 
sources. 

An inexpensive and eco friendly modified method 
of isothermal close space sublimation at atmospheric 
pressure in quasi-closed volume has been suggested by 
Khomchenko et al. [4]. As a result, we were able to 
significantly simplify the design of the setup intended for 
film deposition and doping. We were the first to use this 
method for doping the semiconductor films with metals. 
The present review systemizes the results regarding the 
structure, morphology, optical and luminescent proper-
ties of ZnO and ZnS films CSS-doped with Ag, Cu, Ga. 
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2. Methods and materials 

The main features of this our simplified modification of 
CSS method are as follows: i) the absence of vacuum 
chamber (which means using a non-vacuum method);  
ii) both doping and annealing simultaneously take place; 
iii) the whole system is at the same temperature.  

The schematic diagram of implementation of this 
method is shown in Fig. 1. Sublimation of the source 
material was carried out in a quasi-closed silica crucible 
placed into a muffle furnace. The parameters that 
determine the mass transfer processes of the source 
material are the temperature of crucible, source-substrate 
distance and composition of the gas medium inside the 
source-substrate sandwich. The gaseous medium required 
for the film deposition or doping was formed by selecting 
a suitable powder mixture fill for the silica crucible 
holding the “source-substrate” sandwich. The presence of 
oxygen sorbents in the powder together with the reduced 
gas exchange rate in the quasi-closed silica crucible made 
it possible to reduce the partial pressure of oxygen, as a 
consequence, reducing the oxidation rate of the substance 
under sublimation. 

In the case of doping the semiconductors with 
metals, the latter are introduced into the semiconductor 
film through the vapor condensation on the film surface 
and subsequent diffusion into the film bulk when heating 
them in a furnace. This method [4] allows controlling the 
concentration of the doping elements by changing the 
furnace temperature, since there is a correlation between 
the metal vapor pressure of the doping element in the 
film and the CSS doping temperature Td. The doping 
temperature Td varied within 500…800 °C in dependence 
on the type of metal. Initial zinc oxide and zinc sulfide 
films were obtained by different methods such as 
electron-beam evaporation, reactive rf-magnetron 
sputtering, and pyrolysis of organometallic compounds 
(MOCVD technique). We used glass, ceramic, silicon, 
Si/SiO2, Si/SiNx and sapphire substrates. 

X-ray diffraction (XRD) measurements were 
performed by DRON-3M X-ray diffractometer operating 
with CuKα radiation (λ = 0.1541 nm). The morphological 
properties of films were studied using NanoScope IIIa 
Dimension 3000 atomic force microscope (AFM). To 
provide high lateral resolution and sensitivity, the tapping 
mode of measurements was applied. Measurements were 
performed using commercial silicon tips NSG-11 (NT-
MDT, Russia) with the nominal tip apex radius of 10 nm. 
Photoluminescence (PL) spectra were excited by pulsed 
nitrogen laser (337 nm) and measured at room tempe-
rature. The PL spectra were recorded using Horiba 
JobinYvon T64000 spectrometer. The cathodo-
luminescence (CL) signal was detected using an Oxford 
Instruments MonoCL2 system in Philips XL30 SEM at 
the electron energy in the beam of 15 keV. All the 
measurements were performed at room temperature. 

CL characteristics were measured in the demoun-
table cathode ray tube with a variable beam current from 
0  to 50 µA.  The phosphor screen samples  were  excited 

 
 

Fig. 1. Schematic diagram of CSS method. 
 
 
by electron beam at the accelerating voltage 50 kV over a 
2.8×2.1 cm2 area scanned. The standard television raster 
was formed on the screen plane (at 15.625 kHz 
horizontal and 50 Hz vertical scanning frequencies). The 
effective ionization depth for electrons equals 4.15 µm 
for ZnS film and 2.85 µm for ZnO film at the 
accelerating voltage 50 kV. 

 
3. ZnS, ZnO films doped with Cu, Ga 

3a. Electroluminescent display device based on 

ZnS〈Cu,Ga〉 films 

The ZnS, ZnS〈Cu〉 films were prepared by physical 
(electron-beam evaporation (EBE)) and chemical 
(MOCVD) methods. Ga-doping was realized using the 
CSS method via annealing of ZnS〈Cu〉 films at 
800…900 °C with Ga vapors. Thin film electro-
luminescent devices (TFELDs) were made on both glass 
and ceramic substrates. TFELDs had a conventional 
double (or single) insulating structure: MISIM or MSIM 
(M – electrode, I – insulator, S – semiconductor). For 
glass substrates, back transparent ITO film and upper Al 
film were used as electrodes. Al2O3 film was used as 
insulator (I). The Al2O3 thickness was 20…300 nm, and 
the ZnS film (S) thickness was 0.6…2 µm. The devices 
on the ceramic substrates had a metal back electrode and 
a BaTiO3 thick insulator sheet (~ 40 µm) formed on the 
substrate. A semitransparent Al upper electrode was 
formed by means of thermal evaporation. The ZnS〈Cu〉 
films thickness was 0.6 µm. The schematic diagram of 
the structure is shown in Fig. 2. 

XRD patterns reveals a cubic structure of ZnS film 
(high and intense peak at 2θ = 28.5°) with preferred 
orientation along 〈111〉 direction (Fig. 3). Annealing 
(both without and with gallium vapors) does not 
transform the type of the films structure. It must be 
emphasized that ZnO phase was not detected. In the films 
after annealing with Ga co-doping, a deviation from 
stoichiometric ZnS compound was not also detected 
using the energy-dispersion microprobe analysis at the 
measurement accuracy 0.05 at.% [5]. 
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Fig. 2. Schematic diagram of fabricated TFEL devices. 
 
 

 
 
Fig. 3. X-ray diffraction patterns of clear BaTiO3 substrate and 
ZnS/BaTiO3 structures (as-deposited and annealed at 850 °C). 
 
 

A surface of ZnS/BaTiO3 structures was examined 
by atomic force microscopy. It was detected that BaTiO3 
substrate consists of large 7…9 µm grains and remains 
unchangeable over all treatments. After depositing ZnS, 
these grains have been covered with small subgrains. 
Fig. 4 presents the changes of ZnS film after annealing at 
800 °C and annealing with Ga. In the initial state 
(Fig. 4a), the ZnS film consists of small size 
(200…400 nm) grains that are not clearly separated. 
After annealing, the grains coalesce. We can observe 
more large blocks (~ 600 nm) separated by deep 
boundaries (Fig. 4b). Besides, the small subgrains remain 
in the block area but all of them are grown together. 
After annealing at 800 °C with the Ga presence, the 
blocks get larger (~750 nm) and clearly separated.  
They become smoothed, and no subgrains are observed. 

It was revealed [6] that Ga and Cl act not only as 
co-dopant for improvement of luminescent properties, 
but also as a promotor of collecting and secondary 
recrystallization processes, which facilitate a coarse-grain 
formation.  

Diffusing Ga atoms inside the film gather at 
subgrain boundaries and accelerate the grain growth 
process, when large grains grow at the cost of small  
ones with decreasing surface energy [7]. Presence of 
some liquid phase (in our case Ga with its melting  
point  29.7 °C)  essentially  accelerates  all  mass-transfer 

processes during annealing, and as a consequence, the 
intense magnification of grain sizes occurs. Doping the 
ZnS film with copper and chlorine during the annealing 
process reduces the phase transition temperature – from 
1020 down to 800 °C [8]. The transition of ZnS film 
sphalerite lattice to wurtzite results in the displacement  
of the blue emission band towards the short-wave range 
by 0.07 eV [6]. It is known that the sphalerite structure 
predominates when the bonding is predominantly 
covalent, whereas the more ionic systems favor the 
wurtzite form [8]. As Cu+ cations occupy the zinc sub-
lattice, the incorporation of Ga3+(Al3+) trivalent cations in 
the same sublattice does not reduce the covalent binding. 
While incorporation of Cl– anions in sulphur sublattice 
with Cu+ cations in zinc sublattice changes the binding in 
the ZnS lattice to the more ionic one. In ZnS〈Cu,Cl,Ga〉 
films [9], the amount of Cu+ and Cl– ions diffused into 
ZnS lattice from ZnS〈Cu,Cl〉 powder during thermo-
diffusion is the same, but a part of ions can be gathered at 
the dislocations, subgrain and grain boundaries. The 
additional Ga doping by using the CSS method leads to 
smooth grains with the largest grain size, which, in its 
turn, results in more homogeneous distribution of Cu+ 
and Cl– in sublattices and, hereby, increases the amount 
of Cu+–Cl– ionic binding, which affects the phase 
transition temperature. 

Photoluminescence (PL) and electroluminescence 
(EL) properties of ZnS〈Cu〉 films strongly depend on the 
copper concentration and film thickness [10]. But these 
properties are even more dependent on Ga doping-
annealing. So, PL and EL are not observed when the Cu 
content in the ZnS〈Cu〉 target was 0.5 wt.% and the 
ZnS〈Cu〉 film thickness was 500 nm. When the film 
thickness is increased up to 1 µm, a very poor PL 
appears. It was increased five-fold as much, when the 
films were annealed at 850 °C. The PL intensity was 
increased to the factor of 100, when the ZnS〈Cu〉 films 
were doped with Ga via annealing of ZnS〈Cu〉 films at 
850 °C with the presence of Ga vapor. The PL spectra of 
the films are shown in Fig. 5. Photoluminescence of  
as-deposited ZnS〈Cu〉 films has peaks at 410…420 nm, 
and, most importantly, its bandwidth is very narrow 
(~50 nm) [10], even more narrow than that of ZnS〈Cu〉 
nanocrystals with the 70-nm size [11]. Let’s mark that  
we observed the spectra with fine structure lines on the 
high energy side of the blue band. Distance between 
peaks of the lines is 0.12 eV. 

The annealing in Ga vapors causes changes in the 
spectrum. The blue band peak shifts to λ = 450 nm,  
the green band at λ = 520 nm is displayed. The emission 
maximum positions are characteristic for ZnS〈Cu〉 
crystals. This spectra modification corresponds with 
growth of the grain size up to 750 nm. The view of 
spectra depends on the ratio of Cu and Ga concentra-
tions [12]. Four emission bands are presented in the  
PL spectra – blue (at 450 nm), green (at 520 nm), yellow 
(at 585 nm) and red (at 650 nm). The latter two bands are 
characteristic for Ga doping.  
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The red band isn’t observed in EL spectra. The 
highest luminance is received for the green and yellow 
bands – 800 cd/m2 at 5 kHz. The luminance 30 cd/m2 is 
obtained for the blue band. As shown in Fig. 6, the EL 
properties are changed via thermal treatment in the 
following manner. In the devices with ZnS〈Cu〉 films 
annealed  at  850 °C,  the  luminance  is  just  three times 

 

 

 
 

higher than that in the devices with as-deposited ZnS〈Cu〉 
films. However, when the films are annealed at 850 °C, 
ZnS〈Cu〉 devices with Ga doping started to show rapid 
increase in the luminance and shift of the threshold vol-
tage from 110 to 10 V. The luminance of EL is increased 
up to the factor 10 for the blue color emission films and 
100 – for the green (yellow) color emission films. 
 

Fig. 4. Height 3D (on the left) and deflection (on the right) AFM images of the ZnS EL films surfaces: (a) initial state, (b) annealed 
at 800 °C, (c) annealed at 800 °C with Ga presence. 
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Fig. 5. Photoluminescence spectra of ZnS〈Cu〉 films: as-grown 
(1) and after Ga doping-annealing at 850 °C (2). 
 
 

 
 

Fig. 6. Voltage dependences of luminance (1–4) and transferred 
charge (1′, 3′) under 1 kHz sine wave of ZnS〈Cu〉 devices: as-
grown (1, 1′), after annealing at 850 °C (2), after doping-
annealing at 850 °C (3, 3′ – blue, 4 – green and yellow color 
emission). 
 
 

 
 

Fig. 7. Brightness wave of the ZnS〈Cu〉 first type layer with 
blue color at 500 Hz. 

Charge-voltage (Q–V) measurements showed a 
significant transferred charge presented in the devices 
with non-annealed ZnS〈Cu〉 films. The charge decreases 
gradually with annealing temperature, it is especially 
pronounced in Ga-doped devices annealed at high 
temperatures. From AFM analysis and EL data [13–16], 
we can conclude that a significant amount of structure 
defects (more than likely grain boundaries) exists in the 
as-deposited ZnS〈Cu〉 films. With the grain size as large 
as 750 nm, the crystalline quality is significantly better 
than those for as-deposited or annealed films without Ga-
doping. The crystalline quality improvement may 
increase an electron’s mean free path. EL starts at the 
field strength 2·106 V·cm–1 (as-deposited, annealed film 
non-doped with Ga) which is high enough to accelerate 
free carriers with a mean free path λ ~ 10–7 cm. For 
ZnS〈Cu,Ga〉 films, EL starts at the field strength of 
2·105 V·cm–1. In such a case, the condition for free 
carrier acceleration will be satisfied for λ ~ 10–6 cm. The 
λ-value close to 10–6 cm was obtained earlier for 
ZnS〈Cu,Cl〉 films [17] in close agreement with the λ-
value reported for the analogous powder phosphors [18]. 

The knowledge of EL mechanism is necessary for 
the film that can be considered as a potential candidate 
for the thin-film EL displays. The study was performed 
with different EL structures [19]. The films studied may 
be divided into the two types [20]. These types are 
differentiated by uniform and non-uniform distribution of 
the electric field in the film. The layers of first types were 
characterized by uniform electric field distribution. They 
were observed, if the MISIM structure was used. The 
ZnS〈Cu〉 thickness was about 0.6 µm, the insulator thick-
ness ≥0.6 µm. Such a type of the layer has the electrical 
capacitance equal to the “geometric” one of S-layer. It is 
independent of the voltage, frequency and temperature. 

The second type is the layer with non-uniform 
electric field distribution due to the contact barriers and 
charge polarization. These layers were obtained under the 
following conditions. The MSM or MSIM type structures 
were prepared. SnO2 and Al were used as electrodes (M). 
The thickness ZnS〈Cu〉 (S) layer was 2…3 µm. The 
thickness of insulating (I) SiO layer was 0.01…0.05 µm. 
This layer was displaced between ZnS and Al only. It 
was impossible to describe the capacitance of this type 
layer with the expression C = εS/4πd. Its capacity 
depended on the frequency, voltage, and temperature like 
to the Schottky barrier with deep centers [21].  

The EL properties of the structure on the basis of 
the first type films are very similar to those for the 
ZnS〈Mn〉 MISIM structure. The voltage dependence of 
luminance (L) and transferred charge (Q) are shown in 
Fig. 6 for ZnS〈Cu〉 devices with blue, green and yellow 
color emission. Their shape is typical for the MISIM 
structure. The sine wave excited brightness waves is 
shown in Fig. 7 for blue color TFELD. It is seen that the 
maximum brightness corresponds to the voltage maxi-
mum. It is characteristic for an undelayed recombination 
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Fig. 8. Aging characteristics of ZnS〈Cu〉 first type layer device 
with blue color emission driven at 1 kHz pulse voltage, the 
pulse width is equal to 5 µs. 

 
 

 
 
Fig. 9. Brightness waves of the ZnS〈Cu〉 second type films, 
ZnS〈Mn〉 films and the excitation pulse shape. 

 
 
mechanism. The degradation characteristic is shown in 
Fig. 8 for TFELD with blue color emission. L(V) 
dependence is shifted to the higher voltage in the first 
hour of operation. In the subsequent hours of operation, 
the shift value is decreased [20]. The emission 
degradation character is similar to that observed for the 
activator with intraionic emission mechanism (ZnS〈Mn〉, 
ZnS〈Tb〉). Analysis of the obtained results enables to 
draw conclusions that for the first type films the impact 
ionization model is appropriate and the mechanism of 
emission is an undelayed recombination.  
 

 
 
Fig. 10. Dependence of the ratio B1

+ (at presence of probing 
pulse) to B1,m

+ (without the probing pulse) on the ratio of the 
amplitudes of the probing and main pulses. Amplitude of main 
pulse is equal to 20 V, the delay time td between the probing 
and main pulse, ms: 0.2 (1), 0.4 (2), 1 (3), 5 (4). Curve 5: 
amplitude of main pulse is 13 V, td = 5 ms. 

 
 

The brightness waves of the second type films are 
similar with those for powder phosphors and differ from 
those of ZnS〈Mn〉 films (Fig. 9). Electroluminescence 
starts at much smaller average field strength than for the 
ZnS〈Mn〉 ones. The L(V) relation is 5 times steeper for 
ZnS〈Cu〉 films than for ZnS〈Mn〉 ones. The following 
luminance equation is valid over 7 decades of brightness: 
L = L0·exp(–b/V). But all experimental facts concerning 
the electroluminescence of second type ZnS〈Cu〉 films 
can be explained by the supposition of the impact 
ionization mechanism, a local field enhancement near the 
SnO2 electrode and ionization of the activator centers. 
The relatively low average field strength at which EL 
starts might be explained by the field enhancement 
localized in the Mott–Schottky barrier. The barrier width 
is less than the film thickness by a factor of 3…5. If the 
average field strength is 3·104 V/cm, the barrier field is 
approximately 105 V/cm. The condition for free carrier 
acceleration will be satisfied for a mean free path of 
λ > 10–7 cm. For ZnS〈Cu〉, the λ-value is equal to 10–6 cm 
[17]. For appearance of two brightness peaks during  
each half-cycle of the exciting voltage (Fig. 9), two 
explanations are offered: delayed recombination 
mechanism and a direct excitation by the polarization 
field existing after switching-off the external voltage. 

It has been investigated whether the primary 
brightness peak B1

+ is due to recombination centers 
excited during this voltage pulse (undelayed 
recombination) or whether the supposition of a delayed 
recombination is correct. One fact confirming undelayed 
character recombination is the observed influence of  
a positive probing pulse  on the  brightness peak B1

+ [17]. 
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Fig. 11. EL spectra of ZnS:Cu second type films under different 
excitation voltages at 200 K; the frequency is 2 kHz, the film 
thickness is 2 µm; 1, 2, 3 – 30, 45 and 60 V RMS values, 
respectively. N − photon number. 
 
 
The dependence of the ratio B1

+ (at the presence of 
probing pulse) to B1,m

+ (at the absence of probing pulse) 
on the ratio of amplitudes of the probing and main pulses 
is shown in Fig. 10. According to Fig. 10, the delay time 
td between the probing pulse and the main one as well as 
their amplitude relation show a double effect on B1

+. At 
decreasing td, the peak B1

+ decreases (for td < 0.2 ms, see 
curve 1). The peak B1

+ increases when td is long and 
Vp /Vm > 1 (see curves 2–5). The diminution of B1

+ by 
probing pulse may be explained as follows. After the 
probing pulse, a polarizing field is present in the layer, 
the polarity of which is opposite to that of the main 
voltage pulse, thus the internal field is reduced during the 
main pulse. The polarization field relaxes rapidly as seen 
from the time dependence of the effect (only small td 
values are effective). If the time td is large, the 
polarization field due to the probing pulse diminishes 
considerably before the main pulse starts. In this case, 
when increasing Vp, B1

+ increases. This may be explained 
as follows. A higher probing pulse produces more 
excited centers, a fraction of which is still excited at the 
start of the main pulse. The additional number of excited 
centers will relatively increase with decreasing Vm and 
increasing Vp

+/Vm
+ in accordance with experiments. The 

effects of decreasing B1
+ prevail at small td, although the 

polarization field is small, too, thus the brightness B1
+ is 

determined by the number of excited centers during the 
main pulse [17]. 

The additional argument was obtained from inves-
tigation of EL spectra that confirm undelayed recom-
bination. The strong electrical field results in some  
long-wave shift of ZnS〈Cu,Cl〉 green band due to the  
Franz–Keldysh effect [22–24] (see Fig. 11). The fact that 

the Franz–Keldysh shift of the emission band takes place 
indicates that the recombination occurs in the region of 
intense electric field. It should be noted that in powder 
phosphors of the same composition, on the contrary, a 
“delayed” recombination takes place. Such a difference 
between the electroluminescence of the powder and  
the film samples may be explained taking into account 
that in the films electrons are continuously injected from 
the electrodes, whereas in powder phosphors with 
dielectric matrix the continuous current of carriers is very 
weak. 

The second type ZnS〈Cu〉 films degradation is very 
fast process. Deterioration of the EL device charac-
teristics is due to the drift of defects charge followed by 
widening of a space charge region and by the change of 
the center concentration in the high field region. 

Thus, the evidence is presented that ZnS〈Cu〉 film 
EL mechanism is direct impact excitation (ionization) of 
luminescent centers by hot electrons, and the emission 
mechanism is an undelayed recombination. The fast 
deterioration of the EL device characteristics is observed 
in second-type ZnS〈Cu〉 films. The ZnS〈Cu〉 TFELD 
stability may be increased by means of choice of correct 
EL layer type. 
 
3b. Cathodoluminescent properties of the ZnS and ZnO 

thin films doped with Cu, Ga [25−28] 

The initial films under investigation have been prepared 
by EBE evaporation from a ZnS〈Cu〉 target on a 
monocrystalline sapphire substrate with further special 
new processing. Under evaporation, the substrate was 
heated to 150…200 °C, the film thickness was 9 µm. Cu 
concentration in target was varied from 0.06 to 
0.12 wt.%. Parameters of these film phosphors were 
significantly modified by using special non-vacuum CCS 
high-temperature (700…800 °C) annealing/treatment of 
ZnS〈Cu〉 film in suitable (S2- or O2-riched) atmosphere. 
For Cu charge compensation, the films were doped with 
Ga from the Ga melt during film annealing [4]. Such a 
method of doping was first used for CL films. The Al 
layer with 0.1 µm thickness was evaporated directly onto 
the phosphor films after annealing. 

The crystalline structure and morphology of the 
obtained films were investigated by X-ray diffraction 
technique (Cu Kα radiation) and atomic force micro-
scopy. PL measurements were carried out with the 
excitation source of a nitrogen laser (λ = 337 nm). When 
measuring luminescence the 9 µm phosphor film 
thickness provides favourable conditions for the transfer 
of effective energy from the exciting electron beam to the 
phosphor and the excitation of the film deep uniform 
regions far removed from the both film interfaces. 

The analysis of XRD patterns shows that all as-
deposited films were ZnS〈Cu〉 with the sphalerite crystal 
structure and preferred orientation in 〈111〉 direction 
(Fig. 12, curve 1). Annealing in S2-rich atmosphere  
does not transform the type of ZnS〈Cu〉 film crystal 
structure  (both  without  and  with  gallium  vapor)  [25]. 
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Fig. 12. X-ray diffraction patterns of ZnS〈Cu〉 (1) and ZnO〈Cu〉 
(3) films on sapphire substrate and the stimulated pattern for 
ZnO powder (2). 
 

 

  
 
Fig. 13. AFM images of surface morphology of ZnS〈Cu〉 films 
(left column) and ZnO〈Cu〉 films (right column). 

The XRD patterns of the ZnS〈Cu〉 film obtained in the 
result of ZnS〈Cu〉 film annealing in O2-rich atmosphere 
as well as simulated pattern of powder ZnO are also 
shown in Fig. 12 (curves 3 and 2). From a comparison of 
intensities of simulated data for powder ZnO and 
experimental data for the ZnO〈Cu〉 films, it can be 
concluded that ZnO〈Cu〉 films have wurtzite crystal 
structure with a preferred 〈001〉 orientation. The type of 
the ZnO〈Cu〉 film crystal structure does not change at the 
film annealing with Ga doping. 

AFM data illustrate the role of thermal treatment 
and Ga doping in the crystalline structure formation 
process (Fig. 13). The surface morphology images of 
ZnS〈Cu〉 films are represented in Fig. 13 for an as-
deposited film (a), after annealing in S2-rich atmosphere 
(b) and after annealing with Ga doping at the same 
atmosphere, temperature and duration (c). As it can be 
seen, the annealing in S2-rich atmosphere leads only to 
the increase in the grain mean size from 150…300 nm up 
to 750 nm. However, the grain boundaries remain weekly 
denominated and grain size distribution is non-uniform. 
The annealing with Ga doping results in occurence of 
sharp distinct grain boundaries and considerable increase 
in the grain size up to 950 nm. 

The special thermal treatment of ZnS〈Cu〉 films in 
O2-rich atmosphere, where transformation from ZnS to 
ZnO takes place, causes more pronounced change in the 
grain configuration. The image of AFM film morphology 
for this case is represented in Fig. 13a (right column). It 
is seen that the ZnO〈Cu〉 film surface is now very 
inhomogeneous. The polycrystalline aggregations with 
the grain size from 350 to 500 nm dominate, although 
large (about 2000 nm) formations are also observed. 
After the treatment in Ga vapors, the ZnO〈Cu〉 film 
surface consists of large blocks about 1200 nm in size 
(Fig. 13b, right column). Besides, more large formations 

(from 1500 to 3000 nm) are present. On the surface of 
main blocks, the small (about 80 nm) grains are screen as 
well. Since these small grains are observed in ZnO films 
annealed both with and without Ga vapor, they seem to 
be the minor product of reaction between ZnS and some 
contaminations from oxygen atmosphere. 

As-deposited samples did not show an initial 
photoluminescence. Annealed films show PL in the green 
spectral region. ZnS〈Cu〉 and ZnS〈Cu,Ga〉 films emitted 
green light under UV radiation. The emission maximum 
is located at 520 nm. The PL and CL spectra are 
practically identical. From the investigation of decay 
curves, we determined that the 1/10 afterglow decay time 
is 0.6 ms. The CL spectra of ZnS〈Cu,Ga〉 films at 
different values of current density j are shown in Fig. 14. 
The maximum of emission is located at 530 nm. At about 
three-fold increasing the excitation level (average current 
density), the shape of emission band changed slightly, 
except for the region λ > 600 nm where the emission 
intensity was significantly decreased. 

The CL spectra of ZnO〈Cu〉 and ZnO〈Cu,Ga〉 film 
at different excitation levels and temperatures were 
studied. The emission band shape for ZnO〈Cu〉 films is 
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stable at four-fold increase in the excitation level. When 
the temperature was decreased to 77 K, the full width at 
the half maximum (FWHM) decreased only slightly. CIE 
coordinates of ZnO〈Cu〉 films are x = 0.21, y = 0.54. The 
films show more deep green color than C1 and C2 
commercial phosphors. CL luminance of ZnO〈Cu〉 and 
ZnS〈Cu〉 films in television raster as a function of screen 
excitation current density for temperatures 300 and 77 K 
is shown in Fig. 15. The luminance values at 300 K are 
200 cd/m2 for ZnS〈Cu,Ga〉 film and 1100 cd/m2 for 
ZnO〈Cu,Ga〉 one. At 77 K the CL luminance for 
ZnO〈Cu,Ga〉 film is 3700 cd/m2 and has not reached the 
limit value and can be improved using technology 
optimization. It indicates a considerable reserve of 
luminance increasing for screens based on ZnO films. 
Horizontal scanning frequency of an electron beam on 
the screen must be increased with application of heat sink 
to realize this reserve. The obtained results (high 
luminance, color coordinates values, emission band 
stability) point to the perspective application of ZnO〈Cu〉 
films for projection TV and HDTV. 
 

3c. Luminescent properties of ZnO〈Cu〉 films [25, 36, 

40, 42] 

ZnO is a wide- and direct-band gap semiconductor 
(3.37 eV), which room-temperature photoluminescence 
is of the greatest importance. The ZnO has various 
luminescent transitions, since different preparation 
techniques lead to varying structures and surface 
properties of ZnO. Generally, ZnO exibits two kinds of 
emissions: the former is the excitonic ultraviolet (UV) 
one at 370...380 nm and the latter is visible (VS) 
emission with its peak at 510...530 nm [29]. Many 
studies have attempted to improve the properties of ZnO 
by doping with transition metals such as Al [30], Mg 
[31], In [32], and Cu [25, 33, 34]. Among them, copper  
is a most preferable dopant, since ionic radii of Cu2+ 
(0.073 nm) and Zn2+ (0.074 nm) are similar [35], and it 
relatively easy replaces zinc in the lattice forming a 
complex with neigbor oxygen ions. Cu can interact with 
intrinsic defects of ZnO resulting in formation of 
different defect complexes which effect optical 
transitions in ZnO. It was found that this allows changing 
the emission color from green to white [36]. Cu-doped 
ZnO has shown an essential improvement in electrical, 
optical, magnetic and luminescent performances [37]. 
Different techniques are used to grow ZnO〈Cu〉 films, 
namely: pulsed laser deposition [38], magnetron sput-
tering [39], metal-organic chemical vapour deposition 
under atmospheric pressure [40]. Cu can be added to 
ZnO films during the growth process [25, 34, 36, 40]  
or copper impurity can be introduced into the already 
deposited ZnO film [41, 42] by different techniques.  
We investigated the effect of Cu doping by using  
the CSS technique on structure and luminescent 
properties of ZnO thin films [42]. The isothermal  
CSS process [4] has been used for doping the ZnO  
films with Cu under the atmospheric pressure.  
The obtained  ZnO〈Cu〉  films  were  heated in humid air. 
 

 
 

Fig. 14. Cathodoluminescence spectra for ZnS〈Cu〉 film at the 
temperature 300 K for two excitation levels (average current 
densities j). 
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Fig. 15. Cathodoluminescence luminance of ZnS〈Cu〉 (1) and 
ZnO〈Cu〉 (2, 3) films as a function of current density at the 
temperatures 300 and 77 K. 
 

 
Beneficial effect of water vapor on growth of ZnO 
crystals and on structural properties of ZnO films is well 
known for a long time [43, 44, 45]. This method repre-
sents favorable conditions at appropriate temperature for 
the impurity to be effectively introduced into ZnO film. 
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Fig. 16. AFM images of ZnO reference (a) and Cu-doped (b) 
ZnO films deposited on Si substrate. Surface height histograms 
(c) for the corresponding films (1, 2). 
 
 

ZnO films (approximately 0.5 µm) were deposited 
by radio-frequency magnetron sputtering the Zn target in 
vacuum chamber onto silicon and sapphire substrates. 
The ZnO films were deposited at the substrate tempe-
rature Ts = 150 °C. The 10-nm buffer layer SiNx was 
introduced to accommodate lattice mismatch between 
ZnO and Si. The mismatch of lattice constants (15%) and 
thermal expansion coefficients (56%) between ZnO and 
Si are quite large. SiNx has a relatively small lattice 
mismatch (5%) and thermal expansion coefficient. The 
deposition of films was carried out using the layer-by-
layer method that was detailed in [39]. 

Cu doping the ZnO films was performed using the 
CSS process at atmospheric pressure for 1 h. A copper 
block was used as Cu source and ZnO/SiNx/Si and 
ZnO/α-Al2O3 films were used as a substrate. The Cu 
source and the substrate were separated by a ceramic 
spacer with the thickness 1 mm. Cu was introduced into 
ZnO by condensation of their vapor on the film surface at 
the temperatures 500…600 °C. The doping method is 
based on the process of impurity diffusion through the 
surface of the film under heating. This method allows 
correlating the concentration of the doping elements by 
changing the temperature in the furnace. We have found 
that noticeable changes of luminescence spectra start  
at the temperatures higher than 500 °C. The doping 
temperature varied within 500…700 °C. The Cu vapor 
pressure was within 10–9…10–4 Pa [46]. We used three 
doping levels. The low level of doping corresponds  
to 1.33·10–9 Pa, the mediate – to 1.33·10–7 Pa, and the 
high – to 7·10–5 Pa. After the CSS processing, these 
ZnO〈Cu〉 films were annealed at the temperature 600 °C 
in wet medium for 1 hour (the density of water vapors 
was about 0.08 g/m3). Beside ZnO〈Cu〉 films, ZnO 
reference films were treated at the same conditions in 
order to separate the effects of the temperature annealing 
on the properties of films. 

Another type ZnO〈Cu〉 films were deposited by 
EBE from ZnO〈Cu〉 target onto sapphire substrates. The 
Cu concentration in the target was from 0.06 to 
0.25 wt.%. The substrate was heated up to 150 °C, and 
the film thickness was 0.6 µm. These ZnO〈Cu〉 films 
were also annealed at the temperature 600 °C in wet 
media for 1 hour (the density of water vapors was close 
to 0.08 g/m3). 

XRD measurements showed that all ZnO films have 
the polycrystalline hexagonal structure. The films consist 
of grains with the strongly preferred (002) orientation. 
Doping with a small amount of copper does not change 
the texture of the ZnO film. Surface morphology 
modification caused by the doping process was 
investigated using AFM, since introduction of the Cu 
impurity by using the CSS methods is based on diffusion 
of Cu ions into the films through the grains or grain 
boundaries. Fig. 16 illustrates the effect of doping on 
morphology of film surface at the mediate doping level. 
The surface of reference ZnO film (Fig. 16a) shows 
complex nano-granular structure. The smallest grains 
(diameters of 15…20 nm) were aggregated into 
elongated clusters (typically 360×60 nm). Clusters were 
randomly oriented and separated with the depressions of 
10…15 nm in depth. Surface morphology transforms 
drastically at Cu doping (Fig. 16b). Many elongated 
clusters transforms into faceted pyramidal grains. The 
size of their long axis ranged within 300…450 nm. The 
size of a small fraction of grains increased up to 
60…120 nm. The depth of depressions between grains 
enlarged to 25…50 nm. From the statistical viewpoint, 
surface transformation at doping could be illustrated with 
height histograms. Height distributions for ZnO (curve 1) 
and ZnO〈Cu〉 (curve 2) films are shown in Fig. 16c. 
Significant widening of the surface height takes place for 
doped films. Corresponding RMS values are equal to 9 
and 17 nm for initial and Cu-doped films. 

PL emission was excited by a He-Cd laser (λexc = 
325 nm, power 25 mW). The PL spectra were recorded 
with using the Horiba Jobin Yvon T64000 spectrometer. 
The CL signal was detected using the Oxford Instruments 
MonoCL2 system in Philips XL30 SEM at the electron 
energy in the beam of 15 keV. The spectra were 
measured at room temperature. 

The PL properties of ZnO films depend on the 
substrate temperature at film deposition and Cu doping 
level. For the ZnO films deposited at the low temperature 
of substrate (Ts = 150 °С), the luminescence was not 
observed, which is related to the low crystal perfection of 
the films and a high concentration of non-radiative 
recombination centers in them [47]. These films were 
specially selected with account of the annealing-doping 
effect pronounces greatly. Emission becomes observable 
after doping and annealing of the films. The normalized 
PL spectra of the ZnO〈Cu〉 films at low, mediate and high 
levels of doping are shown in Figs. 17a and 17b as well 
as the reference one (Fig. 17a, curve 1). The PL spectrum 
of each film was normalized to the maximal value of the 
intensity in it. The spectra were normalized in order to 
present them in one figure, because PL intensities of 
these films are significantly different. 
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Fig. 17. PL spectra of ZnO films with different concentrations 
of Cu: a) 1 – reference ZnO film, 2 – mediate concentration  
of Cu; b) minimum (1) and maximum (2) Cu concentration. 

 
 

 
 
Fig. 18. PL spectra of ZnO〈Cu〉 films on silicon (1) and 
sapphire (2) substrates at the low level doping. The dashed lines 
show the results of the Gaussian multipeaks fitting for curve 2. 

After hydrothermal annealing at 600 °C, an intense 
UV emission of ZnO films occurs. The luminescence 
spectrum of ZnO film has a narrow peak of UV 
luminescence at 375 nm with an approximate half-width 
of 15 nm and the absence of VS emission (Fig. 17a, 
curve 1). The significant difference is observed between 
doped (Fig. 17a, curve 2) and the reference films spectra 
(Fig. 17a, curve 1). After doping with Cu, suppression of 
UV component is observed and an intense visible spectra 
emission takes place. It is correlated with results of other 
authors [41, 48]. The degree of suppression of the UV 
band is defined by the Cu concentration. The UV band is 
10-fold suppressed at high Cu concentration (Fig. 17b, 
curve 2). The fine structure in the UV emission band is 
observed at mediate Cu concentration (Fig. 17a, curve 2). 
The energy separation between adjacent peaks is about 
72 meV. This value matches well with the longitudinal 
optical (LO) phonon energy in ZnO. As a rule, phonon 
replicas have low intensity as compared with that of the 
UV bands. Thus, in the PL spectra, as a rule, only one to 
three longitudinal optical phonon features can be 
distinguished. We observed 6 phonon replicas in the 
330…375 nm region of the PL spectrum [42]. As a rule, 
such a structure is observed in emission of single crystals 
at the low temperature ~77 K [49]. The presence of 
phonon structure at ambient temperature suggests that the 
crystal structure of the films is of high quality. Phonon 
properties of our ZnO〈Cu〉 films with mediate copper 
concentrations were investigated using the method of 
Raman scattering [50]. In Raman spectra of the films, 
authors observed from 6 to 8 phonon repetitions, similar 
to the bulk ZnO crystal. The presented results also clearly 
show that ZnO films obtained by the technique applied 
here possess rather perfect crystal structure which is 
really close to that of bulk ZnO single crystals [50]. 

The VS emission consists of the bands with the 
center at 415, 465, 520, 580…600 nm. The intensity of 
weak band at 415 nm does not depend on the Cu 
concentration, and its intensity is very low (~ 5%). The 
origin of this band is attributed to the intrinsic defects 
[51, 52]. The VS emission intensity increases with 
increasing the Cu concentration. The VS emission 
intensities differ 5-fold for low and high concentrations 
(Fig. 17b, curves 1 and 2). The three-peak structure of 
the VS emission is pronounced most clearly for the 
mediate concentration of copper (Fig. 17a, curve 2). 

Fig. 18 shows the VS emission spectra of the 
samples with low-level doping but grown on different 
substrates – SiNx/Si (1) and α-Al2O3 (2). At the first 
sight, the spectra are considerably different. The 
emission spectrum of ZnO〈Cu〉 on Al2O3 substrate has a 
complex shape, and we have resolved them into Gaussian 
components. We obtained the same three components – 
blue, green and orange – but with another relationship of 
their intensities. The difference between these spectra  
is caused by the difference in the intensity ratios of  
the constituent bands. The first band is in the blue region 
with the maximum at 465 nm (2.67 eV). The second and 
third bands are in the green and orange regions with  
the  maximums  at 520  and  580…600 nm,  respectively. 
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Fig. 19. CL spectra of the ZnO reference film (1) and ZnO〈Cu〉 
film with mediate concentration of Cu (2). The dashed lines 
show the results of the Gaussian multipeaks fitting. 
 
 
The green band is the most intense. As a consequence, 
this emission looks like white light. Only green band at 
520 nm was observed in the spectrum of ZnO〈Cu〉 film 
grown by EBE. The emission band has the Gauss shape 
within the temperature range from 4.2 to 300 K. 

To determine whether Cu ions penetrate into the 
depth of the film or they remain mainly on the surface, 
we investigated the CL spectra of the ZnO〈Cu〉 films. It is 
known that the short-wave light is absorbed at the surface 
of film, while the electron beam excites the film bulk. 
The CL spectra of the ZnO (reference) and ZnO〈Cu〉 
films with the high concentration of Cu are shown in 
Fig. 19 (curve 1 and 2, respectively). The CL spectrum of 
the ZnO film consists of the UV band and a very weak 
VS emission. The UV band is suppressed significantly, 
while VS emission is increased in the ZnO〈Cu〉 film 
spectrum similar to their PL spectra. This is evidence of 
Cu-doping the film bulk. 

VS emission of CL demonstrates the three-peak 
structure similar to VS emission of PL, but positions of 
the peaks are different. The maximums of emission 
bands observed upon excitation with the electron beam 
are shifted to higher energies by 0.1 eV as compared with 
the band maximums observed under optical excitation. 
This is caused by different conditions for emission 
centers formation within the film bulk and near the film 
surface. Yuldashev et al. [53] observed the similar  
three-band structure of the ZnO film white emission  
in n-Zn0.9Mg0.1O/ZnO/p-Zn0.9Mg0.1O heterojunction 
structures. It was found that the electroluminescence 
spectrum of this heterostructure consists of at least three 
emission bands. The first band is in the blue region with 
a maximum at 420 nm. The second and third bands are  
in the green and orange regions with maximums at 505 
and 610 nm. The blue emission band is attributed to the 
radiative recombination of the donor–acceptor pairs 
(DAP),  in  which  the acceptors  are  the nitrogen  atoms, 

and this emission band might be originated from 
radiative recombination in p-Zn0.9Mg0.1O. The green 
emission band is caused by the recombination of DAP, 
where the deep donors are the vacancies of oxygen, and 
the orange emission band is attributed to the oxygen 
interstitials. The latter two emission bands originate from 
the ZnO active layer. However, our results, which show 
similarity of the ZnO〈Cu〉 film emission spectra on 
various substrates (see Fig. 18), demonstrate that the 
luminescence centers might be attributed precisely to  
the ZnO film and not to its interface or to the substrate  
as in [54]. 

The dependence of emission spectra on the doping 
level of copper (Fig. 17b) indicates that the luminescence 
centers are the copper ions or complexes, which include 
copper. It has been shown that the copper doping gives 
three types of CuZn (3d9), CuZn (3d10) and Cui point 
defects in ZnO [41]. The first two types are the acceptors 
in two charge states – 3d9 and 3d10 and the third is the 
donor. The 3d9 state is in close proximity to the valence 
band. Another electron state, 3d10, lies deeper in the 
forbidden band of ZnO. At a high concentration of 
copper impurities, it begins to compensate itself, forming 
the donor’s and acceptor’s point defects. 

We can assume that the presence of three bands in 
VS emission is caused by these defects. The reason for 
this is as follows. The optical depths of the copper 
acceptor levels relatively to the valence band are 0.1 and 
0.38 eV for the two charge states 3d9 and 3d10, 
respectively. The difference in the emission energy of 
Cu+ and Cu++ luminescence centers should reach 
0.28 eV. This value is in good agreement with the 
difference of the blue (2.67 eV) and green (2.38 eV) 
radiation energy of 0.29 eV. The orange band can be 
attributed to the impurity defects associated with 
interstitial copper in combination with its own lattice 
defect acceptors. The introduction of copper into ZnO in 
the form of three types of defects is a feature of copper 
doping by thermal diffusion techniques through the film 
surface. Doping from the target during film growth 
(EBE) provides luminescence centers of only one type. It 
follows from the results of hydrothermal annealing of the 
ZnO films with different copper concentrations obtained 
by EBE deposition. The emission spectra had only one 
green band at 520 nm in a wide temperature range from 
4.2 up to 300 K. 

Attenuation of the UV radiation intensity with 
introduction of copper may be the result of the 
deterioration of the film crystal structure or appearance 
of competitive additional radiative recombination 
channels. However, the morphological and optical results 
indicate that the deterioration in crystal structure was not 
observed. AFM investigation of doped film surface 
indicates a strongly developed surface with larger grains 
and nanocrystals in comparison with that of films without 
doping. The presence of the phonon replicas in the 
emission spectra indicates high crystal quality of 
ZnO〈Cu〉 films. 
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3d. Luminescent properties of ZnO〈Ag〉 films  

Wide band gap semiconductor ZnO (3.4 eV) is 
considered to be promising material for light emitting 
devices in the UV spectral region, namely: UV light 
emitting diodes, blue luminescent devices, and UV lasers 
[55, 56], because of its low cost and relatively low 
deposition temperature as well as its optical and electrical 
properties. The main advantage of this material, 
especially over well-known GaN, is the extremely high 
value of the binding energy of free excitons (60 meV), 
which enhances the energy transfer to luminescence 
centers. On the other hand, ZnO is a material with high 
concentration of native defects. These defects, generated 
during growth process, obstruct obtaining ZnO films of 
high crystal and optical quality acceptable for 
optoelectronic applications [55−58]. 

The properties of zinc oxide depend heavily on the 
preparation conditions and impurity composition [56]. 
Doping the films with selective elements could adjust 
their luminescent characteristics and accelerate the 
course of their practical applications. Recently, doping 
effects in ZnO with group-1B elements (such as Cu, Ag, 
and Au) has attracted great attention. Among the group 
1B dopants investigated, Ag was found to be the most 
favorable activator for enhancing UV emission in ZnO 
[59, 60]. It had been shown [36, 40] that introduction of 
Ag into the film bulk improves the crystal structure of the 
ZnO film, as supported by the increase in the grain size 
and appearance of an intense UV emission band. 
Therefore, as the activator for enhancing UV emission in 
ZnO we used silver. 

Thin films of Ag-doped ZnO were prepared by 
oxidation and Ag doping the ZnS films grown by 
MOCVD on a glass substrate [40]. Oxidation of ZnS 
films and Ag doping the ZnO films were carried by CSS 
method at the temperature < 700 °C. Ag source and glass 
substrate were separated from each other by ceramic strip 
spacers of about 1 mm thickness. The annealing 
atmosphere was prepared by decomposition of oxygen-
containing compound. Thin-film structures were 
additionally annealed after doping in the same 
atmosphere at the temperature 750 °C for 1 h. 

It was found that the Ag-doped films have a higher 
degree of crystallinity than non-doped ZnO films. AFM 
micrography showed that the films are grain-like, and the 
grain size increases with an increase in the Ag loading 
level. Surface morphology of the annealed ZnO〈Ag〉 
films is characterized by a distinct hexagonal grain 
structure. Atomic force microscopy revealed that the 
films were structured with an average grain size close to 
200 nm. Flat-top ZnO〈Ag〉 films were obtained with the 
surface roughness of 7 nm. This value for ZnO films was 
120 nm. The samples that show the smallest surface 
roughness also show strong UV emission at room 
temperature. There is a large difference between the 
emission spectra of the as-deposited films, doped films, 
films after post-treatment. The as-deposited ZnS films 
are transparent and do not exhibit PL. Luminescence 
arises after Ag-doping. The emission colour is green.  
The spectrum consists of one band with the emission 

maximum at 500 nm. After the annealing treatment, the 
luminescent properties are changed. The emission color 
becomes green-blue. The PL intensity increases 
markedly. Intense emission in the ultraviolet region with 
the green one in the visible region is observed at room 
temperature. The spectrum consists of two bands with the 
emission maximums at 380 and 500 nm. Ultraviolet band 
contribution is 0.65 of the total. Strong UV emission was 
observed in ZnO thin films grown by atomic layer 
epitaxy. It proves high-quality ZnO〈Ag〉 films prepared 
using a simple vacuumless method. 

As a rule, doping the ZnO films is accomplished 
during the growth process, when using magnetron 
assisted sputtering of the target with the proper 
composition, or simultaneous electron-beam coevapo-
ration from different sources [41]. As an alternative to 
the existing methods, in [78] the silver impurity was 
introduced into the already-deposited polycrystalline 
ZnO film. Isothermal CSS process [4] has been used for 
doping ZnO films with Ag under atmospheric pressure. 
The doped ZnO〈Ag〉 films were heated in humid air. The 
beneficial effect of water vapor on growth of ZnO 
crystals is well known. At the same time the effect of 
water vapor annealing on ZnO〈Ag〉 films was not 
investigated in-depth, although there is a mention of the 
positive effect of such annealing on structural properties 
of ZnO films [44, 45, 61]. 

Initial ZnO films (thickness close to 0.5 µm) were 
deposited by radio-frequency magnetron sputtering of Zn 
target in a vacuum chamber onto silicon and sapphire 
substrates at the substrate temperatures Ts = 150 °C and 
220 °C. Ag doping the ZnO films was carried out using 
the CSS process at atmospheric pressure for 1 h at the 
doping temperature Td within the range 500…600 °C. 
The silver block was used as Ag source, the ZnO 
film/SiNx buffer layer/Si plate and the ZnO film/α-Al2O3 
plate were used as substrates. The substrates and Ag 
source were separated by the 1-mm thick ceramic spacer. 
Ag was introduced into the ZnO film by using vapor 
condensation on the film surface and subsequent 
diffusion into the film bulk when heating in a furnace. 
This method enables to control the doping element 
concentration, since there is a correlation between the 
metal vapor pressure, the concentration of doping 
element in the film and the CSS doping temperature Td. 

We have found that noticeable changes of 
luminescence spectra starts at the metal vapor pressure 
corresponding to the doping temperature Td = 500 °C.  
At this temperature, the vapor pressure of silver is 
1.33·10–6 Pa [46]. The maximum temperature was 
defined as that at which the vapor pressure of silver 
increases by one order of magnitude. This temperature 
equals 570 °C, and the pressure of the vapor is  
1.33·10–5 Pa. We used two doping levels. The low level 
of doping corresponded to 1.33·10–6 Pa and the high one 
– to 1.33·10–5 Pa. The Ag content in the ZnO〈Ag〉 films 
was determined using energy dispersive spectrometer 
(EDS, JSM-6701F). It was found that the Ag 
concentration reached 0.03 at.% in the ZnO film doped  
at 500 °C and 0.3 at.% in the ZnO film doped at 570 °C. 
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Fig. 20. XRD patterns of ZnO〈Ag〉 thin films on the silicon and 
sapphire (the inset) substrates. 

 
 

After the CSS processing, ZnO〈Ag〉 films were 
annealed at the temperature Tan = 600 °C in wet media 
for 1 h, water vapor density being close to 0.08 g/m3. It is 
known [62] that the weak UV luminescence appears at 
77 K in the ZnO films after the long (about 17 hours), 
high-temperature annealing in air at 800 °C. However, 
annealing in humid air resulted in appearance of the 
intense room-temperature UV and VS luminescence even 
at the lower temperature Tan = 600 °C and short 1-h 
annealing (see curves 1 in Figs 23 and 24). We have used 
just this type of annealing to determine the nature of the 
effect of silver doping on the properties of the ZnO films. 
Beside the ZnO〈Ag〉 films, the ZnO reference films were 
treated at the same conditions in order to separate the 
effects of the temperature annealing and doping on the 
properties of films. The PL spectra were recorded using 
the Horiba JobinYvon T64000 spectrometer. The 
luminescence was excited by a 337.1 nm pulsed nitrogen 
laser with 100 Hz pulse repetition rate, 9 ns pulse 
duration, and 5 kW pulse power, measured at room 
temperature. Some luminescence spectra were measured 
at different angles to exclude the influence of 
interference. 

XRD measurements showed that all ZnO films have 
a polycrystalline hexagonal structure. Fig. 20 presents the 
XRD patterns of ZnO〈Ag〉 films deposited on SiNx/Si 
(silicon) and α-Al2O3 (sapphire) substrates. In the XRD 
pattern of the film on silicon substrate, one could observe 
four diffraction peaks that match well with the (100), 
(002), (101) and (110) reflections of the hexagonal 
wurtzite structure of ZnO. Thus, the XRD spectrum is a 
good reason for the suggestion that the crystalline axis of 
the grains are randomly oriented in the polycrystalline 
ZnO film, therefore it has a weak texture. Apparently, 
such untextured growth of ZnO film was obliged to 
silicon substrate with amorphous SiNx layer. 

In contrast, ZnO〈Ag〉 films on sapphire substrates 
consist of grains with the preferred (002) orientation 
(Fig. 20, inset). The c-axis is perpendicular to the 
substrate. The intensity of the peak (002) increases two-
fold for films doped with silver on a sapphire substrate in 
comparison with those on the silicon substrate. Thus, it 
can be concluded that ZnO films deposited on the 
sapphire substrate have better crystalline quality as 
compared to the ZnO films deposited on the silicon 
substrate. However, the position of 2θ angle 34.37° is 
somewhat lower than for ZnO powder diffraction 
standard 34.42° (JCPDS File NO.75-0576 from ASTM). 
The deviation of the diffraction peak position for our 
ZnO films from ASTM value (34.42°) is apparently 
caused by the film stress with compressive components 
parallel to c-axis. 

Because introduction of the Ag impurity by CSS 
method is based on the diffusion of Ag ions into the films 
through the grain surface or grain boundary, AFM was 
applied to study surface morphology modification linked 
to the doping process. The typical AFM images of 
undoped and Ag-doped ZnO films are shown in Fig. 21. 
Fig. 21 illustrates the effect of the doping temperature Td 
(a, c) and Ag doping (b, d) on morphology of film 
surface at the different levels of doping. The AFM 
images show that the films have a grain structure and the 
average grain size increases with increasing the Ag 
doping level. All undoped ZnO samples display 
approximately smooth surfaces with the roughness of 
5…8 nm (Table). These films have grains with the mean 
diameter 40 and 90 nm for Td = 500 °C and 570 °C, 
correspondingly. Surface morphology changes noticeably 
with the Ag doping. Surfaces of the ZnO〈Ag〉 films for 
both Td temperatures demonstrate grain growth and 
aggregations of grains (Figs 21b, 21d). The grain size 
reaches 100 and 160 nm, correspondingly, for low 
(0.03 at.%) and high (0.3 at.%) doping levels. For these 
films, the surface roughness (RMSR) reaches 23 and 
40 nm (Table). The difference between the highest and 
lowest points within the given area is 190 and 330 nm 
(Table). 
 
 
Table. Morphological parameters for the ZnO〈Ag〉 and 
reference ZnO films on the silicon substrate. 
 

Sample Ra, nm 
RMSR, 

nm 
Zrange, nm 

ZnO, 500 °C 4.64 5.98 56.60 

ZnO〈Ag〉, 
0.03 at.%; 500 °C 

18.38 23.73 191.33 

ZnO, 570 °C 5.93 7.61 67.36 

ZnO〈Ag〉,  
0.3 at.%; 570 °C 

32.69 40.65 332.37 

 
Deposition temperature Ts = 150 °C, Ra − average arithmetic 
roughness, RMSR – root mean square roughness, Zrange – range 
of surface heights. 
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Fig. 22. Grain diameter distributions for ZnO〈Ag〉 (a) and 
reference ZnO (b) films. Ts = 150 °C, Td = 500 °C, Tan = 600 °C 
in wet medium. The Ag doping level is equal to 0.03 at.%. 

 
 

 
 

 
 

From the statistical viewpoint, surface 
transformation under doping could be illustrated with 
grain diameter histograms. Grain diameter distributions 
for ZnO〈Ag〉 (Fig. 22a) and reference ZnO (Fig. 22b) 
films are shown in Fig. 22. Investigation of surface 
morphology of the ZnO thin films showed that grain size 
distribution is homogeneous. Significant widening of the 
surface height takes place for the doped films. The 
annealing and Ag doping promote increasing the size of 
grains and modification of grain size distribution  
(Figs 22a, 22b). As evident from Fig. 22, the distribution 
view is different at annealing and Ag doping. The latter 
leads to more inhomogeneous distribution and increases 
the size of the grains. 

The PL properties of the ZnO films depend on the 
substrate temperature at film deposition and Ag doping 
level. For the initial ZnO films deposited at the low 
temperature of substrate (Ts ≤ 220 °С) the luminescence 
was not observed. This is caused by the low crystal 
perfection of films and a high concentration of non-
radiative recombination centers in them [47]. Emission 
becomes observable after the doping and annealing of the 
films. The normalized PL spectra of the ZnO〈Ag〉 films 
(curves 2) deposited on different substrates at low and 
high levels of doping are shown in Figs 23, 24 as well as 
the reference ones (curves 1). The PL spectrum of each 
film was normalized to the maximal value of intensity in 
order to present them in one figure because the PL 
intensities inherent to the films are significantly different. 

Fig. 21. AFM images of the reference ZnO films (a, c) and Ag-doped ZnO films (b, d). Initial ZnO films were deposited at the 
substrate temperature Ts = 150 °C. The doping temperature Td = 500 °C (a, b) and 570 °C (c, d). The Ag doping level 0.03 at.% for 
(b) and 0.3 at.% for (d). Tan = 600 °C in wet medium. 

(а) (b) 

(c) 
(d) 
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Fig. 23. PL spectra of the ZnO〈Ag〉 and reference ZnO films on 
the sapphire substrate. Initial ZnO films were deposited at the 
substrate temperature Ts = 150 °C (a) and 220 °C (b). Doping 
temperature Td = 500 °C. Tan. = 600 °C in wet medium.  
The concentration of Ag − 0.03 at.%. 

 
 

After hydrothermal annealing at 600 °C, intense 
emission of the ZnO films appeared. There are several 
bands in PL spectra: one of them is situated in the UV 
region, while the others occur in the VS region. UV 
emission originated from the excitonic recombination 
corresponding to the near band gap emission of ZnO and 
therefore indicates good crystallinity of the annealed 
ZnO films. VS emission is related with defect states. 

The emission spectra of the films deposited on the 
sapphire substrate at 150 and 220 °C are different 
(Fig. 23). The luminescence spectrum of ZnO film 
deposited at Ts = 150 °C (Fig. 23a, curve 1) consists of 
three bands – at 370, 415 and 600 nm. The 370 and 
600 nm bands are similar in their intensity. One of them 
is narrow and located in UV region, while another is 
asymmetric broad band in VS region. The spectrum of 
the film deposited at Ts = 220 °C is characterized by the 
intense UV band at 380 nm and very weak emission in 
the VS range at 550 nm (Fig. 23b, curve 1). The ratio of 
IUV /IVS is 14. UV emission originates from crystalline 
ZnO, and VS emission is related with defects. Therefore, 
the intensity ratio of the UV emission to the VS emission 
can be a good standard for the quality of the films. 

 
 

 
 

Fig. 24. PL spectra of the reference ZnO and ZnO〈Ag〉 films on 
the silicon substrate. The initial ZnO film was deposited at the 
substrate temperature Ts = 150 °C. Doping temperature Td = 
500 °C (a) and 570 °C (b). The concentration of Ag − 0.03 at.% 
(a), 0.3 at.% (b). Tan = 600 °C in wet medium. 

 
 

The PL spectra of the reference ZnO films on the 
silicon substrate consist of UV, V, G, R bands with the 
centers at 365, 415, 530 and 675 nm, respectively 
(Fig. 24a, curve 1). The most intense was red (R) band at 
675 nm. 

The PL spectra of ZnO films on different substrates 
have both similarities and differences (see Figs 23a, 24a). 
The similarity is that luminescence takes place at room 
temperature and consists of bands with approximately 
equal intensity in VS and UV spectral regions. The 
differences are manifested by the different PL intensities 
and the different positions of PL bands maximums. PL 
intensity of ZnO films on the sapphire substrate are  
20 times that of the films on the silicon substrate. The 
relative intensities of UV and V bands are approximately 
(± 10%) equal for two different substrates. The ratio of 
the intensities of V and UV bands (1:5) does not vary 
with the type of substrate. At the same time, the low 
energy bands differ greatly. The B–R emission of ZnO 
films on sapphire substrate contains broad 
(440…800 nm) asymmetric band with its peak at 
600 nm, whereas that on silicon substrate contains two 
bands – green (530 nm) and red (675 nm). It is clear that 
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all these samples have different defect structure, which is 
reflected in appearance of their defect-related PL 
spectrum. The difference between defect-related PL 
spectra on silicon and sapphire substrates may be due to 
difference in strains between ZnO film and its substrate. 
Really, the lattice mismatch between ZnO and sapphire is 
18% [56]. The mismatch of SiNx buffer layer between 
ZnO and Si is (5%).  

The differences in the spectra correlate with the 
difference in the structural properties of the films grown 
on the crystalline and amorphous substrate – the presence 
(sapphire) and no texture (Si/SiNx). The direct band gap 
of ZnO thin films, at room temperature, strongly depends 
on preparation technology and crystal structure of 
samples, covering a wide energy range between 3.25 and 
4.06 eV [65–68]. Apparently, changing the position of 
the maximum of UV band within 3.26…3.4 eV for 
different samples may be due to that. 

With increasing Td up to 570 °C, broadband VS 
emission of the reference ZnO film is converted into a 
well-structured narrow-band emission. The PL spectrum 
of the reference ZnO film with Td = 570 °C consists of 
the bands with the peaks at 365, 420, 475, 535 and 
635 nm (Fig. 24b, curve 1). The most intense is the green 
band (535 nm). The nature of the observed spectral 
change indicates a decrease in the number of structural 
defects and the ordering of film structure, which is 
related with the increase in grain size (Figs 21a, 21c). 
The shape of the spectrum is not typical; however, this is 
not caused by the presence of interference as the film 
emission spectra were measured under multiple angles. It 
was found that the positions and intensities of emission 
bands remained constant. Moreover, there is information 
about observation of these bands by other researchers. 
So, for example, the green band (at 535 nm) was 
observed by H.S. Kang et al. [69], the blue (475 nm) and 
red (635 nm) bands were observed by the authors of [70] 
and [71], respectively. The green band (at 535 nm) 
prevails in the spectrum. The intensity of V band 
(420 nm) is 0.62 of the green band intensity, and 0.9 of 
the UV band intensity. 

Significant difference is observed between the 
spectra of doped (Figs 23, 24, curves 2) and reference 
films (Figs 23, 24, curves 1). For the ZnO films on the 
sapphire substrate (Ts = 150 °C), the VS band intensity 
decreased by an order of magnitude after doping. At the 
same time, the intensity of the UV band grew markedly. 
The UV band became the most intense in the spectrum. 
The intensity of the violet band at 420 nm increased 
approximately by half. The intensity ratio of IUV /IVS is 
equal to 10. For the ZnO film deposited at Ts = 220 °C on 
the sapphire substrate, the silver doping (0.03 at.%) 
caused the 15-fold increase in the UV band intensity and 
the 2-fold drop in the intensity of VS emission. The 
intensity ratio of IUV /IVS increased up to 20. The FWHM 
for the 380-nm band is 14 nm, which is comparable with 
that of epitaxial ZnO. The data implies high quality of 
ZnO〈Ag〉 films (Fig. 23b, curve 2). 

Fig. 24 (curves 2) shows the PL spectra of the 
ZnO〈Ag〉 films with low and high levels of doping 
obtained by Ag-doping the ZnO films grown on the 
silicon substrate at Ts = 150 °C. In this figure, the PL 
spectra of the reference ZnO films are also presented 
(curves 1). Upon doping at 0.03 at.% Ag, the change in 
PL spectrum of the ZnO film is characterized by 
suppression of the red band (675 nm) (Fig. 24a, curve 2). 
The most intense was the green band (530 nm). The 
maximum of the UV band is shifted (380 nm). The total 
emission intensity is 4-fold increased. After doping at 
0.3 at.% Ag, the maximum of the UV band is slightly 
shifted (370 nm) and the maximums of the VS bands do 
not change their positions. The VS bands intensities 
decreased approximately 3 times, the intensity of the  
UV band grew markedly. The total emission intensity 
was 7-fold increased. 

Thus, the effect of Ag doping was obvious and 
identical for all the films, namely, the wide VS bands of 
PL spectra are suppressed by Ag doping. The intensity of 
the UV band increases as compared to their reference 
films. 

To determine whether Ag ions penetrate into the 
depth of the film or remain mainly on the surface, we 
studied the CL spectra of the ZnO〈Ag〉 films. Fig. 25 
presents the CL spectra for the ZnO reference film and 
the ZnO〈Ag〉 film with the low concentration of Ag 
(curve 1 and 2, respectively). These films were obtained 
by the processing of the initial ZnO films grown  
on sapphire substrate at 150 °C. The CL spectra of both 
ZnO films are almost identical. They consist of two 
bands at 400 and 525 nm, the UV band is absent.  
The  PL spectra  of  these  films  are  shown  in  Fig. 23a. 

 
 
 

 
 
Fig. 25. CL spectra of the reference ZnO film (1) and ZnO〈Ag〉 
film (2) with 0.03 at.% Ag. Initial ZnO film was deposited on 
the sapphire substrate at Ts = 150 °C. Td = 500 °C. Tan. = 600 °C 
in wet medium. 
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The V band is present in both cases. This indicates that 
the V band is not only associated with surface states of 
the films, but is inherent in the entire bulk of the film. 

Comparison of Figs 23a and 25 shows the essential 
difference between the CL and PL spectra of the ZnO 
and ZnO〈Ag〉 films. The difference in the spectra of PL 
and CL testify to the heterogeneity of the films. This 
means that the surface and bulk of films have different 
defect structures. The similarity of the CL spectra of ZnO 
and ZnO〈Ag〉 films shows that Ag does not penetrate into 
the ZnO film and remains on the surface. It is probably 
related with the large ionic radius of Ag (0.113 nm) [35]. 
Since the ionic radius of Cu is much smaller (0.074 nm) 
[35], it enables to dope ZnO film with copper throughout 
its entire depth. Really, for ZnO〈Cu〉 films, the PL and 
CL spectra were similar [42]. Also, this assumption is 
confirmed by the results of structural studies of ZnO and 
ZnO〈Ag〉 films. 

Comparative analysis of the XRD patterns of the 
Ag-doped and undoped ZnO films has revealed no 
difference in peak positions and FWHM for the whole 
diffraction spectrum and for both types of substrates. 
However, if we assume that Ag occupies interstitial 
positions or replaces Zn in the cation sublattice of ZnO, it 
would cause a change in the value of periods of the 
crystalline lattice (or peak positions), because the Ag+ 
radius (0.113 nm) is substantially higher than that of Zn2+ 
(0.074 nm) [35]. Also, no evidences of the second phase 
of Ag are indicated. Therefore, it is supposed that Ag 
could be allocated in amorphous surrounding such as 
grain boundaries or surface of the films; hence its 
presence can not be detected by X-rays. 

Comparison and analysis of the PL emission spectra 
of Ag-doped and undoped ZnO films allow us to define 
peculiarities of interaction of silver with the basic matrix. 
The change of the spectral composition of emission 
inherent to ZnO films for silver doping at low 
concentrations indicates silver interaction with centers 
responsible for this emission (see Fig. 24a). Silver does 
not exhibit simple acceptor behavior in ZnO, existing 
mainly as incorporated in complexes with other defects 
or as Ag–Ag pairs or clusters of several Ag atoms [72]. It 
is assumed that a slight part of Ag impurity introduced 
into the crystalline lattice by thermal CSS process 
passivates some amount of native defects in ZnO. As a 
result, we have observed the decrease of defect related 
luminescence and enhancing band-to-band transitions 
(i.e., excitonic emission). 

Other characteristic change of spectra is observed 
with increasing the concentration of silver by the order of 
magnitude (up to 0.3 at.%). Spectral composition of VS 
emission does not change, the contribution of the UV 
band grows (see Fig. 24b). It means that excess silver 
does not contact the centers of a luminescence, and drops 
out on the boundaries of grains, assisting an increase  
of their size and improvement of crystal structure.  
It  is  shown   [72]   that  saturation  of  the  incorporation 

corresponds to the concentration of 0.05 mol.% of silver, 
the excess Ag ions would crystallize in the form of 
metallic silver, which is preferred to loading on the 
surface of ZnO microrods. 

It is clear that all the presented samples have 
various defects generated during the growth or treatment 
that is reflected in the visible defect-related PL spectra. 
Effect of Ag doping is obvious. The UV line intensity 
increases as compared to that of reference films. The 
wide bands in the visible range of PL spectrum are 
suppressed by Ag doping. This suppression of visible 
emission via Ag doping has been observed in other 
studies [34, 40, 73-76]. 

Increasing UV luminescence of ZnO films doped 
with Ag as compared with undoped ZnO films was 
noticed earlier [41, 60]. Some authors relate this effect to 
resonance interaction of the ZnO with surface plasmonic 
oscillations of Ag nanoparticles [59, 60, 77]. But in our 
case silver nanoparticles are not observed. Chai et al. 
[77] supposed that Ag may form acceptor levels Ag+1 in 
the band gap of ZnO, which leads to increasing electron-
hole recombination and donor-acceptor pairs’ emission. 
Thus, the intensity of the near band emission increases. 
We found another explanation for increasing of UV 
luminescence in the ZnO〈Ag〉 films [78]. It is seen from 
AFM images (Fig. 21) that introduction of Ag into the 
ZnO film results in increasing the ZnO grains. It means 
that the surface-to-volume ratio becomes lower resulting 
in domination of excitonic emission above the defect-
related one. 

It is known that temporal characteristics of the 
band-to-band and defect emission differ substantially. In 
the first case, they are characterized by short buildup 
times, in the second case, they are characterized by 
longer buildup times. Accordingly, we have carried out 
research of spectra in the signal registration mode in the 
short time interval after excitation [79]. Time-resolved 
luminescence spectra were studied using the method of 
pulsed spectroscopy [63, 64]. The spectra were recorded 
using a 0.1-ns gating system. The luminescence spectra 
were detected at the initial moment after excitation at the 
leading edge of the laser pulse (at negative value of time 
delay td = –4 ns relatively to the laser pulse maximum). 
The sample excitation duration was equal to 0.7 ns 
(exciton lifetime). 

The time-resolved PL spectra of the ZnO〈Ag〉 
(curves 1, 2) on different substrates and reference ZnO 
films (curve 3) are shown in Fig. 26. The PL spectra of 
the same samples in the stationary mode are shown in 
Figs 23a, 24b. Comparison of the spectra shows the 
essential differences between stationary and time-
resolved luminescence spectra of ZnO and ZnO〈Ag〉 
films. The time-resolved PL spectra consist of two 
narrow bands only: V (415 nm) and UV (370 nm). Any 
emission in the 450…800 nm region is completely 
absent. This is an indication of the different nature of 
high-energy radiation centers bands (UV, V) and the 
low-energy radiation ones. 
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Fig. 26. Time-resolved PL spectra of the ZnO〈Ag〉 (1, 3) and 
reference ZnO (2) films on different substrates. The duration  
of excitation was equal to 0.7 ns for time delays td = –4 ns.  
The sapphire substrate (1, 2), the silicon substrate (3).  
The concentration of Ag is 0.03 at.% (1) and 0.3 at.% (3). 
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Fig. 27. The detailed view of the V band in the time-resolved 
PL spectra of the ZnO〈Ag〉 (1) and reference ZnO (2) films on 
the sapphire substrate. The duration of excitation equals 0.7 ns 
for time delays td = –4 ns. Doping temperature Td = 500 °C. The 
concentration of Ag 0.03 at.%. The dashed lines (3) show  
the results of the Gaussian multipeaks fitting for the ZnO〈Ag〉  
film (1). 
 
 

Fig. 27 demonstrates the detailed view of the 
V band in the time-resolved PL spectra of ZnO〈Ag〉 and 
the reference ZnO film. The V band of each film was 
normalized to the maximal value of intensity in order to 
present them in one figure, because PL intensities for the 
films are significantly different. The V band of the 
ZnO〈Ag〉 film (1) and ZnO film (3) are quite different  
at first glance. It is clearly seen that, in the ZnO film, the 
V band consists of three sub-bands centred at 408.4, 
414.4, 421.3 nm, whereas the V band emission spectrum 

of ZnO〈Ag〉 film has complex shape. Nevertheless, the 
fitting of the spectra by Gaussian components reveals 
three components with the same positions of maxima 
both in ZnO and ZnO〈Ag〉 film, but with other 
relationship of intensities. The components are shown in 
Fig. 27 only for the ZnO〈Ag〉 film (curves 3). Thus, the 
difference between these spectra is due to the difference 
in the intensity ratios of the constituent bands. The 
relative contribution of each of the bands is determined 
by the technological conditions of film preparation. 

Our experimental results show that the presence of 
V band in PL spectra of the ZnO films does not depend 
on the substrate type. However, the B–R emission of 
ZnO film does depend on the substrate type. The 
differences in the spectra correlate with differences in 
structural properties of the films grown on crystalline 
(sapphire) and amorphous (Si/SiNx) substrate. All these 
samples have different defect structure, which is reflected 
in the appearance of their defect-related PL spectrum. It’s 
known that VS emission is due to the defects of ZnO 
films. In this region, PL intensity of ZnO films on 
sapphire substrate is 20 times higher than that of films on 
silicon substrate. 

The effect of Ag doping was obvious and identical 
for all films; namely, the wide B–R bands of PL spectra 
are suppressed by Ag doping. The intensity of the UV 
band is increased as compared to that of reference films. 
Silver doping does not affect the position of  
the maximum and the shape of V band. The ratio  
of intensities IV /IUV is not changing after doping by 
0.03 at.% Ag, but it decreases sharply after doping by 
0.3 at.% Ag. 

There is no common opinion on the nature of  
V band emission, which is related with the following 
reasons. The conditions for appearance and formation of 
V band, as well as the wavelength of its emission 
(400…426 nm) are essentially different according to the 
data of various authors; as a result, the models of 
corresponding emission centres differ. So, for example, 
since the V band at 426 nm was caused and strongly 
enhanced by Al doping, it was assumed that V emission 
should be attributed to the radiative transition from the 
Al doping atoms energy level to the valence band [80]. 
The V band at 420 nm has been observed in the absence 
of the UV band. This band was attributed to radiative 
defects related to the interface trap existing at the grain 
boundaries [81]. The level of the interface traps has been 
found to be about 0.33 eV below the conduction band 
edge, and, thus, the violet luminescence is probably 
caused by the radiative transition between this level and 
the valence band [81]. The violet emission at 410 nm, 
which has been frequently observed in glass substrates, 
was attributed to the oxygen dangling bonds on glass 
surface or the interface between glass substrate and ZnO 
nanostructures [82, 83]. The emission bands around 
401…412 nm are associated with electron transition from 
the conduction band minimum to the VZn level [84, 85, 
86]. According to the authors of work [87] the emission 
band at 402 nm is associated with electron transition 
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from conduction band tail states to valence band tail 
states. It’s quite possible that the bulk emission of our 
ZnO films (cathodoluminescence) has a similar nature. 
At the same time, the nature of radiative transitions of the 
V band for the surface layer of our films is significantly 
different. This conclusion is based on the following facts: 

1. The V band is observed simultaneously with the 
UV band. The ratio of the intensities of the V and UV 
bands (1:5) does not vary with the type of substrate. 

2. Behavior of V and B–R bands significantly 
differs depending on the type of substrate and Ag-
doping. 

3. Lifetime of the V and UV bands is identical 
(0.7 ns). 

We believe that violet emission in PL spectra of the 
ZnO films is caused by recombination of electron with a 
deeply trapped hole in some deep acceptor level. This 
acceptor level most probably is attributed to −

ZnV . It 

follows from the preparation conditions and the 
difference between energy values of UV band (3.346 eV) 
and this V band (2.99 eV). The difference is 356 meV 
that reasonably agrees with the experimental values of 
acceptor level 338 meV [84]. The energy distance 
between the subbands is approximately equal to 0.05 eV 
for both doped and non-doped samples. With account of 
the fact that the transverse optical (TO) phonon energy is 
50 meV [88, 89], it can be assumed that this structure of 
the V band is due to presence of the TO phonon replicas. 

 
4. Conclusions 

It has been shown that doping the ZnO, ZnS thin films 
with metals can be successfully performed using the 
modified Close Space Sublimation method. The relation 
of EL, PL, CL properties of the doped and non-doped 
films with their crystalline structure has been established. 
The improvement of the film crystalline quality as the 
result of doping leads to a change of all types of 
luminescence spectra, lowering the EL threshold voltage, 
rise of the EL and PL brightness. It has been revealed 
that Ga and Cl act not only as co-dopant for improvement 
of luminescent properties, but also as promotors for 
collection and secondary recrystallization processes, 
which facilitate a coarse-grain formation. The evidence 
has been presented that the ZnS〈Cu〉 film EL mechanism 
is the direct impact excitation (impact ionization) of 
luminescence centers by hot electrons, and the emission 
mechanism is an undelayed recombination. The effect of 
the Cu- and Ag-doping on the film properties is different. 
After doping with Cu, an intense VS emission appears, 
and the suppression of UV component is observed. For 
all the films, the increase of UV emission as well as the 
suppression of the wide bands in VS region of PL 
spectrum are observed as a result of Ag-doping. Thus, 
doping with the Cu and Ag impurities allows to obtain 
structures with the controlled emission spectrum: 
ultraviolet emission or emission of different colors – 
violet, blue, green, orange, white. 
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