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Photoluminescence and optical dispersion parameters
of N-doped ZnO nano-fiber thin films
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Abstract N-doped ZnO (NZO) nanocrystalline thin films
were successfully synthesized via sol-gel method. The struc-
tural and optical properties of the films were characterized by
various techniques including X-ray diffraction, atomic force
microscopy (AFM), UV—vis absorption and photolumines-
cence. The UV-vis absorption edge was changed with in-
creasing N-doping concentration. X-ray diffraction (XRD)
results clearly showed that the zinc oxide doped with nitrogen
(5 to 20 wt.%) were identified with phases of hexagonal ZnO
and N-doped ZnO nanocrystalline thin films. The refractive
index dispersion mechanism obeys the Single oscillator
model. The dispersion parameters E, and E, of the thin films
were determined. The dispersion parameters were changed by
N dopant. It is evaluated that the structural, optical constants,
photoluminescence properties of Zinc oxide film can be con-
trolled by N dopants.
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1 Introduction

ZnO is a wide band gap semiconductor and has received a
particular attention owing to its promising applications, such as
piezoelectric devices, gas sensors, thin film transistors, surface
acoustic wave devices, and transparent electrodes for thin film
solar cells [1, 2]. Furthermore, the ZnO film is also known to
be a material for blue or ultraviolet emitting devices [3].

For applications of transparent and conducting electrode
in solar cells and thin-film transistor, the development of
low-resistive ZnO films with high transparency is important
[4]. Due to its large exciton binding energy (60 meV), wide
band gap (3.37 eV) and facilitate synthesis and assembly
methods, the utilization of ZnO has covered various fields
such as electric transistors [5], photovoltaic devices [6] and
chemical sensors [7]. Physical properties of undoped and
doped ZnO films have been widely reported. In spite of
extensive studies on preparation, characterization and the
effect of doping on the properties of ZnO, certain effects of
either some dopant or preparation procedures are still
remaining unclear. There have been several reports on the
growth of n-type ZnO doped with group III elements such as
Al, Ga, and In [8-10]. One of the major obstacles in the
development of ZnO-based optoelectronic devices is to re-
alize an efficient p-type doping. Great efforts have been
made to obtain p-type ZnO films using an acceptor dopant
such as N, As, and P. However, As and P are deep acceptors
and don’t contribute significantly to p-type conduction [11].
Recently, N has proven to be a suitable acceptor for making
p-type ZnO [12], and N-doped ZnO (ZnO:N) has been
fabricated by various deposition methods [13—16].
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Various methods have been used to prepare p-type ZnO
thin films including chemical vapor deposition (CVD), sput-
tering, spray deposition, and oxidation of Zn;N,. Compared
with the above methods, sol-gel method is a simple, safe,
non-vacuum method, and low cost method to prepare ZnO
materials compared with conventional synthesis method
such as magnetic sputtering, chemical vapor deposition,
and hydrothermal reaction [17]. Moreover, it is easy to
realize dopant incorporation using a one-route process sim-
ply by modulating the ingredient of the precursors. Our
work is continuing on the synthesis and characterization of
metal oxide nanomaterials, especially ZnO and CdO doped
with different metals to standup their characterization for the
advanced technological applications [18, 19].

In general, unintentionally doped ZnO is of n-type conduc-
tion due to the presence of native donor-like defects. Up to
now, the reliable and reproducible realization of p-type ZnO is
still a great challenge [20-24]. Different dopants have been
employed to realize p-type conductivity [21-23], and among
these dopants, nitrogen is the most attractive candidate accord-
ing to theoretical calculations and experimental observations
[24, 25].

In the present work, N-doped ZnO nanocrystalline thin
films have been synthesized by sol-gel method. The struc-
ture, morphology and optical properties of the N-doped ZnO
(NZO) have been characterized by means of XRD, AFM,
UV-visible and photoluminescence spectroscopy.

2 Experimental details
2.1 Samples preparation

The nanocrystalline samples of ZnO and nitrogen-doped
ZnO films were synthesized by sol-gel which was reported
in our previous work [26, 27]. The nitrogen-doped zinc
oxide films (NZO) were prepared using 0.1 M zinc acetate
dehydrate ((ZnCH;COO),.2H,0) and 0.1 M ammonium
acetate (CH;COO)NH, and 0.1 M 2-methoxyethanol as a
solvent. Firstly, the appropriate amounts of zinc acetate
dehydrate ((ZnCH3;COO),.2H,0) and ammonium acetate
(CH5;COONH,) were dissolved in 2-methoxyethanol at a
constant magnetic stirring for 10 min and then, 0.1 M
monoethanolamine as stabilizer was added to the solution
during the stirring and the solution was stirred constantly
for 2 h at 60 °C. The ZnO precursor containing N-dopants
were prepared with different percents (5, 10, 15 and
20 %) ammonium acetate. The films of N doped ZnO
were deposited using a spin coater with 1000 rpm for five
successive layers on glass substrates. After each layer coating,
it was dried at 120 °C in air for 10 min. The obtained solid
films were annealed at 450 °C for 1 h to remove the organic
residual compounds.
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2.2 Characterization

The structural properties were determined by X-ray diffrac-
tion (XRD) using a D8 BRUKER X-Ray diffractometer
with CuK,, radiations (A=1.54059 A). The structural prop-
erties of the nanocrystalline thin films samples were inves-
tigated by Park System XE-100E atomic force microscopy
(AFM). Also, the thickness of the undoped and Al doped
CdO film was determined by using atomic force microsco-
py. The optical transmittance, absorbance and reflecatnce
spectra in the wavelength of 300700 nm was recorded
using a Shimadzu UV-VIS-NIR 3600 spectrophotometer
using an integrating sphere attachment. The photolumines-
cence (PL) spectra of the prepared films were recorded by a
fluorescence spectrophotometer (LS 45) with an excitation
wavelength of 325 nm. Electrical conductivity type was
measured by hot probe and thermoelectric power measure-
ments (Keithley nanovoltmeter).

2.3 Methodology of the optical constant calculations

The optical constants the refractive index (n) and the ab-
sorption index (k) of thin films at different wavelengths,
based on an absorbing thin film on a transparent substrate
has several orders of magnitude larger than the thickness of
the film, the spectrophotometric measurements of transmit-
tance and reflectance measurements were used [28]. Thin
films of N-doped ZnO were deposited onto glass sub-
strates are considered to be a homogeneous film. If the
film thickness is d and a complex refractive index is given
by n = n — ik, where n is the refractive index and £ is the
extinction coefficient [28].

Following the analysis given by Moss [29], the absorp-
tion coefficient @« was computed from the experimental
measurements of the transmittance 7(\) and reflectance R
() according to the following equation [29]:

- <(1 —R);exp(—ad)) 0
(1 — R)” exp(—2ad)

The reflectance (R) as a function of the refractive index n
and the absorption index £ is given by the Fresnel formula as
[28-32]:

— 14k
R= w ’ )
(n—1)"—k?
where k = aA/4n. If one solves Eq. 2 via elementary

algebraic manipulation, refractive index can be obtained as
[28-32]:

n:(if—ﬁ)Jr (14_7’;)2—/9, 3)
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When the film thickness is known, then the computation
can be carried out and the optical constants can be calculated.

3 Results and discussion

3.1 Structure and morphology of (NZO) nanocrystalline
films

Figure 1 shows the XRD spectra of (NZO) nanocrystalline
thin films. All data were smoothed and background sub-
tracted. It indicates that, all the films are crystalline and
exhibit the hexagonal structure phase (JCDPS card No.89-
1397) [33] in good agreement with pervious data [34]. Three
important peaks appear in the recorded range indexed as
(100), (002) and (101) planes of a standard wurtzite zinc
oxide crystal and the other planes such as (102), (110), (103)
and (112) were also visible. The strong and sharp reflection
peaks suggested that the as-synthesized (NZO) were well
crystallized. There was no other crystalline phase in all of
these X-ray diffraction patterns, which indicated that ni-
trogen atom brings into the crystal lattice of zinc oxide to
substitute for oxygen atom and did not bring about a new
object phase, which was consistent with the traditional
doping theory.

In order to determine the content of the N incorporated in
Zn0O, the EDX measurement was done on N doped ZnO
film. The obtained results for 5 %N doped ZnO film were
found to be 1.08 w% for N, 9.60 w% for O, 17.10 w% for
Zn and 72.22 w% for Si. This result confirms the content of
the N incorporated in ZnO.

Atomic Force Microscopy (AFM) was used for structural
characterization in non-contact mode. AFM offers the

significant advantage of probing in high details; the surface
topography qualitatively (by surface images) and quantita-
tively (by mathematical quantities like surface roughness)
due to its nanometer-scale spatial resolution, both lateral and
vertical. AFM has proved to be very helpful for the deter-
mination and verification of various morphological features
and parameters. The 2D (40x40 pum?, 5x5 pum?) and 3D
(5x5 um®) AFM images of N-doped ZnO nanocrystalline
films are shown in Fig. 2(a-e). As seen in Fig. 2(a-e), the
ZnO films are formed from fibers. The distribution of the
fibers on substrate is changed with N dopants. The diame-
ters of the fibers were determined by XEI park system
software and are given in Table 1. The fiber diameter of N
doped ZnO films is decreased with respect to undoped ZnO
sample and the lowest fiber diameter was observed for
15%N doped ZnO film. The diameter of fibers is of order
of nanoscale. This suggests that N doped ZnO films are the
nanostructure materials. The electrical conductivity type of
the films is measured by hot probe and thermoelectric power
measurements. These results indicate that the dominating
transport carrier of the film was found to be a hole (p-type).

3.2 Optical properties of NZO nanocrystalline films

Figure 3(a) represents the plots of the transmittance spectra of
the undoped ZnO and ZNO nanocrystalline thin films in the
range of 300-700 nm. For the longer wavelengths (1>400 nm),
all thin films become transparent and no light is scattered or
absorbed as non-absorbing region. At shorter wavelengths,
(A<400 nm) known as absorbing region is due to the
existence of absorption. The average transmittance in the
visible region was observed about 85 % for the studied
films. This is important for applications such as transparent

Fig. 1 XRD patterns of ZnO
and NZO nanocrystalline
thin films
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Fig. 2 (a-e) 2D and 3D AFM
images of ZnO samples with
different N doping ratios:

(a) undoped, (b) 5 %, (¢) 10 %,
(d) 15 % and (e) 20 %

conductive films for solar cell windows and various opto-
electronic devices. It is clear that weak fluctuation in the
spectra is mainly due to interference phenomenon between
thin film layers. The average transmittance values are
decreased with increasing N dopants. The prepared NZO
nanocrystalline thin films showed an increasing absorption
near the band edge, which is typical of the transparent
conducting oxide films. UV-visible absorption spectra was
measured and plotted in Fig. 3(b). As clearly seen in the
of Fig. 3(a), the UV absorption edge was red-shifted with
increasing the doping concentration, indicating a change in
the band gap. It is expected that the change of the band
gap of ZnO doped with N is due to an increase of the
carrier concentrations which lead to the Burstein—Moss
effect [35]. The shift in the optical band gap of any
material, usually semiconductors, due to doping effect is
known as Bursteing-Moss shift.

Table 1 The calculated mean values of the nano-clusters sizes and the
roughness of undoped ZnO and N doped ZnO samples

Samples Diameter of fibes  Roughness
5x5, um?

40x40, um>  5x5, um?
Undoped ZnO 280.151 nm S1.115 50.275
5 %N doped ZnO 185.316 nm 92.303 58.104
10 %N doped ZnO 178.500 nm 80.853 79.219
15 %N doped ZnO 171.872 nm 210.004 147.284
20 %N doped ZnO 185.704 nm 147.802 124.815
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The analysis of the dependence of absorption coefficient
on photon energy in the high absorption regions is carried
out to obtain the detailed information about the energy band
gaps. The optical band gap of samples can then be deter-
mined by the following relation [36]:

(ahv)® = A(hv — E,), (4)

where A4 is a constant and E, is the optical band gap, 4 is
Planck’s constant, and v is the frequency of the incident
photon. The optical band gap values of the films were
determined from the plots of (ahv)’ as a function of photo
energy hv, as shown in Fig. 3(c). Extrapolating the linear
portions of these plots to the x-axis (photon energy) i.e.,
hv=0, values of E, for pure ZnO and NZO nanocrystalline
thin films were obtained as given in Table. 2. It is seen that
E, values change with nitrogen contents. The shifting in the
optical band gaps of the films may be attributed to the band
shrinkage effect because of increasing carrier concentration
[37-39]. The values of the optical band gap are in good
agreement with the previous reported data for the studied
samples [34].

Furthermore, the refractive index (n) is a significant
factor in optical communication and in designing devices
for spectral dispersion and the refractive index dispersion
data below the interband absorption edge are important for
technological applications of the optical materials, because,
the dispersion energy is related to the optical transition
strengths and optical conductivity [40]. Values of the refrac-
tive index n for the studied N-doped ZnO samples were



J Electroceram

Fig. 3 (a) Optical
transmittance as a function of
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calculated based on Eq. 3 i.e., The absorption index k and
the reflectance at different wavelengths. The measured re-
flectance for undoped ZnO and NZO nano-crystalline thin
films are shown in Fig. 4. Inset of Fig. 4 shows the variation
of refractive index with wavelength for undoped ZnO and
NZO nanocrystalline thin films. It is observed that the
refractive index n increases up to 400 nm with increasing
wavelength and at almost 400 nm, the curve exhibits a peak,
after that the refractive index started to decrease with further
increase of the wavelengths. It is observed that the values of
the refractive index n do not follow a certain trend with
increasing N dopants.

Table 2 Optical band gap E, of undoped and NZO nanocrystalline
thin films

Samples Optical band gap

E,, (eV) E, (eV) Eq(eV)
Undoped ZnO 3.260 4.569 8.753
%35 N doped ZnO 3.267 4.994 7.416
%10 N doped ZnO 3.275 5.903 9.411
%15 N doped ZnO 3.264 5.132 9.279
%20 N doped ZnO 3.279 6.785 10.785

o=
3.10 3.15 3.20 3.25 3.30 3.35 3.40

In order to analyze the refractive index dispersion of the
films, we used the single-oscillator model, developed by
DiDomenico and Wemple [41]. In terms of the dispersion
energy Eq4 and single-oscillator energy E,, the refractive index
at a frequency can be expressed. The single-oscillator
model for the refractive index dispersion is expressed as
follows [40, 41]:

E.Eq

200\ —
n“(w) =1 +Eg — )

(5)
where 7 is the refractive index, % is Planck’s constant, v
is the frequency, hv is the photon energy, E, is the
single-oscillator energy for electronic transitions and E,
is the dispersion energy, which is a measure of the
strength of interband optical transitions. These parame-
ters can be easily obtained by plotting of (n”—1) ! versus
(hv)*. The dependence of (n”—1)"" vs. (hv)* at various
N-doping contents is given in Fig. 5. The E; and E,
values were calculated from the slope (E,E,) ' and the
intercept (E,/E;) which is depicted in Fig. 5. It is
observed that the values of E£; and E, do not follow
a certain trend with increasing of dopant concentration
and the obtained £, and E, values suggest that the single-
oscillator model is valid for undoped ZnO and ZNO nano-
crystalline thin films.
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Fig. 4 The variation of the reflectance spectra and refractive index
(Inset figure) of with wavelength of NZO nanocrystalline thin films at
various doping concentrations

Photoluminescence (PL) measurements were performed
for undoped ZnO and NZO films, as shown in Fig. 6. PL
measurements were carried out at room temperature to
study the luminescent properties of for undoped ZnO
and NZO thin films. Two sharp emission bands were
observed in the spectra: a first peak at around 406 nm
and another emission peak around 420 nm, after this
region the PL spectra are decreased as broad green emis-
sion band ranging from 485 to 550 nm. The nearly broad
band peak at about 404 nm is attributed to the band-to-
band transition [42]. The emission peaks at UV region not
present in our samples as recorded before for undoped
ZnO and NZO, which may attribute to the microstructure
change of the investigated samples. It is well understood
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Fig. 5 The plots of of (n”—1)"! versus (hv)* for undoped ZnO and
NZO nanocrystalline thin films at various N dopants
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Fig. 6 Photoluminescence spectra as a function of wavelengths for
undoped ZnO and NZO nanocrystalline thin films at various doping
concentrations

that PL spectra depend on the stoichiometry and the
microstructure of films. The high-energy UV peak was
slightly red-shifted and the emission intensity is increased
with increasing doping concentration from 5 to 20 %.
Further, the green emission was enhanced and red-shifted
was changed with increasing doping concentration from 5
to 20 %. The emission band at around 406 nm is attrib-
uted to the free exciton emission [43, 44]. The green
emission can be explained as the radiative recombination
of photo-generated holes with the electrons at the singly
ionized intrinsic oxygen vacancies that are ready to form
at a high temperature growth [45, 46].

4 Conclusions

Undoped and N-doped ZnO nanocrystalline materials
were synthesized by sol-gel method. The effects of
nitrogen concentration on the surface morphology, struc-
ture and optical properties of the doped ZnO were
investigated. X-ray diffraction (XRD) results clearly
showed that the samples of zinc oxide doped with N
(5 to 20 wt.%) were identified with phases of hexagonal
ZnO. The optical band gaps of undoped and N-doped
ZnO samples were calculated from the plots of (ahv)’
vs. hv. The optical band gaps of N-doped ZnO samples
are changed strongly with N dopants. The band gap
energies were changed than the pure ZnO due to
Burstein-Moss effect. The optical band and refractive
index dispersion parameters £, and E; were changed
with the dopants concentration. The obtained results
suggest that the structural, optical constants, photolumi-
nescence properties of zinc oxide film can be controlled
by N dopants.
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