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Abstract. Zinc nitride (ZnN) films were prepared by electron beam evaporation technique. The effect of
heat treatments on the structural and optical properties of these films were studied. The as-deposited
films show amorphous structure and some peaks which are related to ZnzNs2 and ZnO can be observed for
annealed films. The study of the optical gap shows that these films have direct optical band gap about
3.2 eV at temperature 350 °C. At high temperature, the ZnN films become more opaque and resistive.
Other optical parameters such as refractive index, extinction coefficient and dispersion parameters were

investigated as a function of annealing temperature.

PACS. 61.05.C- X-ray diffraction and scattering — 78.66.-w Optical properties of specific thin films —

73.61.-r Electrical properties of specific thin films

1 Introduction

Transparent thin-film transistors (TTFTs) is considered
one of the new research field of transparent electronics that
based on oxide semiconductors [1,2]. ZnO or ZnO-based
compound was used as channel layer of TTFTs. Fortunato
et al. [3] obtained high-performance ZnO thin-film tran-
sistor (ZnO-TFT) that fabricated by rf magnetron sput-
tering at room temperature with a bottom gate config-
uration. Besides, many workers attempted to fabricate
TTFTs with improved output characteristics. Most of
these reports on TTFTs make use of bottom-gate tran-
sistor configuration and as channel material InZnO [4],
ZnSnO [5], GaSnZnO [6] and InGaZnO [7] has been em-
ployed. The possibility to produce high performance oxide
based bottom gate TFTs replacing the In by Sn in the
Ga-Zn-0 system, which is an important advantage due to
the limited availability of In, has been achieved in refer-
ence [8]. Recently, Aperathitis et al. [9] employed another
Zinc compound, for the first time, as a channel layer in
TTFTs, namely zinc nitride (ZnN). Though it is n-type
material, there is a controversy concerning its optical band
gap. The energy gap of this material depends on the depo-
sition technique [10-14] and/or the oxygen impurities [15].
Therefore, the energy gap values have been reported to
be between 1.01 eV and 3.2 eV. It was reported that zinc
nitride has a direct band gap about 3.2 eV [10,11] and
cubic structure [14]. However, various values and different
type of band gap have been obtained. In 2005, Toyoura
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et al. [12] prepared zinc nitride films using molten salt
electrochemical process, and they reported the band gap
was 1.01-1.23 eV. In 2006, Zong et al. [14] prepared zinc
nitride films on quartz substrates through reactive rf mag-
netron sputtering, and the films had an indirect band gap
of 2.12 eV.

Up to now, although it is expected that zinc nitride will
exhibit excellent electrical and optical properties, it has
not been finally confirmed whether zinc nitride is a narrow
or wide band gap material, and it is also controversial
whether its band gap is direct or indirect. Furthermore,
the research on the defect and instability of zinc nitride
films is needed to continue. And more information about
its structure and optical constant must be studied to give
a deep understanding of this material and its applications.

In the present study, the electron beam evaporation
technique was employed to deposit zinc nitride into glass
substrates. The structure and some optical constants such
as; transmission, reflection, refractive index, extinction co-
efficient, energy gap, optical free carrier concentrations,
plasma frequency, optical resistivity and dispersion pa-
rameters were investigated as a function of annealing tem-
perature.

2 Experimental details

The zinc nitride (ZnN) powder has been made in tablet
form using a cold pressing technique. Thin films of the
prepared ZnN tablets were deposited onto ultrasonically
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Fig. 1. X-ray diffraction analysis of as-deposited and annealed
zinc nitride (ZnN) films at temperature 350 °C.

cleaned corning glass substrates by electron beam evapo-
ration technique using Edwards high vacuum coating unit
model E306A. The deposition process has taken place un-
der conditions of: (1) a vacuum of 3 x 10~° Torr; (2) an
acceleration voltage of 2.5 kV; (3) electron beam current
8-14 mA; and (4) the film thickness (~150 nm) and depo-
sition rate (2 A /s) were controlled by means of a calibrated
digital film thickness monitor model TM200 Maxtek. In-
vestigations of the microstructure were carried out using a
Phillips PW-1710 Cu-k,, diffractometer (A = 1.541 838 A)
by varying the diffraction angle 26 from 4 to 80 by a step
width of 0.04 in order to evaluate the crystalline phase and
crystallite orientation. A Jasco model V-570 (UV — VIS —
NIR) double beam spectrophotometer was employed to
record the transmission 7" and reflection R over the wave-
length range from 200 to 2500 nm at normal incidence
with a scan speed of 100 nm/min. The optical measure-
ments were done in the present of reference. The heat
treatment (annealing temperature) has been performed in
air at different temperatures from 200 to 500 °C for fixed
time of 30 min using a fully controlled furnace (model
Lindberg).

3 Results and discussion

The X-ray diffraction (XRD) analysis was performed on
as-deposited and annealed zinc nitride films at 350 °C
and the results are shown in Figure 1. The XRD analy-
sis of the two patterns indicates the ZnN film are amor-
phous with some small impeded peaks. The peak that lo-
cates at 20 = 36.79 implies that the films have a cubic
anti-bixbyite of ZnzNa with plane of (400) (JCPDS, card
No. 35-0762). A similar results were obtained by Tianlin
et al. [16]. The other peaks locate at 20 = 40.2, 55.8 are
corresponding to ZnO with plane of (002) and (102), re-
spectively. As clearly seen in this figure, the intensity of

100 f—as - - 200- - - 250
-+ = 275=++ =300 -~ -~ 325

.o,
R v e
..
AL
ot
%

80

60

Transmittance (%)

0 L 0 100 200 300 400 500
1 Annealinglﬁmpemmre((‘,) 1

500 1000 1500 2000 2500
Wavelength (nm)

Fig. 2. Transmission spectra of as-deposited and annealed zinc
nitride (ZnN) films at different temperatures. In the inset the
average transmission in the VIS (A = 400 to 800 nm) and NIR
(A = 1800 to 2500 nm) regions.

observed peaks increases with the increasing of annealing
temperature up to 350 °C indicating an enhancement in
the carrier mobility of ZnN films [17].

Figure 2 shows the optical transmission spectra of as-
deposited and annealed zinc nitride films at different tem-
peratures (200-500 °C). The inset figure shows the aver-
age transmission in the visible region (Tyrs) (A = 400 to
800 nm) and in the near infrared region (Tnyr) (A = 1800
to 2500 nm). The as-deposited films have low relatively
transmission in both visible (22%) and near infrared re-
gion (69%). It is noted that, the transmission of annealed
films increases with increasing the annealing temperature
and attains its maximum value of 62% and 94% in VIS and
NIR regions, respectively at temperature 350 °C. With
further increase in temperature the increase in transmis-
sion can be observed and a dramatically decrease can be
achieved at temperature 500 °C, since the transmission
records values less than those obtained for as-deposited
films. The increase in transmission in the temperature
range 0-350 °C is due to the increase in optical energy
gap resulting from the enhancement in the film structure
(see Fig. 1). Besides, the increase in transmission may be
due to the decrease in free carrier concentration (will be
discussed) and hence the decrease in free carrier absorp-
tion [18]. According to Walff [19] and Hazem et al. [20] at
high carrier concentrations, the conduction band is shifted
downward and with decreasing the carrier concentration
the shift decreases and hence the energy gap increases.
Seen in the figure, the absorption edge is shifted to low
wavelength (high energy) with increasing the annealing
temperature up to 350 °C and then starts to shift to high
wavelength with further increase in temperature. The de-
crease in transmission at high temperature values may be
due to the conversion of the ZnN films from n-type to
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p-type. Kambilafka et al. [21] reported that, the thermal
oxidation up to 550 °C converted all zinc nitride films pre-
pared by rf-sputtering from n-type into p-type materials,
exhibiting high resistivity and low carrier concentrations.

Using the measured values of transmission (7') and re-
flection (R), the absorption coefficient o can be written in

the form [17]:
2.303 1-R
= logyg < T > (1)

where d is the film thickness.

The absorption coefficient can be used to determine
the optical band gap F, according to the following equa-
tion:

ahv = A (hv — Ey)" (2)

where A is a constant, hv is the photon energy and the
exponent, n = 1/2 for allowed direct, n = 2 for allowed
indirect, n = 3/2 for forbidden direct and n = 3 for for-
bidden indirect transitions. In the present study, the zinc
nitride films represent direct allowed transitions (n = 1/2)
and the energy gap was determined by extrapolating the
linear portion of the curves to zero absorption as shown
in Figure 3a. The obtained energy gap was plotted as
a function of annealing temperature and the results are
shown in Figure 3b. It can be seen that, the energy gap
becomes more wide with increasing the annealing temper-
ature. Since, at 350 °C the maximum energy gap value
3.22 eV was obtained. This value is in good agreement
with other works [9,22] and contradicts with the indirect
band gap that was reported by other works [14,16].

The refractive index n and extinction coefficient k were
determined from the reflection and transmission data us-
ing the following equations [23]:

1+R R+1\2 e
_ o 2
n=1—pt (R_l) (14 %) (3)
a\
= —- 4
i (4)

More reasonable values of refractive index have been ob-
tained using the plus sign of equation (3) in the present
work. The average values in the visible region of refrac-
tive index and extinction coefficient for as-deposited and
annealed zinc nitride films were calculated and plotted in
Figure 4. It is clear that the refractive index decreases with
temperature and most samples have refractive index val-
ues between 2 and 3, the behavior of refractive index may
be due to the decrease in reflection with temperature [24]
and/or it can be attributed to the decrease in the packing
density [25].

Figure 5 represents the typical reflection spectra of as-
deposited and annealed ZnN films at different tempera-
tures. The inset figure shows the average reflection in the
near infrared region (Ryir). The behavior of reflection
with annealing temperature is considered an important
tool to understand and then explain the behavior of other
optical parameters such as refractive index (see Fig. 4),
free carrier concentration and plasma frequency.
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Fig. 3. A plot of (ahv)? versus photon energy (a) and the
calculated direct optical energy gap (b) of zinc nitride (ZnN)
films at different annealing temperatures.

By using the Drude’s theory, the real part of the di-
electric function can be written as [26]:

/ 2 2 e? N 2

g=n"—k:=¢; oy (m*) A (5)
where ¢; is the infinity high frequency dielectric constant,
e is the elementary charge, c is the light velocity, ¢ is the
permittivity of free space, N is the optical free carrier con-
centration, m* is the effective mass and A is the light wave-
length. By plotting ¢’ versus A\? and fitting the straight line
as shown in Figure 6, the free carrier concentration can
be determined from the slope. The obtained free carrier
concentrations as a function of annealing temperature are
shown in Figure 7. It is clear that, the carrier concentra-
tions decrease with increasing the annealing temperature
up to 350 °C but their values not less than 1.3 x 102 cm =3
and this behavior agrees with the behavior of reflection
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Fig. 4. Plot of refractive index and extinction coefficient of

zinc nitride films as a function of annealing temperature.
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Fig. 5. Reflection spectra of as-deposited and annealed zinc
nitride (ZnN) films at different temperatures. In the inset the
average reflection in the NIR region.

(see Fig. 5). At high temperature a significant decrease in
free carrier concentration can be observed. Since at tem-
perature 500 °C, the free carrier concentration records a
minimum value of 18 x 10'® ecm™3. This may be due to
the conversion of the material from n-type to p-type. On
the other hand, the plasma frequency wp is given by [27:

Ne? 1/2
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Fig. 6. Plot of a real part of the dielectric constant (¢') as

a function of wavelength for as-deposited and annealed zinc
nitride films at different temperatures.
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Fig. 7. Variation of the free carrier concentration (NN) and
plasma frequency (wp) with annealing temperature of zinc ni-
tride films.

As shown in Figure 7, it is clear that the plasma frequency
is directly proportion to the free carrier concentration and
this result is in good agreement with Drude’s theory.

The dispersion parameters namely; single oscillator en-
ergy (Fo) and dispersion energy (Fq) play an essential role
in design the optical devices. According to the dispersion
theory, the refractive index n is given by [28]:

717E0 1

=2 _ hv)? .
B, Bom, ™)

(n2 — 1) (7)
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Fig. 8. Plot of a single oscillator energy Eo and a dispersion
energy F, of zinc nitride films as a function of annealing tem-
perature.

The parameter FEj is directly related to the optical band
gap and Fj is measure of the strength of interbank optical
transitions. Figure 8 represents the variation of Ey and Ey4
of zinc nitride films with the annealing temperature. From
this figure, it is seen that, the single oscillator energy has
the same behavior of the optical energy gap (see Fig. 3b)
and its value is around 1 eV.

The optical resistivity pop: is considered one of the
important optical parameters and its behavior agrees with
the electrical resistivity [20,29,30]. On the other hand, the
value of optical resistivity is lower by one order of the
electrical resistivity [20]. The optical resistivity is given by:

1
, 2
€iCoWpT

(8)

Popt =

where 7 is the relaxation time that can be written in the
form [31]:

2
"o _ &iWp 3
= = k= e ©)

where €” is the imaginary part of the dielectric constant.

Figure 9 shows the variation of optical resistivity with
annealing temperature of zinc nitride films. It is clear that,
the as-deposited films are conductive material. The resis-
tivity of as-deposited films are about 6 x 10=* (Qcm).
With increasing the temperature of annealing, the films
become more resistive since the resistivity records 3.45 x
1073 (Qcm) at temperature 500 °C. The increase of op-
tical resistivity with annealing temperature is due to the
decrease of the optical free carrier concentration as shown
in Figure 7.
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Fig. 9. Variation of the optical resistivity with annealing tem-
perature of zinc nitride films.

4 Conclusion

Zinc nitride is considered one of the new materials that
have many applications in transparent electronics. In the
present study, the electron beam method was used to pre-
pare zinc nitride films. It was concluded that:

1. The as-deposited films exhibit amorphous structure
and the crystallinity is weakly improved with temper-
ature.

2. The films have direct allowed band gap of 3.2 eV at
temperature 350 °C. And this band gap records a min-
imum value of 2.25 eV at temperature 500 °C.

3. The optical constant such as refractive index, ex-
tinction coefficient, carrier concentrations, plasma fre-
quency, oscillation energy, and dispersion energy are
more sensitive to the annealing temperature.

4. At high temperature, the ZnN films represent low
transmission (~20%), low free carrier concentrations
(18 x 10'® em™3), and low conductivity (3.45 x
10~3 Qcm). This behavior is may be due to the con-
version of the ZnN material from n-type to p-type.

I am grateful to Dr. T. Taha for his cooperation and help in
preparing the zinc nitride powder.
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