Chapter 4
Structural and Physical Properties
of ZnS,Se; x Thin Films

Mihail Popa

Abstract ZnS,Se;_, thin films with various x values in the range from 0 to 1 were
prepared by vacuum evaporated technique on glass substrates using powders of
ZnS and ZnSe. The structure, surface morphology and composition of thin films
have been investigated by XRD, SEM and EDAX techniques. The composition
analysis and the diffraction patterns revealed that ZnS,Se;_, thin films are nearly
stoichiometric and have a cubic zinc blende type structure, with a strong orientation
of the crystallite along the crystalline plane (111). The temperature dependence of
electrical conductivity measured in a temperature range of 300-500 K demonstrated
that the films are of n-type conductivity. The thermal activation energy was eval-
uated from electrical measurements, and the transparency of films in the wavelength
range of 380-1100 nm has been demonstrated from oprical measurements. The
lifetime of nonequilibrium charge carriers was determined from the relaxation
curves of photoconductivity and photoluminescence, and the energy levels of re-
combination and trapping centers have been determined from the spectral depen-
dence of photoluminescence and thermoluminesce.

4.1 Introduction

The materials for the contemporary optical systems for the visible and infrared
wavelength range must have high values of mechanical strength, hardness, high
transmission coefficient, optical homogeneity, erosion resistance and thermal
stability.

A"BY! wide band gap semiconductor compounds are attractive due to many
applications in electronic and optoelectronic nanostructured devices. ZnS and ZnSe
polycrystalline semiconductors are perspective materials, which have found many
applications in preparing of optical elements working in the visible and infrared.
The solid solutions of ZnS,S;, (0 < x < 1) are much less studied. The interest for
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the preparation and investigation of physical properties of zinc sulfurselenides is
determined by the possibility to vary their physical properties by changing their
composition. ZnS,Se; x semiconductor materials should combine the high optical
characteristics of ZnSe and the mechanical resistance of ZnS. It is interesting to use
zinc sulfurselenides as materials for gradient optics.

In the specialized literature there is some information about the use of ZnS,Se;_,
polycrystalline thin films in a variety of optoelectronic applications, such as lasers
or laser diodes functioning in the blue spectral range [3] as well as heterojunctions
of solar cell [4, 5]. As concerns the environmental protection, ZnS,Se;_ nanos-
tructured composites are alternative materials for the production of window-layers
and buffer-layers for photovoltaic applications, replacing the CdS which is a toxic
material [1, 6].

The purpose of this paper is to present the results of research on the structure and
surface morphology, electrical, optical and luminescent properties of ZnS,Se_, thin
films obtained by thermal vacuum evaporation in quasi-closed volume.

4.2 Preparation of ZnS,Se;_x Thin Films by Thermal
Evaporation Method in Vacuum, in Quasi-Closed
Volume

Glass substrates of different dimensions (1.5 x 1.5 cm, 1.5 x 3.5 cm and
2.0 x 4.0 cm) were used for the preparation of thin films. During the evaporation
they were maintained at different temperatures (300-500 K). For cleaning, the
substrates were immersed into a chromic mixture for 24 h. Then, they were
removed and rinses with distilled water for several times. To remove traces of salts,
the substrates were also rinsed in ethyl alcohol (98 %) and distilled water, and were
left to dry.

As a starting material we used powders of ZnSe (with purity 99.9 %) and ZnS
(with purity 99.9 %) which were mixed at various concentrations (x = 0, 0.2, 0 4;
0.5; 0.6; 0.8; 1.0).

An automatic installation for thermal vacuum evaporation of UVH-70A-1 type
was used for the preparation of thin films. The powder mixtures were poured into
tungsten evaporators made in form of a tray. ZnSe and ZnS crystals were deposited
onto the substrate by vaporisation (sublimation) of the source material by heating.

ZnS,Se; _ thin layers with various values of x have been obtained. The substrate-
evaporator distance has been modified between 70 and 120 mm. The substrate
temperature during deposition varied between 300 and 500 K, and the evaporator
temperature varied between 1000 and 1500 K. There were obtained films with
thickness between 0.2 and 1.0 um.

Measurement cells with electrodes in the form of thin films with thicknesses of
1-2 pm were used for the study of temperature dependence of the electrical con-
ductivity (Fig. 4.1a, b). The distance between the electrodes varied between 2—5 mm.
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Fig. 4.1 Surface type cells (a, b) and sandwich type (c)

A device with sandwich type cells was used for the study of current-voltage
characteristic features (Fig. 4.1c). The sandwich cells were prepared by the depo-
sition of the first In electrode on a glass substrate, followed by the deposition of
ZnS,Se;_ thin films, and finally by the deposition of the second electrode in the
direction perpendicular to the first electrode.

4.3 The Structure and Surface Morphology of ZnS,Se;_x
Thin Films

The crystalline structure of the ZnS,Se;, thin films was studied by X-ray
diffraction using CuK,, radiation (1 = 1.5418 A). It was found that the layers are
polycrystalline and have a cubic structure of zinc blende type, with a strong ori-
entation of the crystallites of the planes (111) parallel to the support surface
(Figs. 4.2 and 4.3). The position of this peak deviates from 26 = 27,2977 (for x = 0)
to the 20 = 28,6127 (for x = 1) (Table 4.1).

The parameter of cubic lattice for ZnS,Se;_ thin films was determined by the
relationship [2]

A
= v (W + k24 12), 4.1
) sin 0 (B4 +F) (1)
where A is the wavelength of CuK,, radiation (A = 1.5418 A) and h, k, [ are the Miller
indices of the plane (111). The values obtained are in the range a = 5.658 A (for
x=0)and a = 5.406 A (for x = I) (Table 4.1). Venkata Subbaiah and Ramakrishna
Reddy [3] reported similar values of the crystal lattice parameter for similar layers.
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Fig. 4.2 The evolution of diffractograms for ZnS,Se;_, thin films
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Fig. 4.3 XRD analysis for ZnS,Se; x thin films

The formula for calculating of the distance between parallel and equidistant
planes that have Miller indices (hkl) is [2]

ni
2sin0’

dhkl = (4.2)

The interplanar distance value for ZnS,Se;_« thin films was determined using this
relationship. The values obtained are in the range of dj; = dy1; = 3.267 A (for x = 0)
and d;1; = 3.121 A (for x = 1) (Table 4.1).
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Table 4.1 The e?(pen'mental X 20, grad | FWHM [a, nm |d;;;nm | dy;p nm
values of the cubic structure (form. 2) | (form. 3)
of ZnS,Se;_ thin films

0 27.297 0.4092 |5.658 |3.267 3.27

0.2 |27.423 0.4336 |5.634 |3.253 3.25

04 |27.658 0.4654 |5.586 |[3.226 323

0.5 |27.801 0.4977 |5.559 |3.209 3.21

0.6 |27.952 0.5290 [5.529 |[3.192 3.19

0.8 |28.273 0.5663 |5.473 |3.160 3.16

1.0 |28.612 0.6143 |5.406 |3.121 3.12

The interplanar distance can be calculated directly using the formula for the
cubic system [2]

a

W TR e

For the plane (111), we obtain d;;; = al(1? + 17 + 1H'? = a3, By using cubic
lattice parameter values, calculated according to the (4.1) we have obtained inter-
planar distance values between d,;, = 3.270 A (for x = 0) and d,,, = 3.120 A (for
x = 1). Venkata Subbaiah et al. [3], Ambrico et al. [4] obtained similar values of
interplanar distances for the respective thin films.

The SEM image of ZnS,Se,_x thin film surface is shown in Fig. 4.4. It is noted
that the sample shows small crystallites, and their shape and dimensions are similar.
The image indicates the growth of a “columnar” layer (column-shaped crystallites
have grown perpendicularly to the support). The roughness of layers determined by
scanning electron microscopy is between 2 and 6 nm. The average crystallite size as
determined by scanning electron microscopy varied between 3.60 and 2.20 A.

(4.3)

Fig. 4.4 SEM image of
ZnSO'QSCO'g thin film

. 1 1 L}
S-3400N 10.0kV 5.3mm x2.50k S 20.0um
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Fig. 4.5 SEM image of
fractionated ZnS ,Seq g thin
film

S-3400N 15.0kV 4.2mm x47.0k SE 1.00um

Figure 4.5 presents the cross-section view of a thin ZnS;Se,_ layer. It notes that
the layer structure is uniform and compact. The thickness of the thin film was
determined from this figure.

The EDAX diagrams for ZnS,Se,_, thin layers are presented in Fig. 4.6, while
the initial and the final atomic percentage of chemical elements in the obtained thin
layers are shown in Table 4.2. The composition of chemical elements of ZnS,Se .«
semiconductor compounds is confirmed with an error of about 2—4 %. The presence
of a small amount of carbon impurity in the obtained structures is probably due to
the amorphous glass substrates which contain this element in their structure.

4.4 The Electrical Properties of ZnS,Se;.x Thin Films

The study of the influence of temperature on the electrical conductivity of the
semiconductor thin films provides information about the conduction mechanisms as
well as about possible structural changes that may occur in the layer during the
heating process.

The temperature dependence of the electrical conductivity of ZnS,Se, thin
films was studied during a thermal treatment consisting of a series of successive
heating and cooling processes (temperature rate of 6 K/min) performed in the
temperature range of 300-500 K.

The dependencies Ino = f(10*/T) for some ZnS,Se,., polycrystalline thin films
(d=0.15-0.99 pum) are shown in Figs. 4.7, 4.8 and 4.9. The films were prepared by
vacuum evaporation method on unheated glass substrate (7, = 300 K), with the
rate of deposition r; = 1.3-1.6 nm.

A sharp increase of electrical conductivity takes place during the first heating
process. During the first cooling and the next cycle of heating and cooling, the
curves become reversible and present two distinct parts:
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Fig. 4.6 EDAX images for ZnS,Se;_, thin films

e the first part in the range of low temperatures suggests that the films exhibit

extrinsic conduction;

e the second part in the range of high temperatures corresponds to intrinsic

conduction.

Figure 4.10 presents the dependencies in o = f (10°/T) (second heating) for all
the films with the values of x = 0; 0.2; 0.4; 0.5; 0.6; 0.8; 1.0. It is observed that with
increasing x the conductivity moves to lower values and the slope of this
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Table 4.2 Atomic percentage of the elements of EDAX analysis

ZnS,Seix | Zn (%) S (%) Se (%) C (%)
Teoretic | Exper. |Teoretic |Exper. |Teoretic |Exper. |Experimental

ZnS 50 522 50 46.0 - - 1.8
ZnSpgSep, |50 52.0 40 359 10 10.1 2.0
ZnSop6Seps |50 51.6 30 27.1 20 18.9 1.8
ZnSysSeps |50 51.5 25 22.8 25 232 25
ZnSpaSeps | 50 50.9 20 19.1 30 28.2 24
ZnSp2Seps | 50 50.6 10 9.6 40 37.8 2.0
ZnSe 50 50.3 - - 50 47.1 2.0
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Fig. 4.7 The temperature dependence of the electrical conductivity for ZnS,,Sey g sample

dependence increases. The thermal activation energy can be determined from the
slope of the curves In o = f (10°/T) in the intrinsic and extrinsic conductivity
acording to the relation

|lnoy —Inoy
(&
T

The values of AE; determined in the field of intrinsic conduction (the temper-
ature range T > 300 K) (Fig. 4.10) vary from 0.43 eV (for x = 0) up to 1.89 eV (for
x = 1) (Table 4.3). These values are in good agreement with those found by other
authors [3-6].

AE = 0,1725 ev. (4.4)
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The presence of the part related to the extrinsic conduction in the dependencies
Ino = f(10°/T) suggests that additional energy levels located deep within the band
gap are present in the studied layers. Interstitial zinc atoms (Zn;) and selenium
vacancies (V) are native defects in ZnSe crystals. The energy levels of the Zn;
donor are located below the botom of conduction band (AE4 = 0.90 eV) [7], and
acceptor levels of Vg, are located above the top edge of the valence band
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Fig. 4.10 The dependence type Inc = 10%/T (II heating) of ZnS,Se; « thin films

Table 4.3 The values of
thermal activation energy of
7ZnS,Se,_ thin films

X 0 0.2 0.4 0.5 0.6 0.8 1.0
AE;, eV 1043 057 074 |1.05 |1.34 [1.62 |1.89
AE;, eV [0.13 |0.18 |0.24 |030 [0.34 [0.39 043

(AE, =0.01eV) [8, 9]. The shallow impurities (donors and acceptors) are ionized in
the temperature range kgT = 0.026-0.043 eV [8, 9], and the Fermi level is located
near the middle of band gap.

From the slopes of the curves Ino = f{(10°/T) in the range of extrinsic conduction
(Fig. 4.10), the values of thermal energy activation were determined, 4E,, which
ranges from 0.13 and 0.43 eV, in the temperature range of T < 300 K (Table 4.3).
Probably, these values can be attributed to a complex defect—impurity of the type
Zn;i—Vs, [7].

Very low values of the thermal activation energy AE,, obtained at low tem-
perature, indicate that the hopping conduction mecanism can be the dominant in
these layers, and conduction can be explained on the basis of the Efros-Shklovskii
and Mott models for hopping transport in thin layers with high resistance at low
temperature [10].

To get new information about the nature of electrical conduction mechanism of
thin ZnS,Se,_x layers, current-voltage characteristics of sandwich systems metal—
semiconductor—metal were studied for a large number of samples prepared under
different experimental conditions (Fig. 4.1c¢).

The current-voltage characteristics of the In-ZnSy sSeq s—In system are shown in
Fig. 4.11. Two distinct parts can be distinguished in these charcteristics:
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Fig. 4.11 The current-voltage characteristics of structure type In-ZnS, sSeq s—In

e the first part, which is characterized by a linear dependence of the current
intensity upon the applied voltage, and which complies Ohm’s law;

e the second part, which has a nearly exponential increase in the intensity of the
current with increasing the applied voltage.

If the conduction mechanism is Richardson-Schottky type, current density is
expressed by the relationship (4.8, 4.9)

12
@, 1 [ QU
Ins = AT? [exp — —% (22 4.
RS {”” ( kﬂﬂ”” [kBT <4n808,.d) ] (43)

where A is the Richardson Dushman “effective” constant

2
_ 4nmgeky

L (4.6)

and @, is the potential barrier height at the metal-semiconductor interface and m, is
the effective mass of charge carriers.
Logarithm of expression (4.5) gives

3 12
L( v ) ] (4.7)
KgT \4nepe,d

The current-voltage characteristics for the investigated samples, represented in
the Schottky coordinates (InJ, U'?), are also linear. By extrapolating the linear

InJgs = ln(ATz) — <— ktp—OT> +
B
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Fig. 4.12 Dependence InJ = f (U 2) of sandwich system type In-ZnS, sSe( s—In

segment of the curve InJ = AU 172y (Fig. 4.12) for VU — 0, one can determine the

height of the potential barrier at the metal-semiconductor interface

Do = kgT [In(AT?) — InJgs).

(4.8)

Table 4.4 shows some values of @, calculated for several In-ZnS 5Seq s—In
samples. The values found for @, correlate well with those found for ZnSe and ZnS
crystals [7-9]. This can be explained by the fact that the electrical conduction
mechanism is less affected by the contact between crystallites in sandwich systems.

4.5 The Optical Properties of ZnS,Se;.x Thin Films

The transmission spectrums of the ZnS,Se;_ thin films have been recorded in the
spectral range of 330-1750 nm, using a spectrophotometer Hitachi U-3400.

Table 4.4 The values of
potential barrier height of
systems type In-ZnS,Se; x—In

X d (um) InJrs (LA/cm?) @, (eV)
0 0.55 6.20 0.677
0.2 0.67 7.50 0.677
0.4 0.77 8.75 0.678
0.5 0.55 8.50 0.678
0.6 0.50 9.10 0.678
0.8 0.60 8.90 0.679
1.0 0.80 9.30 0.679
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The transmission spectra for two ZnSq sSeg 5 thin films with different thicknesses
are shown in Fig. 4.10. The transmission of samples D4 and D8 (Fig. 4.13)
increases sharply to a peak value and then decreases slowly in the range of 500-
600 nm, after which the evolution of spectra depends on the thickness of samples.
Three interference maxima appear in the sample D4 with thickness d = 0.5 pm
(Fig. 4.13), while in the sample D8 with thickness d = 0.9 um there are five
maxima. The transmission spectra for the samples with thicknesses greater than
1 pm are formed of a combination of maxima and minima, and the difference
between the maximum and minimum transmission decreases with the increase of
thin films thickness.

The presence in the transmission spectra of maxima and minima due to the
interference of beams reflected at the layer surfaces is an indication that the samples
are uniform from the point of view thickness and the layer surfaces are flat. This
was also highlighted by the scanning electron microscopy studies (Figs. 4.3 and
4.4), which showed that the roughness of the free surface of the layer is small.
A high roughness or irregularity of thickness would lead to the disappearance of
interference, namely to the disappearance of minima and maxima in the transmis-
sion spectra.

Another analysis was based on the increased concentration of S and the
decreased concentration of Se (Fig. 4.14). It is observed that edge transmission
spectrum is moving in the lower wavelength region from 420 to 300 nm with
increasing the x value.

The reflection spectra of ZnS,Se,_ thin films were measured in the spectral range
of 330-1100 nm, using the Hitachi spectrophotometer U-3400. The reflection
spectrum of ZnS 5Se 5 thin films is presented in Fig. 4.12. One can observe that the
reflection does not exceed 0.5 % in the wavelength range of 380—1080 nm, while the
transmission is between 75-97 % (Fig. 4.15). This tells us that the layers are
transparent and the absorption of electromagnetic waves in these layers is also quite
small. It is also found that the transmission maxima coincide with the reflection
minima, which demonstrates the presence of the interference in the respective films.
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The absorption coefficient of the ZnS,Se,.x thin film was calculated from the
transmission spectrum (considering the very low reflection of layers) using the
formula:

11
= —ln-. 4.9
o=l (4.9)

Figure 4.16 presents the absorption spectra of seven polycrystalline ZnS;Se; x
thin films. It is observed that the absorption edge moves to higher energies from
2.25 up to 3.35 eV with increasing of x value.

In the range of low photon energies, the absorption coefficient has a value
different from zero, which can be attributed to the light absorption at the boundaries
between crystallites [11]. The high values of the absorption coefficient at photon
energies below the fundamental absorption edge may be due to structural defects,
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Fig. 4.16 The absorption
spectra of ZnS,Se;_, thin
films
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which determine the appearance of localized levels in the band gap, leading to
electronic transitions as a result of the absorption of incident radiation.

The authors of the paper [11] have explained the form of the absorption spectra
by small roughness of the thin film, which leads to the idea of small crystallite size
and high degree of crystallization.

For materials with direct band gap we can write the Tauc relationship [11]:

ahv = A(hv — E,)"?, (4.10)

where A is a constant which is different for different transitions. The presentation of
data in coordinates (ahv)? = f(hv) gives a linear dependence. By extrapolating this
dependence to (ahv)> — 0 one can determine the width of the band gap (E,) at the
given temperature.

The dependencies ()cz(hv)2 = f{hv) for seven ZnS,Se,  thin films are shown in
Fig. 4.17. The increase of the thickness of samples leads to increasing the optical
absorption and, respectively, the optical band gap deduced from the linear depen-
dence a’(hv) = f(hv). The found values of E, = 2,68-3,50 eV are in good agree-
ment with those established for ZnSe and ZnS crystals [7-9].

Similarly, one can plot the graph

(e )| ), (@11)

R— Rmin

where Ry, and R,,;, are the maximum and minimum of the reflectance spectrum.

2
For the ordinate null value [hv' In (W)} = 0, the intersection of extrapo-

lated straight line with the ordinate gives the band gap width E,.
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Fig. 4.17 Dependencies a(hv)*= f(hv) of ZnS,Se,_ thin films

2
The dependencies [hv - In (W)] = f(hv) for six ZnS,Se;_x thin films are

presented in Fig. 4.18a—f. The values of the band gap between 2.65 and 3.50 eV
were obtained by using the method described above.

For comparison, in Table 4.5 are shown the E, values determined from the
reflectance spectra, from absorption spectra and the theoretical values. We note that
these values are in good agreement.

The refractive index of the thin film was determined from the transmission
spectra using the “envelope” method [12, 13] proposed by R. Swanepoel. The steps
of calculating the index of refraction for ZnS,Se;_x thin films were the following:

(a) Calculation of the refractive index of the substrate, n,, from its transmission
spectrum, Ty,;, = f(A) using the relations [12, 13]

1/2
! L (4.12)
ng = N = ; .
ST Ty \T2 ’

(b) Plotting windings of interference minima and maxima of the transmission
spectrum of a thin film 7 = f{1) and determining the wavelength for each pair
of values Ty and T,,;

(c) Calculation of the coefficient N using the relationship:

Tv — T 241
N=2I15. M +nS+ .

4.13
Tm - T 2 ( )
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Fig. 4.18 The evolution of width of band gap Eg depending on x for ZnS,Se, 4 thin films

(d) Calculation of n values, using the formula:
12
n= {N+ (N* —n}) 1/2} , (4.14)

The dispersion of the refractive index of ZnS,Se;_ thin films is presented in
Fig. 4.19. Depending on the increase of concentration of S and the decrease of
concentration of Se, the refractive index of the respective layers decreases from 2.95
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Table 4.5 Comparison of theoretical and experimental values of Eg

M. Popa

Type of Energy band gap, E,
semiconductor Theoretical | Determined from Determined from
absorption spectra reflection spectra
ZnSe 2.7 2.68 2.65
ZI]SOQSCO'S 2.77 2.78
ZHSO_4S60_6 2.88 2.89
ZnSO.sseO.s 3.05 3.06
ZHSO'()SCOA 3.14 3.16
ZHSO‘SsC()Q 3.32 3.34
ZnS 3.5 3.50 3.50
T T T T
2954 @ ZnS Se
[ N X 1-x
.\.
. .
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Fig. 4.19 The dispersion of refractive index for ZnSSe; x thin films

(for the sample with x = 0) to 2.80 (for the sample with x = 0.6). These values are in
good agreement with those reported in literature for ZnSe and ZnS crystals [7, 8].

In the frame of a single oscillator model [14], the dispersion of the refractive
index in the region of transparency (for photon energies lower than the width of the
band gap) can be described by the equation

n—1=

FoE,
E2 — (hv)?

(4.15)
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Fig. 4.20 The dependence type 1/(n-1 — 1) = f(hv)2 for ZnSe sample
Table 4.6 Parameters a single oscillator model
ZnS,Se; Thickness of Substrate temperature Deposition rate Eq Eo
films d (um) Teu (K) rq (nm/s) V) (eV)
0 0.50 300 1.50 43.47 542
0.2 0.67 300 1.43 45.90 5.56
0.4 0.25 300 1.50 47.35 5.80
0.6 0.50 300 1.60 50.06 6.32
0.8 0.15 300 1.55 52.83 6.70
1 0.50 300 1.55 55.58 6.93

where E| is a parameter which value is equal to about double the width of the band

gap (Ep = 2E,) and E, is a dispersion parameter.

Figure 4.20 presents the dependence 1/(n”' — 1) = f{hv)* for ZnSe thin films on
the glass. The respective values of E4 and E are obtained from the slope of the

linear dependence. The values for other ZnS,Se;_, thin layers are summarized in
Table 4.6.

4.6 The Luminescent Properties of ZnS,Se,x Thin Films

In direct band gap semiconductors, such as ZnSe and ZnS crystals, the band to band
electronic transitions are vertical and, therefore, for the emergence of intrinsic
photoconductivity the incident photon energy Av should be equal or larger than the
width of the band gap.
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For an n-type semiconductor, electrical conductivity caused by the nonequilib-
rium carriers (photoconductivity) is written as:

Ao = ep,An. (4.16)

where 4n is the nonequilibrium electron concentration, x4, is the electron mobility,
e is the electron charge.

The decay of the photoconductivity after the light is turn off is desribed for the
case of linear recombination by the formula

L

Ac = Acge ™, (4.17)

where Aoy, is the stationary photoconductivity, t is the carrier lifetime.

The lifetime characterizes the decrease in the concentration of non-equilibrium
carriers, and it is an important parameter in describing the phenomenon of
photoconductivity.

Figure 4.2la—e presents the relaxation curves of photoconductivity of
ZnS5Sep 5 thin films measured at different temperatures. Note that the stationary
photoconductivity 4o, decreases with increasing the sample temperature. This is
explained by the fact that the recombination probability (R ~ «) is higher at higher
temperatures.

The dependencies of In(Ac/Acy) = f(t) calculated from the relaxation curves of
the ZnSg 5Se( s sample measured at various temperatures are presented in Fig. 4.22.
Note that these dependencies are linear. From the slope of these dependencies, the
lifetime (t) of non-equilibrium charge carriers was calculated using the relationship

. th —

(ln 2—;’;) — (ln ﬁg;) 7

One can see that the value of T decreases with increasing the sample temperature.

Specialized studies [15] have revealed that the photoconductivity with large
relaxation time can be attributed to the presence in the sample of collective potential
barriers related to different types of inhomogeneities. The electric field of these
barriers produces a separation of the nonequilibrium charge carriers generated by
illumination. In such a case, the recombination rate is low, since the probability that
an electron will reache a region which contains holes is very low. The phenomenon
was revealed in a series of semiconductor A™B!Y materials [15, 16].

Figure 4.23 presents the spectral characteristic of photoconductivity for a
ZnS 5Sey 5 thin films. The value of Ac/Acy, is called relative spectral sensitivity and
it is given in relative units. This characteristic presents a curve with two peaks
localized at 2.33 and 2.54 eV respectively.

The photoluminescence relaxation curve represents the variation with time of the
intensity of luminescence, Jr;, = f (¢), after the sample illumination is switched off. It
follows the exponential decay law of the form

(4.18)
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Fig. 4.21 Relaxation curves of the photoconductivity a thin film of ZnSysSeps (d = 0.55 pm,
Toup =300 K, rg = 1.50 nm/s) at sample different temperatures (in ordinate indicates Ac = 6. —c in
relative units): a T = 81 K (1 ecm = 0.1 ps); b T =175 K, (1 cm = 0.2 ps); ¢ T = 225 K,
(1em=02ps);dT=262K (1l cm=0.4ps); e T=300K (1 cm=04 ps)

Ira(t) = In(Oyerp 5. (4.19)

where Jg; is the luminescence intensity at the momentum of illumination switching
off (t = 0), and 7 is the lifetime of non-equilibrium carriers.
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Fig. 4.22 The dependencies In(Ac/Acy) = f(t) obtained at different temperatures of ZnS 5Seq s
thin films (d = 0.55 pm, Ty = 300 K, rg = 1.50 nm/s)
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Fig. 4.23 Spectral dependence of photoconductivity of ZnSgsSeys thin films (T = 300 K,
R, =47 MQ, U=180 V, v = 12.5 Hz)

Figure 4.24 presents the photoluminescence relaxation curve of a ZnSy5Se 5
thin films. Excitation was performed with a molecular N, laser (Ax = 0.337 um,
P=1.60 kW, At=10"%s, f=25 Hz) at the temperature of 78 K. The Jx;(0) value is
called stationary value of photoluminescence and the Jz;(rem) is the residual value
of luminescence.
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Fig. 4.24 Photoluminescence relaxation curve a ZnSg sSe 5 thin film

The lifetime of charge carriers can be determined according the relationship

Hh—1

Jry JrLy
In Tr(0) l

T= : (4.20)

nJFL(O)

where Jrz | represents the stationary photoluminescence of the sample at time point

t, and Jg;5 is the stationary photoluminescence of the sample at time point 7,.
The dependence In(Jy;/Jr(0)) = f(f) plotted for the same ZnS 5Se s sample si

shown in Fig. 4.25. The relaxation time calculated from the slope of the linear

05 . . : .

0,0 4 Zns, Se,

05 | d = 0.55 ym 1
. T = 300K
o -1.04 _
<, ] r,=1.50 nm/s
2 15
- 1 |
T 204
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Fig. 4.25 Dependence In(Jg /Jg(0)) = f(t) for a Zn (5Sep s thin film
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segment is equal to 15.38 ps. This value, as well as those obtained from of pho-
toconductivity relaxation curves (Fig. 4.22) are in good agreement with those
obtained by Seikman and Sik [17] for ZnSe crystals.

The photoluminescence spectra of ZnS,Se;_4 thin films were also investigated at
the temperature of 78 K. The layers were obtained by vacuum thermal evaporation
on glass substrates. AuCl, electrodes were deposited on layers at 1 mm distance
from each other, and the samples were cooled to liquid nitrogen temperature. The
photoluminescence excitation density was around 10> W/cm?. The photolumines-
cence spectral dependence of ZnS sSe 5 thin film measured at 78 K is presented in
Fig. 4.26. The quantity X is called relative spectral sensitivity of photolumines-
cence. The curve has a single peak, which is located approximately at 2.01 eV.
Taking into account this value, we can determine the position of recombination
centers as the difference between the width of the band gap (E, = 3.05 €V) [3-6]
and the value of 2.01 eV. Thus, one can conclude that the energy level of re-
combination centers in the ZnS(sSeqs thin films is localized at a distance of
1.04 eV from the top edge of valence band.

Gasin et al. [18] observed a respective peak in ZnSe crystals annealed in a Zn
melt and then cooled to liquid nitrogen temperature. They assumed that the
appearance of this band is related to Zn; —V, radiative transitions. The activation
energy of zinc vacancies is about 0.93 eV.

Other results are related to thermoluminescence of ZnS,Se; thin films. The
excitation of luminescence centers was performed by ultraviolet radiation at
T < 77 K. The excited electrons and holes are trapped at different energy levels in
the band gap. With increasing temperature, release of “thermal” electrons from
traps occurs. After a certain period of time, the free electrons either recombine on
levels of recombination or are captured again in traps. Both processes are accom-
panied by emission of light radiation, called thermoluminescence.

1,0 4 *4y
5 Zns Se ,
K ., 2%,
0,8 4 . . d=055mm
y * T, .= 300K
L 06 4 % r,= 1.50 nmls
L * +*
o * .
04 4 4 * .
f .
| \
» .
02 -
# . |
4 v,
0,0 -’ *ere0e

T v T T T T T ' T v T v T v
1,85 1,90 1,95 2,00 2,05 2,10 215 2,20 225
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Fig. 4.26 Photoluminescence spectral dependence of a ZnS(5Seq s thin film (Aex = 0.337 pm,
T =77K,v=25Hz)
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The thermoluminescence parameters are [18]:

(a) the temperature at which thermoluminescence intensity is maximum (7,,,,);

(b) the half-width of the thermoluminescence band (J), equal to the difference
T,—T,; for which thermoluminescence intensity is equal to half the maximum
value;

(c) the surface area (S) limited by the curve Jr; = f (T)and the axis of
temperatures.

Vaksman and Serdiuk [19] deduced a formula for calculating the ionization
energy of traps by using the parameters listed above. One can distinguish two cases:

(a) the case of linear kinetics

2k Tmax
= BT (4.21)
(b) the case of quadratic kinetics
4kpT pax
E = BT (4.22)

where kg = 8.6172 X 1073 (eV/K) is the Boltzmann constant.
Figure 4.27 presents the spectral dependence of thermoluminesce an ZnS,Se;
thin films. The curve has two peaks: the first, most intense one, appears at
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Fig. 4.27 Spectral dependence of thermoluminescence a ZnS( sSeg s thin film (Ao, = 0.337 pm,
T =77 K, v=25Hz)
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Fig. 4.28 Trapping levels
and the level of localization of C.B.
recombination centers from ‘
the band gap of ZnS 5Seq s 4
thin films Ey
=)
E; = 3.05eV
=
—_—
A 4 A J
V.B.

T,ax = 153 K, and the second is situated at 7,,,, = 216 K. One can observe that the
low temperature part is higher than the high temperatures part for the first maximum
(linear kinetics), while it is vice versa for the second maximum (kinetic quadratic).
The E; values calculated according to (4.18) and (4.19) equal to 0.062 and 0.44 eV
for the frist and the second maximum, respectively.

A model can be proposed for the location of recombination and trapping levels
in the band gap of of ZnS, sSeq 5 thin films (Fig. 4.28) on the basis of thermolu-
minescence (Fig. 4.27) and photoluminescence (Fig. 4.26) spectra. The trapping
levels are situated at 0.062 eV (E,;) and 0.44 eV (E,,) below the bottom of the
conduction band, while the recombination centers are locallized at 0.93 eV (E,)
above the top edge of the valence band.

4.7 Conclusions

1. ZnS,Se,_, thin films (x =0, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0) with a thickness between
0.2 and 1.0 um were prepared by thermal evaporation using the quasi closed
volume technique.

2. The crystalline structure of layers was investigated by X-ray diffraction. It has
been found that the layers are polycrystalline and have a cubic structure of zinc
blende type with a large crystallite orientation of the planes (111) parallel to the
surface of the substrate.

3. The cubic lattice parameter calculated from diffractograms is between
a = 5.658-5.406 A, the interplanar distance equals d,;, = 3.270-3.120 A, and
the crystallite size is D = 3.750-2.435 A. These values are in good agreement
with prevuiously reported data.
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4.

10.

11.

The surface morphology of the polycrystalline ZnS,Se;_x thin films has been
studied by scanning electron microscopy. The average crystallite size deter-
mined from the SEM images ranges between 3.6 and 2.2 A.

The thermal activation energy determined from the dependencies Ino = f (10°/
T) is between 0.43-1.89 eV (for T > 300 K) and 0.132-0.403 eV (for
T < 300 K). The mechanism of electron transport in polycrystalline ZnS,Se;_,
thin films is explined on the basis of Efros-Shklovskii and Mott models.

The current-voltage characteristics of the In—ZnS,Se; ,—In systems plotted in
Schottky coordinates proved to be linear. By extrapolating the linear segment of
the InJ = f(U”z) curve for v/U— 0, the height of the barrier potential at the
metal-semiconductor interface was determined. The determined values for the
@, are in agreement with those found for the ZnSe and ZnS crystals.
Transmission, reflection and absorption spectra have been investigated for
polycrystalline ZnS,Se;_, thin films. It has been found that in the wavelength
range of 380-1100 nm the reflectance does not exceed 0.5 %, and the trans-
mission coefficient is in the range of 75-97 %.

The band gap width values determined from the reflection and absorption
spectra (E, = 2.65-3.5 eV) are in good agreement with the respective values for
the bulk crystals.

The refractive index of polycrystalline ZnS,Se;  thin films was determined
from transmission spectra using the “envelope” method proposed by
Swanepoel. It was found that the refractive index decreases with increasing the
layer thickness, and it increases after the thermal treatment. A single oscillator
model was used for explanation of the normal dispersion of the refractive index.
The lifetime (1) of nonequilibrium charge carriers was calculated from the
relaxation curves of photoconductivity and photoluminescence of ZnS,Se;_ of
thin films. It was established that the value of relaxation time decreases with
increasing the sample temperature.

The location of energy levels of recombination centers was determined from
photoluminescence spectra, and the ionization energy of traps was calculated
from the thermoluminescence spectra of ZnS,Se;_ thin films.
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