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Bismuth (Bi) doped zinc oxide (ZnO:Bi) thin lms were prepared on glass substrates by solgel spin coating
technique using homogeneous precursor solutions, and eects of Bi doping on the structural and optical properties
of ZnO were investigated. The crystalline of ZnO lms shifted from polycrystalline nature to amorphous nature
with Bi doping. The plane stresses (σ ) for hexagonal ZnO and ZnO:Bi crystals were calculated according to the
biaxial strain model. The Urbach rule was studied as a function of non-thermal component to the disorder (defects
in crystal structures) which is especially observed in the case of non-crystal semiconductors. The calculated Urbach
energies and steepness parameters of undoped ZnO and ZnO:Bi lms varied between 44.33 meV and 442.67 meV,
and 58.3 × 10−2 and 5.8 × 10−2 , respectively. The Urbach energies of the lms increased with an increase in the Bi
doping concentration and a great dierence was observed for 7.0 mol.% doping. The band gap values of the lms
exhibited a uctuated behavior as a result of doping eect.
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1. Introduction

The wide band gap IIVI compound semiconductors
have attracted much attention due to their strong nonlinear optical eects and potential applications in areas of optical communication and optical computing [1].
Amongst, ZnO is currently attracting attention for applications to UV light emitters, piezoelectric and acoustic wave transducers, transparent electronics and as a
window material for display and solar cells [2]. It has
many advantages such as availability in bulk, single-crystal form and larger exciton binding energy (60 meV
at room temperature), which is the reason to be used in
above applications [3]. It is generally known that a perfect crystal lattice is possible only mathematically, but in
fact, it does not exist in real crystals. Defects or imperfections are found in all crystalline solids. The existence
of defects usually has a profound eect on the physical
properties of a crystal, which is particularly true for semiconductor materials. Therefore, it is important to discuss
various types of defects that are commonly observed in a
crystalline solid [4].
In 1953, Urbach has studied the optical absorption in
AgBr crystal that was the rst to show experimentally exponential increase of the absorption coecient with the
incident photon energy. The exponential parts of the
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absorption edge spectra revealed a typical bundle with
the increase of temperature [5, 6]. As shown by Cody
et al. [7], besides the thermal component, there is additionally non-thermal component to the disorder, which
is clearly manifested especially in the case of amorphous
semiconductors [8].
Some properties of ZnO can be changed by doping with
dierent elements like bismuth (Bi). The undoped and
Bi doped ZnO (ZnO:Bi) lms were deposited by many
deposition techniques. Among these, solgel spin coating is a useful alternative to the traditional methods for
fabricating thin lms of ZnO. It is of particular interest
because of its low cost, simplicity; and solgel process
allows the coating of large surfaces and it is useful for
industrial production.
In this paper, we have reported the investigation of absorption in Urbach's spectral region of undoped ZnO and
ZnO:Bi thin lms for several reasons due to a carrier impurity interaction, a carrierphonon interaction, a structural disorder and etc. at room temperature (T = 300 K).
2. Experimental

In the present work, undoped and ZnO:Bi thin
lms with dierent Bi concentrations were deposited
on microscopic glass substrates by spin coating solgel
method. When the coating precursor solution was prepared, zinc acetate dehydrate [Zn(CH3 COO)2 ·2H2 O],
2-methoxyethanol (C3 H8 O2 ), and monoethanolamine
(C2 H7 NO, MEA) were used as starting material solvent
and stabilizer, respectively. For the BiZO (ZnO:Bi) solution, the bismuth(III) chloride was inserted into the
precursor coating solution as the bismuth source. 0.5 M
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zinc acetate dehydrate and 0.5 M bismuth(III) chloride
were mixed in dierent solution atomic percent ratios
from 1 at.% to 9 at.% with 2 at.% steps. The molar
ratios of all metal ions to MEA were maintained at 1:1.
The sol solutions were stirred at 80 ◦C for 12 h to obtain
a clear and homogeneous solution. The glass substrates
rstly were kept in boiling chromic acid solution and then
they were rinsed with deionized water. Finally, they were
cleaned with acetone, deionized water, and methanol by
using an ultrasonic cleaner and dried with nitrogen.
In the spin coating process, the resultant solutions were
dropped on glass substrate, which was rotated at a speed
of 1500 rpm for 25 s by using a spin-coater. The as-coated lm was sintered at 200 ◦C for 5 min to evaporate
solvent and remove the organic sediments and then spontaneously cooled to room temperature. This procedure
was repeated for 10 times to obtain the intended thickness and lm quality. The same procedure was repeated
for the lms prepared with dierent values of bismuth
doped and nally they were annealed in air at 450 ◦C for
30 min.
X-ray diraction (XRD) patterns were taken using a
Rigaku Miniex II diractometer. The diractometer reections were investigated at room temperature and the
values of 2θ were altered between 20◦ and 90◦ . The incident wavelength was 1.5406 Å. The optical transmittance of the thin lms were recorded in spectral region of
3001000 nm at 300 K using a UV-VIS spectrophotometer (Perkin-Elmer, Lambda 35) which works in the range
of 2001100 nm and has a wavelength accuracy of better than ±0.3 nm. The controlled spin coating technique
which is often leading to colloid particles with narrow size
distributions to deposit ZnO thin lms, has been used.
The scope of the present study is to investigate the Urbach rules at ZnO thin lms as a function of disorders
(occurred by Bi doping) in crystal structures.
3. Result and discussion

The crystal structures of the ZnO and ZnO:Bi lms
were analyzed by XRD method. XRD spectra of all
the lms were measured at room temperature. Figure 1
shows the XRD patterns of the undoped and ZnO:Bi
lms. As seen in Fig. 1, all the peaks of the XRD patterns
are indexed to ZnO with the hexagonal wurtzite structure
(zincite phase) [9] and with the Miller indices of the peaks
given belong to the ZnO [10]. Metallic zinc or bismuth
characteristic peaks were not observed from the XRD
patterns. The presence of structural peaks in these XRD
patterns conrmed the polycrystalline nature of the lms.
As shown in Fig. 1, undoped thin lm has (002) preferred
orientation [11] and 1.0 mol.% doped ZnO:Bi lm has
(100) and (101) peaks in addition to (002) peak. The
other lms do not show any preferential orientation of
crystallization because of having almost the same peaks
which are at noise level with relatively low intensity.
The crystalline structure of the lms has been deteriorated with Bi doping. The undoped ZnO lm which
has relatively single-crystalline nature shifted to polycrystalline nature for 1.0 mol.% Bi doped ZnO lm and
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Fig. 1. X-ray diraction spectra of the ZnO and
ZnO:Bi lms.

amorphous nature for the other doping contents. The
intensity of the (100) and (101) peaks have been uctuated with increasing the Bi doping content that they were
rstly increased to further intensity and then decreased
to lower levels. The (002) peak has not been noticeably
changed for 1.0 mol.% Bi doping compared to undoped
ZnO. But in further Bi doping concentrations, it has not
been visible like the others. This is the fact that ZnO:Bi
lms do not have a good crystallization. The crystallite size was calculated for two lms using Scherrer's formula. The DebyeScherrer approach based on the X-ray
line broadening was performed for an approximation of
the average crystal size, using the DebyeScherrer equation [8]:
4 0.9λ
D=
,
(1)
3 β cos θ
where D is the average diameter of the crystals (in spherical approximation), λ (= 1.5406 Å) is the wavelength of
used X-ray radiation, β is the full width at half maximum
(FWHM) intensity of the peak which is the broadening of
diraction line measured at half its maximum intensity
in radians and θ is the angle of diraction corresponding
to its maximum. The calculated average values for undoped and 1.0 mol.% ZnO:Bi lms were found to be 34.1
and 50.2 nm, respectively. The average crystal size of the
other lms could not be calculated due to the absence of
the peaks for using calculation of FWHM.
According to XRD results the crystalline of the ZnO
lm is deteriorated with Bi incorporation. The grain
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size of crystallite of the lms is changed depending on
the dierence in the ion radii (Zn2+ r = 88 pm and
Bi3+ r = 117 pm with 1d = 100 pm) of the dopant element. Incorporation of Bi3+ in the ZnO crystal structure
can cause reducing the crystallization and increasing the
stress in crystal and hence the crystalline structure shifts
the amorphous as a result of ion radii dierence between
the Zn2+ and Bi3+ .
TABLE I
Standard and calculated interplanar distances d values
of the undoped ZnO and 1% ZnO:Bi lms.
(hkl)

Standard d [Å]

100
002
101

2.814
2.603
2.475

Observed d [Å]
undoped ZnO 1 mol.% ZnO:Bi
2.851
2.842
2.615
2.621
2.492
2.496

The calculated interplanar distance d values from
XRD studies by using the Bragg law for undoped and
1.0 mol.% ZnO:Bi lms are presented in Table I. These
values were also compared with the standard ones from
JPCDS card no. 36-1451. The matching of the calculated
and standard d values conrms that the deposited lms
are of ZnO with a hexagonal wurtzite structure. Also,
the lattice constants a and c of the wurtzite structure of
ZnO can be calculated using the relations given below;

  2

1
4 h2 + k 2 + hk
l
=
+
.
(2)
d2
3
a2
c2
in which d is the interplanar distance and (hkl ) Miller indices, respectively. The standard and calculated lattice
constants are given in Table II. The calculated a and c
values agree with JPCDS card no. 36-1451. Plane stress
(σ ) of hexagonal crystals with a highly c-axis preferred
orientation was calculated according to the biaxial strain
model [12]:
σ = [2C13 − C33 (C11 + C12 ) /C13 ] (c − c0 )/c0 ,
(3)
where c0 is the corresponding bulk value (5.207 Å), c
is the lattice parameter obtained from the (002) diraction in the XRD, and Cij are elastic stiness constants
(C11 = 2.1 × 1011 , C12 = 2.1 × 1011 , C13 = 2.1 × 1011 ,
and C33 = 2.1 × 1011 N/m2 ). The stress can be obtained
by the following simplied relation:
σ = −4.2 × 1011 (c − c0 )/c0 [N/m2 ].
(4)
The calculated results are listed in Table II. The compressive stress on the lms was indicated by the negative
sign. The total stresses in the lm collectively depend on
both intrinsic and extrinsic stresses which occur by defects and impurities in the crystal by the lattice mismatch
between the lm and substrate, respectively. As can be
seen in Table II, the Bi incorporation in the structure has
increased the strains in the lm.

Various optical and structural parameters of undoped ZnO and ZnO:Bi thin lms.
Bi ratio
[mol.%]
0
1
3
5
7

Urbach
energy
(Eu ) [meV]
44.33
64.28
66.18
92.46
442.67

Band gap
[eV]
3.28
3.25
3.31
3.31
3.17

Steepness
parameter
(σ )
58.3 × 10−2
40.2 × 10−2
39.1 × 10−2
28.0 × 10−2
5.8 × 10−2

Lattice constants
[Å]∗
a
c
3.282
5.231
3.392
5.242







TABLE II

D
[nm]

Stress
[N/m2 ]

34.109
50.236




−1.94 × 109
−2.82 × 109




a∗ = 3.250 Å, c∗ = 5.207 Å (∗ JPCDS card no: 36-1451, standard a and c values)

In the literature, there is a remarkable interest in existence of exponential absorption tails for photon energies
of sub-band gap of both crystalline and amorphous materials. Although various mechanisms can aect the absorption phenomena in principle, it seems that excitons
have a signicant role. The optical absorption coecient
of a semiconductor shows a temperature-dependent exponential tail for the range of energies E < Eg [13]:


E − E0
α(E, T ) = α0 exp
.
(5)
Eu (T, X)
In this equation, E0 and α0 are constants, which can be
determined from the ln(α) versus E obtained at series of
dierent temperatures. E0 almost overlaps at zero lattice
temperature with the energy of the lowest free exciton

state. The Eu is the Urbach energy which is assigned the
steepness of Urbach tail. It is a function of temperature
(T ) and the degree of crystal disorder (X ) of the material; and it has also a signicant role on the characteristic analysis of a studied semiconductor. The dependence
of Eu on temperature model suggested by Cody can be
expressed with the following equation [6, 7, 14]:
!
!
h
2kT
2π ωp
σ(T ) = σ0 h
tanh
.
(6)
2kT
2π ωp

σ0 is a material-dependent but temperature-independent
parameter that is inversely proportional to the strength
of the coupling between phonons and excitons. hωp corresponds to the energy of phonons related with the Urbach
tail. The parameter σ/kT for the interaction between
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exciton and longitudinal-optical (LO) phonons coincides
with Eq. (6) by a constant factor [15].
As shown by Cody et al. [7] besides the thermal component to the structural disorder mechanism, there is an additional non-thermal component to the disorder (defects
in crystal structures), which is clearly observed especially
in the case of non-crystal semiconductors. This contribution is expected to exhibit a temperature-independent
component to the Urbach exponential absorption edge.
The previous statements imply that the Urbach energy can be expressed as two components; temperature-dependent and temperature-independent term:
Eu (T, X) = Eu (T ) + Eu (X).
(7)
The thermal disorder of the material is associated with
the temperature-dependent term, while the temperature-independent component related to its inherent structural
disorder [13]. If the width of the edge is related to the
slope of Eq. (6), the σ parameter is found as
σ = kT /Eu .
(8)
By taking the natural logarithm on both sides of Eq. (5):


1
E0
ln α = E
ln (α0 ) +
.
(9)
Eu
Eu
Eu is equal to the absorption edge energy width and
inverse to the absorption edge slope value Eu−1 =
∆(ln α)/∆(hν). Eu should depend only on the degree of
structural disorders (lattice strains and dislocation densities), i.e. as a function of X , in a constant temperature.
In the present study, we have investigated the Eu as a
function of disorder on the non-crystalline structures by
depositing amorphous thin lm material.
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optical gap decreases due to the broadening of the Urbach tail. These results obtained for Bi doped ZnO are
in agreement with the ndings obtained for other kind of
impurities, such as Sn, F, Al, Er, Ta, In [16]. It can be
seen that Bi incorporation into ZnO causes a signicant
increase in the Urbach energy, compared to ZnO lms,
as a result of increasing structural disorder, by conrmed
XRD spectra. The steepness parameters of the lms were
calculated by using Eq. (8) at T = 300 K and are given
in Table II. The variation of σ values suggests that Bi incorporation aected the absorption edge. The fact that
σ value of the undoped ZnO lm is higher than that of
ZnO:Bi lm can be expressed as broadening of the absorption edge. The optical absorption theory gives the
relationship between the absorption coecients (α) and
the photon energy (hν ) for the direct transition. The optical band gap values can be calculated by the following
relation [18]:
n
(αhν) = A (hν − Eg ) ,
(10)
where α is the absorption coecient, hν  the photon
energy, A is a constant, and Eg is the optical band gap. n
is an index that characterizes the optical absorption and
it is equal to 2 and 1/2 for indirect and direct allowed
transitions, respectively. The relationship of absorption
coecient on photon energy exposes detailed information
about the energy band gaps. It can be seen from Fig. 3
that the plots of (αhν)2 versus photon energy for the
lms. The optical band gap values of the lms were determined from extrapolation of the dashed straight lines
to α2 = 0 and are given in Table II. Firstly, Eg value of
the ZnO lm decreased with Bi incorporation, after an
increase was observed above the undoped ZnO value and
nally it decreased to the lowest value. As a result, there
is a great dierence between undoped and 7.0 mol.% Bi
doped ZnO lms, which is attributed to the shrinkage
eect of the optical band gap. The optical band gap
uctuation due to the broadening of valence and conduction bands is related to interactions among d, s, and p
electrons of Bi and host atoms, respectively.

Fig. 2. Spectral dependences of logarithm of absorption coecient for ZnO and ZnO:Bi lms as a function
of defects (Urbach plots).

The plots of ln α versus photon energy for undoped and
ZnO:Bi thin lms at 1.0%, 3.0%, 5.0%, and 7.0 mol.% are
given in Fig. 2. This treatment can correspond primarily to optical transitions between occupied states in the
valence band tail to unoccupied states at the conduction
band edge [16]. The obtained Eu values are given in
Table II. The Urbach energy values of the lms increase
with Bi incorporation. The optical band gaps of the lms
change reversely with the Urbach energy values. This result causes a redistribution of states, such as from band
to tail and tail to tail transitions [17] and in turn, the

Fig. 3. Plot of (αhν)2 versus photon energy for ZnO
and ZnO:Bi thin lms.

Optical transmission spectra of ZnO:Bi and undoped
ZnO lms were recorded in the wavelength range 300
1000 nm and are given in Fig. 4. The transmission
spectra do not show interference fringes. The invisibility of interference fringes indicates rough surfaces mean-
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The stress values of ZnO crystal lm increased with the
increasing Bi concentration. From the optical transmission spectra, the undoped lm had high transmittance
about 70%. When Bi was incorporated in ZnO with
1.0 mol.% Bi content, a decrease in optical transmittance
was observed, after it sharply increased about 8085% at
around 350 nm for 3.0 mol.% Bi doped ZnO. Finally,
a great decrease was observed up to the value of 35% for
7.0 mol.% Bi doped ZnO lm. These results shows that
Bi doped ZnO can be a good candidate for amorphous
applications.
References

Fig. 4. Optical transmittance spectra of undoped and
various Bi doped ZnO lms.

ing granular reecting surface of the lms and maximum
scattering loss, which is indirectly related to the doping eects. The undoped lm exhibits about 70% transmittance, when Bi was incorporated into the ZnO lms,
a decrease was observed after sharp increase to 8085%
in transmittance at about 350 nm for 3.0 mol.% Bi doped
ZnO. In the last, a great decrease was observed to 35%
for 7.0 mol.% Bi doped ZnO lm. The increase in transmission spectra at the edge of UV region can be due to
increase in zinc sites occupied by Bi which is related to
increase in carrier concentration, commonly known as the
BursteinMoss eect [19]. This result can be attributed
to the increase of electron carrier concentration with the
substitution of Bi3+ ions to Zn2+ ions.
As shown in Fig. 4, 7.0 mol.% Bi doped ZnO shows
great dierence, compared to undoped ZnO, it has new
absorption edges, which indicates that some trapping
states have been formed with Bi doping, and introduces
new electronic states into the band of ZnO to form a
new lowest unoccupied molecular orbital (interband trap
site) [20].
4. Conclusion

Undoped and ZnO:Bi lms were successfully prepared
by solgel spin coating technique and eects of Bi doping
on optical and structural properties of the ZnO were investigated. The crystal structure of ZnO shifted to amorphous nature with Bi doping and the Urbach rule was
studied on these lms as a function of crystal defects.
The Urbach rule being revealed in the absorption spectra of non-crystalline solids were considered as well as the
eect of non-thermal disordering processes on the optical
absorption edge parameters. The Urbach energy values
of the lms increased with Bi incorporation. This result
was attributed to sub-band gaps. The optical band gaps
of the lms changed reversely with the Urbach energy
values.
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