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Fermi-Dirac distribution for doped semiconductors and Burstein-Moss effect have
been correlated first time to figure out the conductivity type of ZnO. Hall Effect in the
Van der Pauw configuration has been applied to reconcile our theoretical estimations
which evince our assumption. Band-gap narrowing has been found in all p-type sam-
ples, whereas blue Burstein-Moss shift has been recorded in the n-type films. Atomic
Force Microscopic (AFM) analysis shows that both p-type and n-type films have
almost same granular-like structure with minor change in average grain size (∼ 6 nm to
10 nm) and surface roughness rms value 3 nm for thickness∼315 nm which points that
grain size and surface roughness did not play any significant role in order to modulate
the conductivity type of ZnO. X-ray diffraction (XRD), Energy Dispersive X-ray Spec-
troscopy (EDS) and X-ray Photoelectron Spectroscopy (XPS) have been employed to
perform the structural, chemical and elemental analysis. Hexagonal wurtzite structure
has been observed in all samples. The introduction of nitrogen reduces the crys-
tallinity of host lattice. 97% transmittance in the visible range with 1.4 × 107

Ω
-1cm-1

optical conductivity have been detected. High absorption value in the ultra-violet
(UV) region reveals that NZOs thin films can be used to fabricate next-generation
high-performance UV detectors. © 2018 Author(s). All article content, except where

otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5020830

I. INTRODUCTION

Zinc oxide (ZnO) is a versatile semiconductor with a wide band gap of 3.37 eV at room tem-
perature (RT), having excellent piezoelectric1 and optoelectronics2 properties to utilize for industrial
applications.3 Nitrogen supposed to be an ideal candidate for doping in ZnO due to its quite com-
parable ionic radii (N = 0.146 nm, O = 0.138 nm), and its lattice mismatches are negligible. It also
behaves as a shallow acceptor which make ZnO p-type4 that is another encouraging aspect of nitrogen
doping. The defect formation is the key parameter in order to control the conductivity type of degen-
erate semiconductors, as the intrinsic defects (Zni, Vo etc.) present in the ZnO contributes toward
n-type conductivity, however, the Vzn, on the other hand, do not contribute to n-type conductivity.
S. Das et al suggested that the Vzn is the origin of p-type conductivity in ZnO,5 whereas K. Tang et al6

investigated that the formation of (N)zn in O-rich conditions is the origin of p-type behavior in ZnO.
The present study also points that the O-rich conditions and (N)zn are the prime responsible factors
in order to fabricate p-type ZnO thin films. Besides this, the introduction of dopant impurity disturbs
the band gap of intrinsic semiconductor which might be obvious.7,8 The addition of donor impuri-
ties causes to generate extra energy levels for e- in the conduction band. A. Walsh et al9 predicted
that the addition of donor impurities lowers the conduction and valence band energies through the
enhanced electron-exchange potential, which means that the introduction of donor impurities transfer
more electrons and these extra charge carriers further cause to produce a change in the shape of the
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conduction band (non-parabolic nature). This modified shape of conduction band has a vital role in
the shift of optical transitions.

Bang-gap modulation via injection of dopant elements into host semiconductor lattice has been
predicted by Fermi-Dirac distribution for doped semiconductors10 and explained in term of Burstein-
Moss shift.11,12 The band gap narrowing (red-shift) or bandgap renormalization can be explained
in terms of the many-body effect of free carriers at conduction and valence bands.13,14 The renor-
malization occurs in highly doped semiconductors in which dopant cause to produce a slight shift
in available energy states for charged carriers. Previous reports described that the origin of band
renormalization is the non-parabolic shape of the conduction band of host lattice, which further can
be enhanced by the addition of impurity doping. As in the impurity doping, the hybridization of
electronic states with the conduction states causes to enhance the renormalization effect of band gap
energy.9 In the present study, we correlated the Fermi-Dirac distribution for doped semiconductor
and Burstein-Moss effect in order to estimate conductivity type of ZnO: N thin films which further
reconciled via Hall measurements.

Deposition techniques also play vital role to fabricate defects free thin films, recently differ-
ent deposition methods have been employed to deposit N-doped ZnO (NZO) thin films, including
molecular beam epitaxy,15 electron beam deposition,16 electron beam evaporation,17 RF magnetron
sputtering,18,19 and pulsed laser deposition.20,21 Among all, RF magnetron sputtering is said to be
the best choice to deposit ZnO: N thin films because it has less complication and can reach 1 × 10-6

torr vacuum which is essential for hydrocarbon impurity-free thin films. In the current investigation,
the state of the art RF magnetron sputtering system has been used to prepare ZnO: N thin films on
the glass substrate at room temperature.

II. EXPERIMENTAL DETAILS

ZnO (99.999% purity) target of diameter 3" and 0.125" thickness has been used for sputtering
at room temperature on glass substrates. 99.99% pure Nitrogen has been added to the chamber
during growth process in order to dope with ZnO with specific and controlled amount. Prior to
deposition, glass substrates were cleaned with detergent, ultrasonically bathed for 20 min in Acetone.
The substrates were rinsed with isopropyl alcohol and deionized water sequentially. The pressure of
the chamber was adjusted at 10-5 torr for 4 hours before the growth process to evacuate all possible
impurity atoms for impurity-free growth. The target was driven with 100W and 13.56 MHz RF
power supply. The target was pre-sputtered in-situ in Argon plasma for 30 min. ZnO: N thin films
were deposited in a mixture of Ar/N2 gas. The flow rate of Argon was kept constant at 50 sccm while
the flow rate of nitrogen was varied with 0, 5, 10, 15, 20, 25 and 50 sccm, and seven samples of NZO
thin films were obtained. The sputtering time for each film was fixed at 30 min. The detail process
parameters for the deposition of ZnO: N thin films have been listed in Table I.

Crystallographic properties were examined by Bruker D8 X-ray diffractometer (XRD) with
a CuKα radiation source (λ = 0.15406 nm). All XRD scans were obtained in the 2θ range of
(20◦-80◦) with a grazing incident angle of 0.01◦. EDS (Energy Dispersive X-ray) spectroscopy
(JSM 6500F) and XPS (X-ray photoelectron spectroscopy) were performed to confirm the elemental

TABLE I. Sputtering parameters.

Target ZnO (99.999%)

Power 100 W
Sputtering gas Ar (50 sccm)
Base pressure 1 × 10-6 torr
Pressure in process 0.5 × 10-2 torr
Substrate Glass
Distance b/w target & substrate 72 mm
Substrate temperature 300 k
RF frequency 13.56 MHz
Deposition time 30 min
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composition, microstructural examination, and electronic structure of undoped and ZnO: N thin films.
The morphology and surface roughness of films have been characterized using an Ambios Q-scope
Atomic force microscopy (AFM) at ambient conditions in non-contact mode. XPS core-level anal-
ysis was carried out at a base pressure of less than 5×10-10 mbar of UHV-Analysis system within
a sublimation-Ion chamber. The UHV-Analysis system was equipped with a hemispherical energy
analyzer. Mg Kα X-ray radiation source was used to stimulate the samples having the radiation
energy (E= 1253.6 eV) with energy step of 25eV. The energy scale was calibrated by fixing the
binding energies to 84±0.05 eV and 932.66±0.05 eV for Au 4f7/2 and Cu 2p3/2 respectively. Spec-
troscopic Ellipsometry (SE) was performed to determine the thickness and optical properties of the
films on a large spectral range through M-2000 Ellipsometry obtained from J. A. Woollam Co. USA.
Measurements have been performed at room temperature in UV-vis-IR spectral range using 65◦ as
incidence angle. Hall Effect measurements were carried out in the Van der Pauw configuration using
Nanometric Hall measurement system model HL5500 in order to check electrical properties at room
temperature.

III. RESULTS & DISCUSSION

XRD patterns of undoped and doped ZnO films with different N2 flow rates have been shown in
Fig. 1a. It was worth noting that all films preserve the hexagonal wurtzite structure having prominent
(002) peak.22–26 These Bragg’s reflections were perfectly indexed using standard diffraction patterns
card (ICSD Collection Code: 031060, PDF 36-1451).27,28 The absence of any impurity phase directly
corresponds to single phase nature of ZnO film within the measured angle range (20◦-80◦). Reduction
in (002) peak intensity and recurrence of (103) peak is an open evidence of N incorporated in ZnO
hexagonal wurtzite structure at O2 lattice site. At high N-doping, crystalline phase tends to shift
towards amorphous behavior which emphasizes that high level of N-doping provides more lattice
mismatches which disturb the original crystalline behavior of ZnO films.28

Fig. 1b shows the variation of crystallite size and dislocation density with N2 flow rate. It
can be seen that low flow rate of N2 (5 to 25 sccm) do not contribute too much to the significant
changes in above-mentioned parameters although a slight change at 50sccm has been recorded.
Moreover, crystallite size drastically reduces to 8.02nm and dislocation density raise to 0.0155nm-2.

FIG. 1. XRD patterns, crystallite size and dislocation densities of ZnO and NZO thin films with different N2 flow ratios.
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TABLE II. Lattice parameters and thickness of NZO thin films.

N2-flow (sccm) a (Å) c (Å) c/a Thickness (nm)

0 3.31 5.23 1.58 296.58
5 3.21 5.35 1.66 310.97
10 3.26 5.29 1.63 315.08
15 3.22 5.29 1.64 345.99
20 3.23 5.38 1.66 432.95
25 3.24 5.34 1.65 454.48
50 3.24 5.36 1.65 498.43

Lattice constants (a & c) of the hexagonal crystal structure of doped and undoped ZnO thin films
also been derived. Doping involvement affects the lattice parameters in the sense that crystal
structure slightly shrinks along c-axis where a little expansion has been recorded. Films thick-
ness (shown in Table II) greatly depends on N2-flow rate, which is in accordance with previous
reports.29,30

In order to check chemical composition, EDS analysis has been performed. Fig. 1c–d reveals
that no other unintended impurity exists during the growth process. Ultra-high vacuum, 5N purity of
ZnO target and (Ar+N) gases are the key factor in this matter. The elemental composition of Zn-O
in pure ZnO thin films is calculated as ≈81:19 wt. % whereas with 5sccm nitrogen doping oxygen
concentration decreased from 19 wt% to 12 wt%. The zinc-rich condition as in Fig. 1c represents
the typical n-type characteristics of pure ZnO however, the O-rich condition and incorporation of
Nitrogen content are favorable for p-type ZnO.

AFM analysis has been performed in order to investigate morphology and surface roughness
of thin films as shown in Fig. 2. The 2D graphs (Fig. 2a & b) clearly shows that both p-type and
n-type films have the almost same granular-like structure with a minor change in average grain size
(∼6nm to 10nm) which points that grain size did not play any significant role in order to modulate
the conductivity type of ZnO. 3D AFM images (Fig. 2c & d) having scan area 4×4 µm2 shows that
the addition of nitrogen enhance the roughness of thin films but the rms value of surface roughness
(3nm) for thickness ∼315nm is minimum which means that the light scattering effect at the surface

FIG. 2. AFM micrographs of n (a & c) and p-type (b & d) ZnO thin films.
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of the thin film is minimum. From this point, we can say that the enhancement of optical properties
here in our case is due to the surface related effects but surface roughness and grain size are not the
actual parameters here to modulate the conductivity type of our thin films. The change in conductivity
type of ZnO from intrinsically n-type to p-type by impurity addition can only be understood by the
concentration density as many previous reports suggested that the many-body effect plays a vital role
to narrowing the optical band gap of a semiconductor.14 Y. Wang et al13 suggested that the band gap
narrowing has an inverse relation with carrier density, and our present study also has been found in
relation to this phenomena. As Fig. 6 shows that with an increase in the flow ratio of nitrogen the
carrier concentration tends to minimize.

Fig. 3a (XPS survey) demonstrates the prominent nitrogen related peak at 397.84eV which is
absent in undoped ZnO pattern. XPS core-level spectra of undoped and N-doped (5sccm) ZnO thin
films were also studied in order to investigate N-incorporation during the growth process. Fig. 3b
indicates the N 1s peak at 397.84 eV in doped ZnO thin films attributes to the N-Zn bonding states.
N 1s core-level peak at a binding energy (397.84 eV) which is caused by the formation of the N-Zn
chemical bond, arises from the substitution of oxygen with nitrogen atoms in ZnO: N thin films.31–34

While Fig. 3c show intensive lines of O 1s at 530.6 eV with a shoulder peak at 532.8 eV. The intense
peak at 530.6 eV points towards the presence of O2- ions in hexagonal wurtzite lattice of ZnO whereas
the shoulder peak at 532.8 eV represents the surface adsorbed species (O2 or O-H). The presence of
two fine structure features and asymmetric peaks in XPS O 1s spectra indicates that oxygen existence
in ZnO: N thin films is in two chemical states associated with chemical O-N and surface O-Zn bonds.
Two components having 530.6 and 532.8 eV are found in this spectrum corresponds to oxygen which
involves the formation of O-Zn bonds and relative intensity of second peak attributes towards the
oxygen vacancies (Vo) concentrations in the host lattice.35–37 Zn 2p3/2 and Zn 2p1/2 (with binding
energies 1021 and 1044 eV), respectively indicates that Zn only present in oxidized states in these
samples. Small half-width values (0.8-1.8±0.2eV) and symmetrical form of Zn 2p spectra as shown
in Fig. 3d indicates the presence of Zn2+ ions in tetrahedral oxygen system and dominance of Zn-O
bonds in the NZO films.36,38–40

FIG. 3. XPS spectra of undoped and (5sccm) NZO thin films (a) full scan (b) core-level N 1s (c) core-level O 1s (d) core-level
Zn 2p.
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Optical transmittance spectra in Fig. 4a clearly shows that nitrogen doping can perfectly tailor
the transmittance of ZnO. Whereas ZnO thin films with 20 sccm flow ratio have attained a maximum
of 97% transmittance and exhibit interference fringe patterns due to Fabry-Perot Interference in the
visible spectra.

The above-mentioned behavior is in good agreement with previous report.29 UV absorption
spectra in Fig. 4b indicates that all samples hold high absorption in UV region and weak absorption
is observed in NIR region and visible range of spectra. This is a good sign for application in UV
radiation detectors fabrication.41 Fig. 4c demonstrate absorbance vs energy relation.

Optical band-gap of direct band-gap semiconductors can be evaluated by the following well
known Tauc’s Equation,

αhv =A(hv − Eg)1/2 (1)

“A” is proportionality constant; “hv” is photon energy calculated in “eV” and “Eg” refers to the
band-gap of the material. The Linear region of the graph is extrapolated to the photon energy axis vs
(αhv)2 which defines the optical band-gap of that specific material.

A clear negative Burstein-Moss Shift in all samples can be seen in Fig. 4d except the samples
with 0 and 5sccm flow ratio, whereas Blue shift is observed in these two samples.12,42 This trend
indicates that with low nitrogen doping the electron has an effective role which corresponds to n-type
conductivity. However, the inverse conductivity type is observed with higher order of N-doping which
is in relation to previous reports,19,43 The Fermi level stretched towards valence band maxima in this
situation as nitrogen supposed to be the acceptor impurity in ZnO,44–46 therefore, it enhances more
hole in valence band instead of electrons in conduction band which leads shift of Fermi level near
to the valence band maxima to compensate the Law of Mass Action.47 The relationship of Burstein-
Moss shift with optical band gap and the conductivity type of material is found quite interesting

FIG. 4. Optical transmittance (a), absorbance vs wavelength (b) absorbance vs eV (c) and band gap (d) spectra of undoped
& NZO thin films.
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and has not been discussed before in this way. Fermi-Dirac distribution is also clear evidence in this
regard as it says

f (E)=
1

1 + exp(E−EF)/(kBT)
(2)

Where “kB” the Boltzmann’s constant and T is temperature in Kelvin. EF represents Fermi energy
level, the point where probability of finding an electron is 50%. Using Boltzmann approximation, the
Eq. 2 becomes as,

At high energy region
f (E)≈ e−(E−EF)/kBT (3)

At low energy region
f (E)≈ 1 − e−(EF−E)/kBT (4)

In other words, at higher energy level the probability of state occupied by an electron decreases
exponentially with increase in energy, whereas electronic states with lower energy are fully occu-
pied which obeys the Pauli exclusion principle.48 The application of band-symmetry approximation
articulates that there is the equal tendency of finding an electron at conduction band edge and a hole
at valence band edge due to the law of mass action in an intrinsic semiconductor. However, for an
n-type semiconductor, the probability of finding an electron near conduction band minimum is larger
as compared to a hole at valence band maximum and vice versa for p-type semiconductor as shown
in Fig. 5. It means that the Fermi level swing towards conduction band and valence band in n-type
and p-type semiconductor respectively.

For n-type semiconductor, the relation becomes as

f (EC)> (1 − f (EV ))→ |EC − EF | < |EF − EV | →EF >Ei

For p-type semiconductor,

f (EC)< (1 − f (EV ))→ |EC − EF | > |EF − EV | →EF <Ei

Above relations express that in the n-type material the shift of Fermi level will take place towards
conduction band minimum, but according to Fermi Dirac distribution function, the probability of
finding an electron is higher in the valence band. Therefore, the transition of an electron occurs
with high excitation energy which causes slight enhancement in optical band gap and vice versa for
p-type materials.49,50 The current experimental results are strong evidence of these theoretical models,
which suggest the reduction of band-gap with the rise of doping concentration and it is a sign of hole
dominancy, which attributes p-type conductivity in ZnO thin films.11,51

To reconcile the above-proposed approach to estimate conductivity type of thin films, the well-
known Hall probe analysis has been performed in the Van der Pauw configuration. All Square shaped
(10×10 mm2) samples (undoped and ZnO: N thin films) were cut by the diamond cutter. Four Indium
balls of equal diameter were placed at four corners of each sample to make ohmic contacts on thin
films. Interestingly, p-type conductivity was observed in all samples except the two samples having
0 and 5 sccm flow ratio of N2. But the resistivity of p-type samples is a little bit higher than that of
n-type, and carrier concentration tends to minimize with higher N2 flow ratios as shown in Fig. 6.

FIG. 5. Band diagram for blue (a) and negative (b) Burstein-Moss shift for extrinsic semiconductors.



035212-8 Hassan et al. AIP Advances 8, 035212 (2018)

FIG. 6. Hall mobility, resistivity and carrier concentration of ZnO thin films as a function of Nitrogen flow rate.

This trend has well accordance with the previous reports13,52 which also predict that the decrease in
carrier density leads to band gap narrowing which provides a favorable platform for hole dominancy.
The measured results are summarized in Table III.

Because of its acceptor behavior, No impurity plays a vital role in order to shift the intrinsic
n-type conductivity of ZnO thin films towards p-type. The acceptor energy level of nitrogen placed
just above the valence band maxima as in Fig. 5.

However, the decrease in carrier concentration with increase in N2 flow ratio can be explained
by the high doping concentration of nitrogen53 and by pinning of Fermi level.30 The lesser amount
singly nitrogen impurity replaces one oxygen atom at that time, which forms single deep acceptor.44

But via an increase in the flow ratio of N2, double nitrogen atoms occupy the single oxygen site which
results to form double shallow level instead of single deep acceptor.54–56

Optical conductivity of a material is another prime factor which offers vigorous information
about band structure of any material. More precisely, it describes the electronic states distribution
when optical radiation strikes the surface of the films. It is strongly correlated with “Moss-Burstein
effect”.57,58 Optical conductivity of an optical material can be calculated by the following formula,

σ =

αnc

4π
(5)

Here “α” is absorption coefficient, “n” refractive index of the thin film, “c” is the speed of light
in free space which is constant.59

Fig. 7 demonstrates that optical conductivity rises to the highest value of about 1.4× 107
Ω

-1cm-1

with 25 sccm N2. The exponential decrease of optical conductivity in visible region of spectra and
high value in UV range can also be seen in Fig. 7. High optical conductivity with N-doping in UV
region made ZnO a potential candidate for fabricating high-performance UV detectors. Unlike the
other typical semiconductor-based UV detectors (Si, GaAs etc.) the ZnO-based UV detectors are
making strides in detecting UV rays (from 400 nm – X-rays) as many researchers reported the high
performance, improved responsivity, high spectral range, sensitivity and low noise of ZnO-based
photodetectors.60–62

TABLE III. Hall Effect measurement of ZnO thin films with a different flow ratio of N2.

N2 flow ratio (sccm) Carrier Conc. (cm-3)×1018 Resistivity (ρ) (Ω-cm)×10-2 Mobility (µ) (cm2/V) Conductivity type

0 844 0.10 7.59 N
5 476 0.27 4.82 N
10 244 0.19 13.3 P
15 5.12 9.44 12.9 P
20 4.55 6.96 19.7 P
25 4.11 7.25 21.0 P
50 3.43 9.57 19.0 P
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FIG. 7. Optical conductivity spectra of all ZnO thin films with different N2 flow rates as a function of wavelength.

IV. CONCLUSION

The effect of N-doping on structural, electrical and optical properties of ZnO has been studied in
this article. Moreover, Burstein-Moss shift and Fermi-Dirac distribution theory for doped semicon-
ductor have been correlated in order to investigate conductivity type which has been cross-examined
by well -know Hall effect. The p-type conductivity in all samples except having 0 and 5 sccm ratios of
nitrogen flow have been found possessing negative Burstein-Moss shift. The crystallinity of ZnO films
has been found to reduce with high N-doping, which is in good agreement with previous work and
theoretical assumptions. High transparency (97%) in the visible range with low resistivity make ZnO:
N successful alternate of ITO. High optical conductivity ≈1.4 × 107

Ω
-1cm-1 and high absorption in

UV range of spectra reveals that ZnO: N films can be the best candidate to fabricate next-generation
high performance UV radiation detectors.
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