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Abstract.  The unintentionally doped and bismuth (Bi) doped zinc oxide (ZnO) films were prepared by 

spray pyrolysis at 450
o
C with zinc acetate and bismuth nitrate precursor. The n-type conduction with 

concentration 6.13×10
16

cm
-3
 can be observed for the unintentionally doped ZnO. With the increasing of 

bismuth nitrate concentration in precursor, the p-type conduction can be observed. The p-type concentration 

4.44×10
17

cm
-3
 can be achieved for the film with the Bi/Zn atomic ratio 5% in the precursor. The 

photoluminescence spectroscopy with HeCd laser light source was studied for films with different Bi 

doping. The photocatalytic activity for the unintentionally doped and Bi-doped ZnO films was studied 

through the photodegradation of Congo red under UV light illumination. The effects of different Bi contents 

on photocatalytic activity are studied and discussed. Results show that appropriate Bi doping in ZnO can 

increase photocatalytic activity. 
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1. Introduction 
 

The photocatalytic technology has received great attention in the past decades. Under the light 

illumination, the photocatalytic materials (Fujishma and Honda 1972, Wongkalasina et al. 2001, 

Cai et al. 2014, Szabo et al. 2004) destruct the organic contaminants in water, transform to carbon 

dioxide and leave no waste. In these photocatalytic materials, the zinc oxide (ZnO) based material, 

which have been applied in electronic and optoelectronic field (Lin and Yan 2011, Fah and Wang 

2000, Wan et al. 2010, Lin and Chen 2010), was widely investigated as it is inexpensive, 

chemically stable and nontoxic properties (Song et al. 2011). 
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Fig. 1 XPS spectra of survey spectrum for ZnO (S0) and ZnO:Bi (S5). 

 

 

In order to enhance the photocatalytic efficiency, some efforts have applied (Cao et al. 2012, Li 

et al. 2013). Within these methods, the doping technology generally shows effects. In the 

fabrication of ZnO, various deposition technologies have been developed (Wu et al. 2009, Chen et 

al. 2007, Paraguay et al. 1999, Islam and Podder 2009). The spray pyrolysis is one of the attractive 

deposition technique for obtaining large-area film without high vacuum module. In our previous 

study, we fabricate p-type ZnO from sufficient Bi doping by spray pyrolysis (Huang et al. 2014). 

According to J. B. Zhong’swork (Zhong et al. 2012) and our study (Hsu et al. 2014), Bi doped 

ZnO shows a talent photocatalytic ability. 

In this work, we report the film properties and photodecomposition ability for the ZnO films 

with different Bi content by spray pyrolysis. The electrical conduction and photoluminescence 

analysis were applied to characterize the films. The photodecomposition ability of Congo red (CR) 

under UV light irradiation for the unintentionally doped and Bi-doped ZnO films was studied.  

 

 

2. Experiment 
 

The unintentionally doped (u-) and bismuth (Bi) doped ZnO was deposited on n-Si substrate at 

450
o
C by spray pyrolysis (Huang et al. 2014). With standard RCA cleaning process on Si substrate 

followed by rinse in buffer oxide etchant cleaning, the wafer was transfered to deposition chamber 

(Yu et al. 2013). An aqueous solution with zinc acetate was used as a precursor. The concentration 

of the solution was 0.2M. Bismuth doping was achieved by adding bismuth nitrate to the solution. 
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The atomic ratio of bismuth to zinc (Bi/Zn) was fixed at 0, 1%, 5% and 7% with sample indices 

S0, S1, S5 and S7 respectively. 

The XPS (PHI Quantera SXM) was utilized to study the element composition and bonding. The 

carrier type, carrier concentration and mobility were obtained by Hall measurement by van der 

Pauw four-point probe method by Keithley 2611 multimeter with a magnetic field strength of 4.2T 

at room temperature. The 10K photoluminescence (PL) measurement were carried out by 

HR2000+ system with a He-Cd (325nm) laser and a cryostat. For photocatalytic study, samples 

were cut to 2 cm×2 cm size. The degradation of Congo red (CR) was carried out in 100mL CR 

with concentration 10ppm with sample at room temperature under a 10W low pressure mercury 

lamp (UV) irradiation. Before the UV irradiation, the solution was stirred in the dark for 10 min 

for stabilization. The concentration of CR was determined by the transmission of the solution at 

wavelength 520 nm. 

 

 

3. Results and discussion 
 

 Fig. 1 shows the XPS spectrum for the unintentionally doped ZnO (S0) and Bi doped ZnO (S5) 

films. For sample S0, except for the surface contaminated carbon signal, the characteristic peaks 

are associated with zinc and oxygen (Kumar et al. 2013, Pradhan et al. 2012). For sample S5, 

peaks contributed from zinc, oxygen and bismuth can be observed. No characteristic peaks of 

other elements were found. Fig. 2 shows the individual peaks for (a) Bi 4f, (b) O 1s and (c) Zn 2p 

signals of sample S0 and S5.  

Fig. 2(a) shows the Bi 4f7/2(158.6eV) and Bi4f5/2 (163.8eV) peaks for sample S5. Signal in this 

range for S0 was shown also as reference. With the similarly reported value (Lee et al. 2011), Bi
3+

 

may formed in the film. Fig. 2(b) shows the binding energy of O 1s for the two samples. For 

sample S0, the two peaks are resolved as 529.4eV and 531.1eV. The peak at 529.4eV represents 

the O 1s signal in the ZnO. The peak at 531.1eV is attributed to the formation of zinc hydroxide 

with chemisorbed oxygen species (Gogurla et al. 2014). For sample S5, peaks at 529.8 eV and 

531.1eV can be observed respectively. The peak position for the chemisorbed oxygen species 

remains the same. The peak position for O 1s in ZnO is shift to higher energy. Beside, a shoulder 

of the peak 529.8eV can be observed also. The binding energy peak of O is found to be shifted 

toward higher values toward higher values compared to sample S0. With the distorted O 1s and the 

formation of Bi
3+

, the substitution of O by Bi is expected in the structure. In Fig. 2(c), for the Zn 

2p3/2 peaks, a slightly broaden signal for S5 compared to S0 can be observed. This broadening may 

cause from the change of chemical state of Zn with the incorporation of Bi in the structure. 

The electrical properties for the unintentionally doped ZnO (S0) and Bi doped ZnO (S1, S5 and 

S7) are show in Table 1. For sample S0, as nitrogen vacancy and/or zinc interstitial may 

incorporate during the film formation (Xu et al. 2004), n-type conduction can be observed. For 

sample S1, S5 and S7, p-type conduction can be observed. For ZnO with Bi doping, as the bismuth 

substitution into the oxygen site may occurred as discussed above and hole (p-type) may dominate 

the conduction type (Kumar et al. 2013). The hole concentration increases with the increasing of 

Bi content. For sample S5 and S7, the concentration was nearly the same, shows the concentration 

saturation behaviour. The mobility decreases with the increasing of Bi content. With introduced Bi 

content in the film, the impurity scattering may shorten the carrier lifetime and thus decrease the 

mobility. The conductivity, as affected by concentration and mobility, thus shows a relative 

maximum quantity for sample S5. 

125



 

 

 

 

 

 

Tzu-Yang Lin et al. 

1016 1018 1020 1022 1024 1026 1028

(a)

S5

S0

 

 

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

Zn 2p3

 

524 526 528 530 532 534 536 538

(b)

S5

S0

 

 

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

O1s

 

154 156 158 160 162 164 166 168

(c)

S5

Bi 4f5

 

 

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

Bi 4f7

S0

 

Fig. 2 XPS spectra for ZnO(S0) and ZnO:Bi(S5) of (a) Bi 4f; (b) O 1s; and (c) Zn 2p 
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Table 1 The electrical properties for ZnO (S0) and ZnO:Bi (S1, S5, S7) samples 

Sample composition 
Conduction 

type 

Concentration 

(cm
-3

) 

Conductivity 

(S/cm) 

Mobility 

(cm
2
V

-1
s

-1
) 

S0 ZnO n 6.13×10
16

 0.13 13.2 

S1 ZnO:Bi(1%) p 2.01×10
17

 0.21 6.40 

S5 ZnO:Bi(5%) p 4.44×10
17

 0.39 5.53 

S7 ZnO:Bi(7%) p 4.58×10
17

 0.33 4.55 
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Fig. 3 The photocatalytic activity of samples S0, S1, S5 and S7 in the degradation of CR under UV 

irradiation 

 

 

Fig. 3 shows the photocatalytic activity of samples S0, S1, S5 and S7 in the photo degradation 

of CR under UV irradiation. The Co and C are the initial concentration (10 ppm) of CR and the 

concentration of exposure time t. For the solution remains in dark (t=-10-0 min), a negligible 

concentration variation can be observed. While under UV irradiation, the concentration of CR 

shows a decreasing behavior with the increasing of exposure time. While after 180min irradiation, 

the C/Co values are 0.75, 0.60, 0.58 and 0.53 for sample S0, S1, S5 and S7, respectively. Sample 

S5 has the highest photocatalytic ability. For sample S0 to S5, the concentration increases with the 

increasing of Bi. The reaction of photodecomposition can be expressed as (Chandraboss et al. 

2013, Senthilvelan et al. 2013) 

  vbcb hehvZnO        (1) 

OHHhOHHOH vb

  )( 2         (2) 

OHHOOHHOeO cb

  222 )()(              (3) 
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OHhOHHO vb


2            (4) 

The Eq. (1) shows the electron/hole (


vbcb he / ) generation due to the absorption of photon with  

energy hv greater than the bandgap. Once the charge separation is maintained, the electron and 

hole may migrate to the surface of photocatalyst ZnO where they take part in the redox reactions 

with CR in water in the presence of oxygen. The hole may react with the surface bound H2O to 

produce the hydroxyl radicals (
•
OH) Eq. (2) which attack dye (CR) molecular successively to 

make degradation. Also, the electron is picked up by oxygen to generate superoxide radical anions 

(O2
•−

) Eq. (3). In the meanwhile, hole could interact with HO2
•
 and 

−
OH forming 

•
OH radical 

which attack the dye also. With the successive photocatalytic cycle, radicals decompose the dye 

into H2O and CO2. 

For samples S0 to S5, the hole concentration and the conductivity increases with the increasing 

of Bi content. With higher conductivity, the electron and hole could migrate to the surface easily 

and thus cause the higher decomposition ability of CR. Yet for sample S7, although the hole 

concentration is high, the mobility is less. This suggests hole scattering is more and the move 

ability of hole is less. With this, the supply of hole to the surface may reduce and limit the radical 

generation in Eq. (2) and Eq. (4). Thus lower photodecomposition ability can be expected. 

To further understanding, low temperature PL analysis was applied. Fig. 4 shows the 10 K PL 

spectra of the four samples. For sample S0, a near band edge (NBE) emission with peak 

wavelength 367.6 nm (3.373eV) (Rastogi et al. 2004) can be observed. The intensified peak with 

wavelength 372.0 nm (3.333eV) is attribute to near band edge emission of bounded neutral donors 

(D
o
X) (Zhong et al. 2012). The emission wavelength 380.0 nm (3.263eV) and 388.3 nm (3.193eV)  
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Fig. 4 The 10K photoluminescence spectra of the unintentionally doped ZnO (S0) and ZnO:Bi films 

with different Bi content(S1, S5 and S7) 
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is attribute to the phonon replica of D
o
X. A broad band around 500 nm (2.48eV) which is known 

as green-emission (Bhaskar et al. 2009) can be observed. This peak is attribute to the singly 

ionized oxygen vacancy (Golshahi et al. 2009, Fan et al. 2013) and/or zinc interstitial (Fan et al. 

2013). 

For sample S1, S5 and S7, similar NBE emissions can be observed. The intensified signal is at 

wavelength 372.6 nm (3.328eV). This peak, with less energy compared to D
o
X which can be 

observed by other Bi-doped ZnO (Lee et al. 2011), is attributed to A
o
X caused by Bi doping. The 

emission wavelength 381.3 nm (3.252eV) and 390.3 nm (3.177eV) may attribute to the phonon 

replica of A
o
X. Besides, a broaden peak around 490 nm can be observed. As this peak is different 

with the green-emission for the undoped ZnO (S0) and can only be observed for the Bi-doped ZnO 

samples. This may attribute to the Bi-related state. For sample S7 with high Bi content, the 

emission spectrum around 490 nm distorted and become broaden (485 nm-530 nm). Thus a more 

complex state formed for the high Bi-contented ZnO sample. With these states, carrier scattering 

becomes stronger and hole and electron may recombine through these states (Chandraboss et al. 

2013). Both reduce the carrier migration ability to surface. Thus the photodecomposition ability 

for S7 is reduced. 

 

 

4. Conclusions 
 

ZnO thin films with Bi-doping were prepared by spray pyrolysis deposition method. With Hall 

measurement, p-type conduction with concentration around 10
17

 cm
-3

 can be observed. These films 

were used for the photodegradation of Congo red (CR) under UV-light irradiation. The 

photodegradation of CR on ZnO and ZnO:Bi films with different Bi content in aqueous solution 

were studied. Appropriate Bi doping in ZnO can enhance its photocatalytic ability. The 10K 

photoluminescence analysis has been applied to realize the film quality. The mechanism of 

photocatalytic ability ZnO films with different Bi content has been discussed. 
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