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Abstract: N-doped ZnO films were radio frequency (RF) sputtered on glass substrates and studied as a function of oxygen partial
pressure (OPP) ranging from 3.0x10~* to 9.5x10 Pa. X-ray diffraction patters confirmed the polycrystalline nature of the deposited
films. The crystalline structure is influenced by the variation of OPP. Atomic force microscopy analysis confirmed the agglomeration
of the neighboring spherical grains with a sharp increase of root mean square (RMS) roughness when the OPP is increased above
1.4x107% Pa. X-ray photoelectron spectroscopy analysis revealed that the incorporation of N content into the film is decreased with
the increase of OPP, noticeably N 1s XPS peaks are hardly identified at 9.5x10> Pa. The average visible transmittance (380—700 nm)
is increased with the increase of OPP (from ~17% to 70%), and the optical absorption edge shifts towards the shorter wavelength.
The films deposited with low OPP (< 3.0x10™* Pa) show n-type conductivity and those deposited with high OPP (> 9.0x10™* Pa) are

highly resistive (> 10° Q-cm)
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1 Introduction

Zinc oxide (ZnO) is a promising candidate for UV
or blue light materials due to its direct wide-band-gap
and large excition binding energy[1-2]. It is well
established that the n-type ZnO films can be obtained
rather easily in comparison with its p-type counterpart,
due to the self-compensation effects and asymmetry
doping in ZnO[3—4]. Many p-type doping elements such
as nitrogen (N), phosphorous and arsenic, have been
studied, and encouraging results have been
achieved[5—11]. Among these dopants, N has received
much attention[12—14] since it is theoretically proven as
the optimal p-type dopant for ZnO[15]. Further, the
electroluminescence ~ was  observed from ZnO
homo-junction by using N as the p-type dopant[5].
However, the stronger yellow-green emitting from deep
energy level transition and high deposition temperature

makes it be difficult to realize the application of ZnO in
ultra-violet or blue light LED or LD[5-7]. It is known
that the properties of the semiconductor films are
affected by their growth ambient. For ZnO, its properties
have been greatly influenced by oxygen[16]. However,
there are few reports on the influence of oxygen on
single N-doped ZnO. In order to well understand the
influence of oxygen (O,) on the properties of N-doped
ZnO films, the films were sputtered with different
oxygen partial pressures (OPP). Although the deposited
films show n-type conductivity or high resistivity, the
obtained results are promising to contribute the
development on the N doping in ZnO films.

2 Experimental
ZnO films were RF sputtered on glass substrates

using a ceramic ZnO target (99.99% purity) with
different OPP ranging from 3.0x10™* to 9.5x107 Pa in

Corresponding author: WANG Jin-zhong; Tel: +86-451-86418745; E-mail: jinzhong wang@hit.edu.cn

DOI: 10.1016/S1003-6326(10)60649-8



WANG Jin-zhong, et al/Trans. Nonferrous Met. Soc. China 20(2010) 2326—2330 2327

Ar+N,+0, gas mixture. For comparison, the films were
also deposited without O,. The partial pressures of argon
and nitrogen were maintained at ~4.4x10"" and 4.2x107
Pa, respectively. The target— substrate distance was fixed
at 10 cm. The chamber was evacuated initially to be
~2x10"* Pa prior to the initiation of deposition process.
All the films were sputtered with a constant power of
100 W for 50 min. The films sputtered with the OPP of 0,
3.0x10™, 9.0x107%, 1.4x107%, 2.6x10"° and 9.5x10™" Pa,
which are denoted as S1, S2, S3, S4, S5 and S6,
respectively. A radiofrequency power generator (13.6
MHz) from Advanced Energy (Model: RFX 2500) was
used for sputtering the target.

The thickness of the films was measured using a
surface profilometer (Dektak3) with an accuracy of + 20
nm. The crystal structure of the films was confirmed
using an X-ray diffractometer (DMAX-III C from
Rigaku; sealed tube, Cu K, radiation) in Bragg-Brentano
geometry (6/26 coupled). The chemical composition was
analyzed using X-ray photoelectron spectroscopy (Al K,
radiation, 1 486.7 eV, from a Kratos SAMS800). Optical
transmittance was measured using a double-beam
spectrophotometer (Shimadzu UV—-3100). The electrical
parameters were estimated using a Hall measurements
setup (Bio Rad HL5500 Hall system) with a permanent
magnet of 0.5 T in van der Pauw configuration. The
surface morphology was analyzed using an atomic force
microscope (AFM). Tapping mode AFM experiments
were performed in a multimode AFM microscope
coupled to a Nanoscope Illa controller (Digital
Instruments, Veeco). Commercially etched silicon tips
with typical resonance frequency of ca. 300 kHz were
used as AFM probes.

3 Results and discussion

The XRD patterns were obtained from the deposited
samples with the scan angle (26) ranging from 30° to 75°.
Besides the strong (100), (002) and (101) ZnO peaks, the
other diffraction peaks related to ZnO are also observed,
which implies that the films are polycrystalline. In order
to understand well the influence of OPP on the properties
of the deposited N-doped ZnO films, the XRD patterns
in the 26 ranging from 30° to 38° are shown in Fig.1. It
can be noticed that the intensity of the strongest (100),
(002) and (101) peaks are significantly influenced by the
variation of OPP. The (100) and (101) peaks are very
weak for the samples S1 and S2; however, they become
strong when the OPP is increased to > 9.0x10™* Pa. Their
intensities are increased with the increase of OPP and
reach a maximum at 2.6x10~ Pa, but then the (100) peak
disappears at the OPP of 9.5x107° Pa and the intensity of
the (101) peaks decreases drastically. The (002) peak is
the weakest for S4 deposited at OPP of 1.4x10° Pa.

More or less than this value, the (002) peak becomes
strong. The data extracted from the XRD patterns are
summarized in Table 1. The extracted data suggest that
the strain in ZnO films is marginally relaxed with the
increase of OPP. The crystallite size is hardly varied at
low OPP (< 1.4x107* Pa) but then significantly increased
at OPP of 2.6x10° Pa. The foregoing discussion
suggests that the OPP plays an important role in
determining the crystal structure.
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Fig.1 XRD patterns of N- doped ZnO films as function of OPP

Table 1 Summary of data extracted from XRD patterns

Sample 20/ FWHM/ Lattice  Grain
No. p(O)Pa ©) Tooy (°)  constant/nm size/nm
S1 0 34.139 192 0.66 05246  12.59
S2  3.0x107* 34.136 185 0.59 0.5247 14.08
S3  9.0x107* 34.147 151 043 0.5245 1933
S4  1.4x107° 34166 28  0.48 05242 17.32
S5 2.6x107° 34277 201 027 0.5226  30.79
S6  9.5x107° 34.198 193  0.42 0.5238  19.79

FWHM: Full width at half maximum

The surface microstructures obtained through AFM
analysis are shown in Fig.2 (The dimensions of AFM
images are 2 pumx2 pm). For the low OPP (< 9.0x107*
Pa), the surface is composed of uniformly distributed
spherical grains. The “worm-like” grains obtained from
S4 confirm the agglomeration of the neighboring grains.
The agglomeration seems to be accelerated with the
further increase above 1.4x107 Pa and the big clusters of
grains are obtained. When the OPP is increased to the
maximum of 9.5x10° Pa, the grains seem to have
completely restructured to be “leaf-like”. The obtained
RMS roughness is given in Table 2. It is perceptible
that the roughness is hardly changed for the films
deposited at OPP < 1.4x10° Pa but is significantly
increased when the OPP is increased further. The
evolution of the surface microstructures is in agreement
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Fig.2 AFM surface microstructures obtained from N-doped ZnO films at different oxygen partial pressures: (a) 0 Pa; (b) 3.0x10* Pa;

(¢) 9.0x10~* Pa; (d) 1.4x107° Pa; (e) 2.6x107° Pa; (f) 9.5x10° Pa

Table 2 RMS roughness obtained from AFM analysis (nm)
S1 S2 S3 S4 S5 S6
4.20 5.51 391 4.45 13.95 30.40

with the XRD analysis, which is further authenticating
the influence of OPP on the surface morphology.

The films were analyzed using XPS technique and
the mole fractions of the elements were calculated from
the peak area. Fig.3 shows N 1s XPS spectra obtained
from the samples S1, S3, S5 and S6. N 1s peaks are
detected around 396, 398 and 399 eV, respectively. It is

noteworthy that the relative intensity of N 1s peak is
decreased with the increase of OPP, and it is not detected
from the samples deposited at OPP of 9.5x10~ Pa. The
composition of each element and their mole ratio
obtained from the peak are quantified, as listed in Table
3. The n(N)/n(Zn) ratio indicates that the N content in the
film starts to decrease significantly with the increase of
OPP and eventually reaches 0 at 9.5x10° Pa. This
variation can be related to larger electro-negation of
oxygen than that of nitrogen, which makes O atoms to be
incorporated (instead of N atoms) into the film during
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Fig.3 N Is XPS spectra obtained from N-doped ZnO films
deposited at different OPP

Table 3 Data extracted from XPS analysis

Sample x(Zn 022)3/2)/ X (/(021) X (%2)/ x(l:i)l )/
S1 17.0 27.4 23.1 1.6
S2 16.3 242 253 1.4
S3 17.4 25.1 233 1.5
S4 18.7 31.2 19.9 1.0
S5 214 32.7 18.2 0.9
S6 18.7 42.9 12.5 -

Sample x (I; 2)/ x(I:I/3)/ n (N)/ n (0,)/

() () n(Zn) n(Zn)
S1 0.9 - 0.1 1.4
S2 0.4 0.4 0.13 1.56
S3 0.6 0.3 0.13 1.34
S4 0.5 - 0.08 1.07
S5 0.3 - 0.1 0.9
S6 - - 0.0 0.7

01:530eV;02:532eV; N 1:396 eV; N 2:398 eV; N 3:399 eV.

sputtering. This is further supported by the increase in
mole ratio of O binding to zinc (O 1). In addition, the
mole fraction of adsorbed O (O 2) is decreased above
9.0x10"* Pa, which should be related to the decrement in
surface area of the samples caused by the agglomeration
of the neighboring grains. The foregoing discussion
probably indicates the influence of OPP on the film
composition and structure, especially at high partial
pressure.

The optical transmittance spectra of the films in
the wavelength ranging from 350 to 1 500 nm are
recorded and shown in Fig.4. It is noteworthy that the
bare substrate is placed in the reference path of the beam
and hence the values refer the film transmittance alone.
The average visible transmittance (wavelength ranging
from 380 to 700 nm) of the films is significantly

increased from 17% to 70% with the increase of OPP.
This implies that the transmittance of the film is
enhanced with the increase of OPP. Consequently, the
optical adsorption edge is shifted towards the shorter
wavelength with the increase of OPP. The optical band
gap (E,) was estimated from the plot of absorption
coefficient vs photon energy, which is shown in the inset
of Fig.4. The obtained values indicate that £, is not
varied until the OPP is 3.0x10* Pa but then starts to
widen with the increase of OPP (from 2.22 eV to 3.21
eV). The obtained E, values can be related with the
variation of N content in the films caused by the increase
of OPP, therein corroborating the XPS analysis.
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Fig.4 Comparison of transmittance spectra

The electrical properties of the samples were
estimated from the room temperature Hall measurements
in van der Pauw configuration. The films deposited at
OPP < 3.0x10* Pa (S1 and S2) show n-type conductivity.
The carrier concentration of the films deposited without
0, is decreased from 2.33x10' ¢cm™ to 1.87x10'° cm
for the OPP of 3.0x10* Pa, showing about one order of
magnitude decrement. When the OPP is increased to >
9.0x10™* Pa, the films become highly resistive (p is
higher than 10° Q-cm) and correspondingly the Hall
coefficients are not detectable. This high p is presumably
due to the variation of N content and chemical states of
the films that is caused by the high OPP.

4 Conclusions

1) N-doped ZnO films were RF sputtered on glass
substrates and studied as a function of oxygen partial
pressure (OPP). The films are polycrystalline and their
crystal structures are influenced by OPP.

2) At low OPP, the film surface is composed of
spherical grains. The grains start to agglomerate with the
increase of OPP to be “leaf-like” at high partial pressure
(9.5x107 Pa). The amount of N incorporated into the
film is decreased with the increase of OPP and becomes
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undetectable at 9.5x10 > Pa. The optical transmittance of
the N-doped ZnO films is increased with the increase of
OPP and so the optical band gap follows the same trend.
The films deposited at OPP < 3.0x10™* Pa show n-type
conductivity and those deposited with > 9.0x10™* Pa are
highly resistive because the Hall coefficients are not
detectable. Overall, the obtained properties are promising
in contributing the research based on the N-doped ZnO
thin films.
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