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Structural Properties and Temperature Behaviour
of Optical Absorption Edge
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Silver- and copper-doped ZnO lms were prepared by radio-frequency magnetron sputtering on glass substrates.
The inuence of dopants content on the structural, morphological properties as well as on evolution of the optical
absorption edge was considered. It has been found that Ag- and Cu-doped ZnO lms are characterized by wurtzite
crystalline structure with the preferred direction of crystalline orientation (002). The sizes of grains within the
lms were found to be dependent on the type of dopant. The temperature evolution of the optical absorption edge
is described by the modied Urbach rule that reects polycrystalline nature of the material. The corresponding
parameters concerning electron (exciton) phonon interaction, phonon energies and temperature changes of the
band-gap were determined and analysed.
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The structural, physical and electrical properties of

1. Introduction

ZnO lms were governed by deposition parameters [6],

ZnO is a very interesting material for many dierent

post-treatment [79] and doping material [1016], such as

applications in both microelectronic and optoelectronic

Al, Ga, Sc, Y, Mn, Cu, Ag, etc. In addition, it is known

devices. It is a wide bandgap oxide semiconductor with

that the metals of group I (Ag,Cu) would be considered

a direct energy gap of about 3.37 eV and high exciton

as the fast-diusing impurities in the semiconductor com-

binding energy of 60 meV at room temperature. Though,

pound [6]. The diusion of copper or silver into ZnO can

ZnO absorbs (UV) radiation due to band-to-band tran-

cause changes in the characteristics of its structure and,

sition, it can be used as transparent conductive oxide

therefore, in the other physical properties.

thin lm, mainly for applications such as solar cells, liquid crystal displays and heat mirrors [13].

The Ag and Cu dopants in ZnO may behave like many

Further-

other monovalent dopant ions, which have the ability to

more, ZnO is used in semiconducting multilayers, in gas

occupy both the lattice and interstitial sites (i.e. ampho-

sensors and optical position sensors, UV light-emitters,

teric dopants), that would be expressed as [13]:

surface acoustic wave devices, piezoelectric transducers

ZnO

[4, 5]. During the last years ZnO has emerged as one of

2Ag −→ AgZn + Agi ,

the most promising materials due to its optical and elec-

(1)

ZnO

2Cu −→ CuZn + Cui .

trical properties, high mechanical and chemical stability

(2)

The Ag and Cu centres in ZnO can occur in the fol-

together with its abundance in nature and non-toxicity.

0

+
2+
0
and Cu ,
+
+
, respectively. When Ag
or Cu
substitute

lowing dierent charge states: Ag , Ag , Ag

In order to improve the properties of ZnO lms, sev-

+

2+

eral techniques such as sputtering, thermal evaporation,

Cu , Cu

metal-organic chemical vapour deposition, spray pyrol-

Zn

ysis, pulsed laser and electrochemical depositions have

terstitial Ag

2+

they act as acceptor in ZnO matrix, while the in-

2+

2+

or Cu

0

or Cu

and Cu

2+

2+

0

are donors. However, Ag

and

been applied for their production. The radio-frequency

Ag

ions can easily lose or gain elec-

(rf ) magnetron sputtering technique is one of preferred

tron resulting in the formation of Ag

among these techniques since it is versatile and permits to

plies appearance of more acceptor centres [12].

produce the high-quality lms for dierent applications.

these dopant centres the other defects such as Zni , VO ,
Oi , VZn can be present.

+

+

or Cu

that imBeside

They occur even in undoped

ZnO [7]. The Ag-, Cu-doped ZnO lms taken in various
concentrations were already studied by photosensitivity,
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luminescent properties, electrical stability and have been

(92)
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used for dierent applications. Copper-doped ZnO is a

p-type

93

amount of Ag ions (5.9 at.%) at

2θ = 38.12◦

there ap-

ZnO [17] and sensors [18] as

pears a peak corresponding to the phase of silver. The

well as silver-doped ZnO are used in varistors [19], pho-

relative intensity of (002)-peak in respect to the inten-

tocatalyst [20], etc.

However, there are not many re-

sity of (101)-peak was found to be higher than those

ports concerning the study of temperature behaviour of

for the lm with a lower Ag concentration (1.6 at.%).

the optical absorption edge of such lms. In this paper,

Since Ag

therefore, we investigate the eect of dopants on struc-

2+
(0.074 nm) they either substitute ions of Zn
that leads

tural, morphological features and temperature evolution

to distortion of the unit cell or segregate at the grain

of absorption edge in ZnO thin lms.

boundaries of ZnO and hence induce considerable disor-

good candidate in

+

2+

ions have a larger radius (0.122 nm) than Zn

der and faster grow of ZnO grains [13, 23]. Ag

aries due to its large ionic radius. Thus, it is suggested

The ZnO:Ag and ZnO:Cu thin lms were deposited on
glass substrates by means of rf-magnetron sputtering system from the targets of pressed ZnO powder (99.99%) together with metallic Ag or oxide CuO (99.99%) in argon

10−3 Torr. The
(Ar/(Ar+O2 )) was 80%. In

oxygen atmosphere at the gas pressure of

PAr

would

preferentially choose to sit in the vicinity of grain bound-

2. Experimental details

argon partial pressure

+

that increase of the silver amount in ZnO lm leads to its
segregation at the grain boundaries and simultaneously
decrease of the amount of substituted Ag

+

ions. Under

such circumstances the crystalline quality of ZnO lm
appeared to be higher.

order to minimize the thermal stresses the substrate tem-

◦

perature was xed at 300 C.

The target-to-substrate

distance was 60 mm and rf-power  100 W.
The atomic amount of Ag and Cu dopants in ZnO
lms (taken from energy dispersive X-ray (EDX) analysis
using a REMMA-102-02 scanning electron microscope,
working at 20 kV dc acceleration voltages in vacuum)
was 1.6%, 5.9% and 0.5%, 1.5%, 3.3%, 5.0%, respectively.

The thickness of ZnO thin lms was estimated

by the deposition time and by Dektak surface stylus proler (model: Veeco) and was found to be about 1200 nm.
The
carried

X-ray
out

diraction
using

(XRD)

STOE

measurements

STADI

P

were

diractometer

with linear position sensitive detector in transmission
BraggBrentano geometry (Cu Kα1 radiation at λ =
1.5406 Å, Ge(111) monochromator, detector scanning
◦
step: 0.480 2θ , accumulation time: 320 s, 2θ angle reso◦
◦
lution: 0.015 , 2θ range: 23115 ). The atomic force microscopy (AFM) scans were performed in contact mode
using a Solver P47-PRO scanning probe microscope (NT-

Fig. 1. XRD spectra of ZnO lms: (a) ZnO undoped,
(b) ZnO:Ag(1.6 at.%), (c) ZnO:Ag(5.9 at.%).

-MDT). Processing of images was done using the Image
Analysis program (NT-MDT).
The temperature evolution of the optical absorption
edge was measured using a setup based on SF-4A quartz
monochromator in the range from 350 to 450 nm.

3. Results and discussion

3.1. XRD analysis
The XRD spectra of ZnO and ZnO:Ag thin lms of
wurtzite structure are shown in Fig. 1 (also Table I).
As one can see, the doping of ZnO lm by a few percents of silver does not aect the crystalline structure of

TABLE I
d-spacing of the (002) plane and FWHM of
(002) peak of Ag and Cu-doped ZnO lms
taken from XRD spectra.

Film
ZnO
ZnO:Ag(1.6
ZnO:Ag(5.9
ZnO:Cu(0.5
ZnO:Cu(1.5
ZnO:Cu(3.3
ZnO:Cu(5.0

at.%)
at.%)
at.%)
at.%)
at.%)
at.%)

d [Å]
2.632
2.615
2.605
2.631
2.614
2.610
2.613

FWHM [◦ ]
0.590
0.302
0.364
0.587
0.377
0.380
0.233

the lm considerably. From the XRD patterns and as it
is evident from previous reports [7, 10, 12, 13, 2123],

Figure 2 presents the XRD spectra of ZnO lms doped

the silver-doped ZnO lms have preferred orientation in

by copper of various concentrations. It is important to

the (002) direction. Besides, the additional low-intensity

note that ZnO:Cu lms possess a more pronounced pre-

peaks corresponding to (100) and (101) directions in ZnO

ferred direction of crystalline orientation (002) with the

are observed. In the XRD spectra of ZnO lm with higher

increase of atomic amount of Cu from 0.5 to 5.0%. This
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predicts that Cu ions occupy the lattice sites of ZnO [6, 8,
22, 2426].

The radius of Cu

2+

(0.072 nm) is a little

smaller, meanwhile, the radius of Cu
of Zn

2+

2+

2+

is larger than that

(0.074 nm). The substitution of Zn

vantageous for Cu
Cu

+

2+

ions is ad-

because of their close radii. When

ions substitute Zn

2+

ions, the lattice constant de-

creases [25]. Besides, due to their small radius the copper ions can be interstitial dopants or would create the
metallic clusters. The exception is ZnO:Cu(3.3 at.%) lm
in XRD spectra of which beside principal (002)-peak,
a few other is noticeable including that one which corresponds to Zn phase.

Such dierence in structure of

ZnO:Cu(3.3 at.%) lm could be caused by the uctuations during lm deposition.

Fig. 3. AFM images of the lms: (a) ZnO undoped;
(b) ZnO:Cu(1.5 at.%); (c) ZnO:Ag(1.6 at.%).
TABLE II
Topological parameters of ZnO lms,undoped and doped
with Cu and Ag.
Fig. 2. XRD spectra of ZnO lms:
ZnO:Cu(0.5 at.%), (b) ZnO:Cu(1.5 at.%),
ZnO:Cu(3.3 at.%), (d) ZnO:Cu(5.0 at.%).

Film

(a)
(c)

Moreover, with the increase of copper or silver dopant
amount, in the XRD spectra the shift of (002)-peak into
direction of higher values of

2θ

takes place in the XRD

2+

spectra due to isomorphous substitution of Zn

+
2+
Ag
or Cu
ions.

ions by

The parameters taken from these

ZnO
ZnO:Cu(1.5
ZnO:Cu(3.3
ZnO:Cu(5.0
ZnO:Ag(1.6
ZnO:Ag(5.9

at.%)
at.%)
at.%)
at.%)
at.%)

Roughness
Rq [nm]
7.93
6.22
5.48
4.90
24.0
27.0

Average height
D [nm]
32.4
23.4
21.0
16.6
83.5
120

spectra are presented in Table I. With the increase of
dopant (Ag,Cu) concentration the lattice

d-spacing

in

3.3. Temperature evolution of the absorption edge

doped ZnO lms decreases. Meanwhile, the FWHM parameter for doped lms is less than in undoped ZnO lms.

3.2. Microstructure and morphology analysis
AFM micrograph analysis indicates the granular character of the deposited lms.

Zinc oxide is a wide bandgap semiconductor and therefore is characterized by wide transparency range in visible
region. The investigations of the optical properties rst
of all were concentrated on the investigations of tempera-

Figure 3 shows the AFM

ture behaviour of the absorption edge in silver and copper

images of ZnO lm and ZnO lms doped with practi-

doped ZnO lms. In Fig. 4 the absorption spectra of ZnO

cally similar concentration of copper and silver dopant

lms undoped and doped with Ag and Cu are shown in

 1.5 at.% and 1.6 at.%, respectively. The average grain

the vicinity of optical absorption edge (T

size and the surface roughness obtained from those data

one can notice, absorption edge becomes more slanted

(Table II) are connected with the amount of Cu or Ag

and shifts toward the lower energies due to the inuence

dopants i.e. they decrease with increase of Cu concen-

of dopant. Besides, the ZnO lms with highest dopant

tration and increase with increase of Ag concentration.

amount is characterised by the highest absorption in the

It is evident that the dierence in the ionic radii of the

transparency region of ZnO which can be attributed to

dopants in respect of Zn

2+

ion implies better ZnO grain

growth during lm deposition.

= 100

K). As

inuence of the metallic clusters the phases of which were
observed in XRD spectra.
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Fig. 4. Optical absorption edge of ZnO:Ag (a) and
ZnO:Cu (b) lms measured at 100 K.

Temperature behaviour of the absorption edge of ZnO
single crystal is described by empirical Urbach's rule.
In this case the absorption coecient can be given as

Fig. 5. Dependences ln(α) = f (E) for the lms:
(a) ZnO; (b) ZnO:Cu(0.5 at.%); (c) ZnO:Cu(1.5 at.%);
(d) ZnO:Cu(3.3 at.%); (e) ZnO:Cu(5.0 at.%); (f)
ZnO:Ag(1.6 at.%); (g) ZnO:Ag(5.9 at.%).

[27, 28]:


α(~ω, T ) = α0 exp
where

α0 ,E0

(3)

are Urbach's rule parameters which charac-

terize a crystal,

σ


σ
(~ω − E0 ) ,
kB T

kB

is the Boltzmann constant, parameter

denes the slope of the spectral curves.
For all the lms (ZnO, ZnO:Ag and ZnO:Cu) in the

temperature range

f (E),

80 ÷ 280

K the dependence

ln(α) =

presented in Fig. 5, has a linear character which

In the case when the thermal phonon mechanism predominates in broadening of the absorption edge, the temperature dependence of parameter

σ(T ),

describing the

slope of the optical absorption edge is following [31]:

conrms the exponential dependence of absorption coef-

σ(T ) = σ0

cient on photon energy according to Eq. (3). The slope



hνph
2kB T
th
,
hνph
2kB T

(5)

of these curves remains practically the same and we ob-

where

serve a parallel shift toward lower energy. This provides

electron (exciton) phonon interaction,

a basis for assuming that the temperature variation of

tive energy of phonons participating in absorption edge

absorption edge in the studied lms is described by a

formation.

modied Urbach rule [29, 30]:

σ0

is constant, which is inverse proportional to the

Temperature dependence




hν − Eg (T )
α(~ω, T ) = α0 exp
,
W
where W = Ws + Wd , Ws and Wd = kB T /σ

(4)
characterize

of

ln(α) = f (E),

σ(T ),

hνph is the eec-

dened from the slope

is shown in Fig. 6. For all the samples,

it has a linear character conrmed by their parallelism.
Since the parameter

σ(T )

is connected with the slope of

static and dynamic disorder due to frozen and thermal

absorption edge one can notice that the absorption edge

phonons in the system, respectively.

is most blu in the undoped ZnO lm. The dependence

According to this

σ(T )

rule, the slope of energy dependence of logarithm of the

of

absorption coecient in contrast to bulk materials does

At the same time this parameter increases at heating for

not change with temperature increase and parallel shift

all studied lms.

of these dependences into direction of lower energy takes

on the dopant concentration is not monotonic.

To determine the phonon energies

hνph

and

σ0

con-

place. Such a behaviour is usual for amorphous or poly-

stants for the investigated lms, it is necessary to expand

crystalline materials [27].

th(hνph /2kB T )

in series and take into account rst two
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or Cu) amount increasing.

The calculated eective en-

ergies of phonons can be referred to the transverse optical phonons.
380 cm

−1

Their wave number in the bulk ZnO is

[33].

However, the direct determination of band-gap energy

Eg

is complicated when the Urbach broadening of ab-

sorption edge takes place.
tion dependence
behaviour of

Eg

E 0 (T )

In this case the isoabsorp-

would reect the temperature

parameter.

spond to a certain xed absorption

0.3 < αd < 3,

where

d

E 0 correα = const (usually

The values of

is the thickness of a sample). In

Fig. 7 the isoabsorption temperature dependence of energy

E 0 (α = 2 × 104

with Ag and Cu.

−1

cm

) is shown for the lms doped

As it is clearly seen, the energy

E0

decreases at heating. Therefore, one can conclude that
the bandgap energy

Eg

also decreases with temperature

increase and the situation looks very similar for all the
doped lms.

Fig. 6. Temperature dependence of σ(T ) parameter
for the lms: (a) ZnO:Ag and (b) ZnO:Cu.
terms [32]:

"
σ(T ) = σ0

1
1−
3



hνph
2kB T

2 #

Drawing the dependence of

.

(6)

σ(T )

from

1/T 2

and us-

ing a linear extrapolation from the side of higher temperatures,

the values of

νph

and

σ0

were found for

Ag- and Cu-doped ZnO lms (Table III). Constant

σ0

is inversely proportional to the strength of electron
(exciton) phonon interaction

g:

31
σ0 =
.
2g

(7)

TABLE III
Obtained values of νph and σ0 for the ZnO, ZnO:Ag and
ZnO:Cu lms.
Film
ZnO
ZnO:Ag(1.6
ZnO:Ag(5.9
ZnO:Cu(0.5
ZnO:Cu(1.5
ZnO:Cu(3.3
ZnO:Cu(5.0
Therefore,

at.%)
at.%)
at.%)
at.%)
at.%)
at.%)

σ0
0.363
0.235
0.164
0.234
0.328
0.132
0.161

νph [cm−1 ] ([meV])
347 (43.0)
349 (43.3)
418 (51.9)
383 (47.5)
397 (49.2)
375 (46.5)
384 (47.6)

in ZnO lms the strength of electron

(exciton) phonon interaction grows with the dopant (Ag

Fig. 7. Temperature dependence of E 0 (T ) in ZnO:Ag
(a) and ZnO:Cu (b) lms.
Such temperature behaviour of

E0

is typical for crys-

talline materials. This conrms that the mechanisms of
shifting and broadening of the optical absorption edge
are similar for crystalline as well as for the polycrystalline
and glassy materials and thermal phonons play a considerable role in these mechanisms.

The fullment of the

modied Urbach rule testies that the investigated Agand Cu-doped ZnO lms are polycrystalline with quite
small sizes of the crystallites. This conclusion correlates
fairly well with the data of AFM analysis.

Structural Properties and Temperature Behaviour . . .
4. Conclusions

The Ag- and Cu-doped ZnO lms prepared by rf-magnetron sputtering on glass substrates are characterized by a wurtzite structure with the

c-axis perpendicular

to the lm surface. The mechanisms of Ag and Cu incorporation into ZnO structure were discussed and the shift
of (002)-peak of wurtzite ZnO into direction of higher
values of

2θ

was found to be connected with the isomor-

phous substitution of Zn

2+

+

ions by Ag

2+

or Cu

ions.

The morphological parameters taken from AFM investigations indicate that the presence of Ag dopant in ZnO
involves a larger grain growth together with increasing
roughness, whereas the presence of Cu dopant decreases
a little the grain sizes.

The temperature behaviour of

the optical absorption edge in ZnO:Ag and ZnO:Cu lms
was described by a modied Urbach rule. The strength
of electron (exciton) phonon interaction together with
the energy of phonons was found to grow with a dopant
(Ag or Cu) amount increasing in ZnO lms.

The dop-

ing of ZnO with copper or silver permits the purposeful
modication of its optical parameters, for example, energy position and shape of optical absorption edge.
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