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In this article, nitrogen doped ZnO thin films with various nitrogen concentrations were obtained by
thermal processing of zinc oxynitride alloy films prepared by radio frequency reactive magnetron
sputtering. X-ray photoelectron spectroscopy study shows that varying the annealing temperature
can modulate the concentration of nitrogen in ZnO. X-ray diffraction and Raman scattering
measurements were employed to investigate the structural changes of ZnO films induced by the
introduction of nitrogen. The results of the temperature-dependent photoluminescence
measurements suggest that the optical properties of ZnO thin films are strongly influenced by
nitrogen incorporation. With this technique, the binding energy of the nitrogen acceptor is also
estimated. ©2004 American Vacuum Society.@DOI: 10.1116/1.1641057#
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I. INTRODUCTION

Zinc oxide ~ZnO! is a II–VI compound semiconducto
with a wide direct band gap of 3.37 eV at room temperatu1

It has an exciton binding energy of 60 meV larger than t
of GaN and high exciton emission efficiency. Because
these features, ZnO has become a promising candidate
applications in blue and ultraviolet~UV! light sources and as
a UV detector. Although several groups have recently
ported room-temperature optically pumped lasing of ZnO
the blue and UV range,2–4 to obtain a consistent, reliable
and high-qualityp-type ZnO semiconducting material is th
bottleneck for the practical applications of ZnO. The reas
is that many intrinsic donorlike defects, such as oxygen
cancy (VO), zinc interstitials (Zni), and zinc antisite defect
(ZnO), are formed during the film growth process. Howev
there have been a few reports about the fabrication ofp-type
ZnO recently by using As or N as individual dopants,5,6 and
both Ga and N as a codopant.7 Moreover, based on the the
oretical calculations,8 nitrogen may be a better candidate
dopants forp-type ZnO fabrication.

Radio-frequency~rf! reactive magnetron sputtering is
flexible technique for the deposition of various films at lo
temperature. However, it is difficult to achieve an effecti
and sufficient doping of N in ZnO films with N2 and O2

mixtures as reactive gas. The possible reason is that the
dizing power of oxygen is much stronger than that of nit
gen. Thus, a technique is presented in this article. Zinc
ynitride ~ZnON! alloy films are fabricated with rf reactive

a!Author to whom correspondence should be addressed at: Center for
vanced Optoelectronic Functional Material Research, Northeast No
People’s Republic of China; electronic mail: ycliu@nenu.edu.cn
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magnetron sputtering. Then, a controlled thermal proces
used to achieve nitrogen-doped ZnO films.

II. EXPERIMENT

ZnON films were deposited on crystalline silicon~100!
substrates by rf reactive magnetron sputtering. The sputte
chamber was evacuated to a base pressure below
31024 Pa with a turbomolecular pump. A metallic zinc dis
with a purity of 99.999%~5N! was used as the sputterin
target. Before deposition, the target was etched with dilu
nitric acid to remove the contamination. The target–subst
distance was maintained at 60 mm. The substrate temp
ture was controlled at 200 °C. The working pressure in
chamber was kept at 1.0 Pa during the film growth. The
power was kept at 100 W. Ultrapure~5N! Ar, N2 , and O2 gas
mixtures were introduced into the sputtering chamb
through a set of mass flow controllers with the flow rates
200 sccm, 20 sccm, and 80 sccm, respectively. These
optimized flow rates for growing the ZnON films.

After deposition, the samples were cleaved into sma
pieces and transferred into a standard diffusion furn
where thermal annealing was carried out. A typical therm
annealing time was 1 h at achosen temperature under a pu
oxygen environment with the oxygen flow rate of 1 liter p
minute. X-ray diffraction~XRD! spectra were collected with
a D/max-RA x-ray spectrometer~Rigaku International Corp.
Japan! with CuKa radiation of 0.1543 nm to obtain th
structural information of the films. Chemical bonding stat
and compositions of the films were examined by x-ray ph
toelectron spectroscopy~XPS! at room temperature with a
VG ESCALAB MK II x-ray photoemission spectromete
~VG Scientific, East Grinstead, UK!. Low-temperature and

d-
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95 Ma et al. : Method of control of nitrogen content in ZnO films 95
temperature-dependent photoluminescence~PL! spectra were
also measured to study the influence of N doping on
luminescence properties of ZnO films. The 325 nm line o
He–Cd laser was employed as the excitation light. To inv
tigate the local vibration modes affected by nitrogen inc
porating into ZnO films, Raman scattering spectra were
tained using the 488 nm line of an argon-ion laser. Both
and Raman spectra were collected with a microprobe sys
made by Jobin–Yvon Company in France.

III. RESULTS AND DISCUSSION

The structure of N-doped ZnO thin films was analyzed
XRD measurement as shown in Fig. 1. Figures 1~A!–1~H!
correspond to the XRD spectra of the as-grown and anne
samples at 300, 400, 500, 600, 700, 800, and 1000 °C
spectively. For sample A, the XRD spectrum shows a br
diffraction peak at 33.64°, which located between the~002!
peak of ZnO~34.42°! and the~222! peak of Zn3N2 (31.66°),
suggesting the formation of ZnON alloy. When the sam
was annealed at 300 °C in an oxygen ambient for 1 h, sho
in Fig. 1~B!, the diffraction peak moves to 34.14°, which
close to the diffraction peak of the~002! of ZnO. Hence, it is
suggestive that the ZnON alloy film starts to transform
ZnO film. With the increase of annealing temperature,
diffraction peak further shifts to larger angle side. At t
annealing temperature of 1000 °C, a strong and sharp pe
34.41° is observed, which coincide with ZnO~002! diffrac-
tion. The calculatedd-spacing value decreases from 0.266
0.260 nm with the increase of annealing temperature
shown in Table I. This agrees well with the Futsuhar
results.9 A possible reason for the shift of the diffraction pe

FIG. 1. XRD spectra of the samples that were annealed at different temp
tures: ~A! as-grown,~B! 300 °C, ~C! 400 °C, ~D! 500 °C, ~E! 600 °C, ~F!
700 °C,~G! 800 °C, and~H! 1000 °C.
JVST B - Microelectronics and Nanometer Structures
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is that N atom has a larger atomic radius than O atom. Th
the bond length of N–Zn is expected to be larger than tha
O–Zn.

Another observation is that the full width at half max
mum ~FWHM! of this diffraction peak, summarized in Tabl
I, ~1! increased from 0.801° for the as-grown sample
0.831° when annealed at 300 °C and~2! decreased from
0.801° to 0.191° when annealed above 300 °C up to 1000
The possible explanation of the broad diffraction peak for
as-grown sample may originate from the poor crystall
quality of the film. In the current experiment, both rf pow
and the substrate temperature are kept at low values~100 W
and 200 °C! to avoid melting the Zn target. Because of th
lower substrate temperature and the lower kinetic energ
the Zn atoms and N ions, deposited materials are unabl
diffuse on the substrate surface to form a high-quality fil
In addition, the deactivated N ions can also be trapped in
film taking the interstitial sites. The increase in the FWH
for the sample annealed at 300 °C with respect to the
grown sample may be due to an increase in crystalline
order partly from the further Zn—N bond formation, diffu-
sion of the interstitial nitrogen, and certain level of oxidatio
in the film. At the same time, the temperature is too low
induce any recrystallization and growth process. Simila
that the linewidth narrows with the increase of anneal
temperature is the result of recrystallization and growth p
cesses in the film when the sample is further oxidized.

Figure 2 shows the Raman spectra of the as-grown Zn
and thermally annealed films at different temperatures.
cording to the selection rules, bothE2 andA1 @longitudinal
optical~LO!# modes are expected in Raman spectra when
experiments are taken in a backscattering geometry. TwoE2

ra-
FIG. 2. Raman spectra of the samples annealed at different temperature~A!
as-grown,~B! 300 °C,~C! 400 °C,~D! 500 °C,~E! 600 °C,~F! 700 °C,~G!
800 °C,~H! 900 °C, and~I! 1000 °C.
g

03
TABLE I. Variation of d spacing and FWHM of ZnO~002! diffraction peak with the increase of the annealin
temperature.

T (°C) As-grown 300 400 500 600 700 800 1000

d (nm) 0.2664 0.2631 0.2629 0.2624 0.2619 0.2622 0.2609 0.26
FWHM 0.801 0.831 0.729 0.596 0.523 0.312 0.302 0.191
 or copyright; see http://avspublications.org/jvstb/about/rights_and_permissions
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96 Ma et al. : Method of control of nitrogen content in ZnO films 96
modes are observed at 101 cm21 and 437 cm21. One A1

~LO! mode is located at 574 cm21. In addition, two peaks
can also be observed at 273 cm21 and 579 cm21, as illus-
trated in Fig. 2. These two bands do not belong to the Ram
spectra of ZnO. According to the results reported
Kaschneret al.,10 these peaks can be interpreted in terms
nitrogen-related local vibration modes. Figure 3 illustra
the change of the integral intensities of these two peaks
function of annealing temperature. Although the absolute
tensity is not same for these two peaks, the trend of
integral intensity of the two peaks follows the same patte
Further, these two peaks reach their maximum values w
the sample was annealed at 300 °C. Then, the intensitie
the peaks decrease monotonically with increasing annea
temperature from 300 °C to 700 °C. No further increase
observed when the temperature is above 700 °C. It shoul
pointed out that this trend in the integral intensity is a
reflected in the linewidth change of the~002! ZnO peak in
XRD spectra, as summarized in Table I. As discussed bef
when the sample is annealed at 300 °C, the further Zn—N
bond formation, oxidation, and the diffusion of nitrogen m
be the dominant processes. Little recrystallization a
growth take place. Hence, the increase of the integral in
sities of the Raman peaks at 273 cm21 and 579 cm21 is the
reflection of an increase of~1! Zn–N formation and~2! the
crystalline disorder of the film. As the temperature is
creased from 400 °C to 1000 °C in oxygen ambient, oxi
tion reaction, and film recrystallization and growth becom
the dominant processes. As a result, the Zn—N bonds are
gradually replaced by Zn—O bonds, which leads to the de
crease of the band intensities of at 273 cm21 and 579 cm21.
These two Raman peaks disappear when the annealing
perature reaches 700 °C and above.

Figure 4 shows the typical XPS spectra of the sam
annealed at 600 °C. The core levels of Zn 2p, N 1s, and
O 1s peaks were observed. The binding energy of
Zn 2p3/2 peak is located at 1022.8 eV, as illustrated in F
4~a!. The O 1s peak is split into two peaks, as shown in Fi
4~b!. The peak at 530.8 eV can be attributed to Zn—O bond
formation while the peak at 532.3 eV can be attributed to
O—H bond formation. The formation of O—H bonds might
have resulted from the hydrolysis of the film surface whe

FIG. 3. Variation of the integral intensities of Raman peaks at 273 cm21 ~s!
and 579 cm21 ~l! with the annealing temperature.
J. Vac. Sci. Technol. B, Vol. 22, No. 1, Jan ÕFeb 2004
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is exposed to air. Figure 4~c! shows N 1s spectrum in which
N 1s peak is located at 396.2 eV. The N 1s peak shows a
chemical shift in comparison with the N 1s peak for free
amine ~near 398.8 eV!, which indicates the formation o
Zn—N bonds. Gaussian curve fitting was employed to fit t
peak associated with O 1s and N 1s bonds of the XPS spec
tra for the samples annealed at various temperatures.
fitted data were plotted in Fig. 5. The results show that
integral intensity of O 1s peaks due to Zn—O bonds in-
creases with the increase of the annealing temperature.
integral intensity of N 1s peaks due to Zn—N bonds, how-
ever, decreases monotonically with the increase of the
nealing temperature up to 800 °C. When the sample was
nealed above 800 °C, N 1s intensity is beyond the
instrumental limits.

To study the influence of nitrogen doping on the optic
properties of ZnO, the low-temperature emission spectra
the samples annealed at 600 °C and 1000 °C were meas
Figures 6~a! and 6~b! show the low-temperature PL spect
of the samples annealed at 600 °C and 1000 °C, respecti
It is known that the sample annealed at 600 °C is N-dop

FIG. 4. Zn 2p ~a!, O 1s ~b!, and N 1s ~c! spectra of the sample annealed
600 °C.

FIG. 5. Variation of the integral intensities of N 1s and O 1s peaks in XPS
spectra with the increase of the annealing temperature.
 or copyright; see http://avspublications.org/jvstb/about/rights_and_permissions
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97 Ma et al. : Method of control of nitrogen content in ZnO films 97
ZnO film, while the sample annealed at 1000 °C is pure Zn
In Fig. 6~a!, there are a series of sharp bands. Among th
the strongest one is at 3.358 eV. Some weaker bands fo
it at 3.371, 3.317, and 3.251 eV. According to the band
sition, the PL at 3.358 eV can be assigned to the emissio
donor-bound excitons (D0X), while the peak at 3.371 eV i
assigned to the emission of free excitons (FX). These values
agree well with the reported values forD0X and FX.11–13

However, it is difficult to identify the origin of two peaks a
3.317 and 3.251 eV. They do not belong to theI 6 to I 11 lines
of ZnO as reported previously14 and cannot be attributed t
LO-phonon replicas ofD0X or FX either. The reason is tha
the energy separation between two peaks andD0X and FX
cannot match to integer multiples of the LO-phonon ene
~72 meV! of ZnO. Look et al.15 reported recently that ther
is a strong line at 3.317 eV in low-temperature PL spectra
N-doped ZnO. They have attributed the emission to
acceptor-bound exciton (A0X) associated with the substitu
tional nitrogen in the ZnO lattice. As discussed above,
sample annealed at 600 °C is N-doped ZnO film. Thus, i
natural to consider that the band at 3.317 eV originated fr
A0X related to substitutional nitrogen. The band at 3.251
is from the donor–acceptor pair (D0A0) transitions.

In general, it is possible to estimate the acceptor bind
energyEA by using the equation

EA5EG2ED2E~D0A0!1e2/4per ,

whereEG , ED , andE(D0A0) are the bandgap of the mate
rial, donor energy, and the energy of donor–acceptor p
respectively.e is the dielectric constant, andr is the pair
separation. For ZnO, the band gap is 3.43 eV at 82 K and
donor energy is known to be 60 meV.13 The calculatedEA

from the equation above is 120 meV, which is comparable
the value reported by others.6,15 In comparison, the binding
energies of the nitrogen acceptors in ZnSe and ZnS are
meV ~Refs. 16 and 17! and 190 meV,18 respectively, so the
binding energy of the acceptor in ZnO of 120 meV is acce
able. In contrast to Fig. 6~a!, Fig. 6~b! has only one sharp
peak at 3.330 eV with a small shoulder at the low-ene

FIG. 6. PL spectra of the sample anncaled at 600 °C~a! and the sample
annealed at 1000 °C~b!, which were measured at 82 K and 78 K, respe
tively.
JVST B - Microelectronics and Nanometer Structures
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side. This PL spectrum is typical for pure ZnO emissi
suggesting that the 1000 °C anneal eliminated all the N d
ant and replaced it by O.

Figure 7 show the temperature-dependent PL spectr
the sample in Fig. 6~b! in the temperature ranging from 78 K
to 297 K. The identification of the peak at 3.330 eV can
performed by the fit to the integral peak intensity below. T
temperature-dependent integral intensity of the peak at 3.
eV is illustrated as an inset of Fig. 7. As a rough estimati
the thermal quenching of luminescence intensity of an ex
ton can be expressed as

I ~T!5I 0 /@11C* exp~2E/KT!#,

whereC contains the ratios of optical-collection efficiencie
and effective degeneracy between unbound and bound st
E is the thermal activation energy,I 0 is a constant, andT is
absolute temperature.19 By fitting the experimental data to
the formula above, the value obtained forE is 56 meV, which
is comparable with the binding energy of the free exciton
ZnO quoted in literature of 60 meV. According to the resu
of XRD and XPS measurements, when the annealing t
perature reached 1000 °C, ZnO alloy films have complet
transformed into ZnO. So it can be concluded that the em
sion at 3.330 eV originated from the free exciton of pu
ZnO. A single peak dominating the PL spectrum, even at
K, indicates that ZnO film with good quality is obtained on
it is annealed at 1000 °C. By comparing the spectra in F
6~a! and 6~b!, we can find that theFX peak undergoes a
redshift with the annealing temperature increasing fr
600 °C to 1000 °C. Thus, it may be argued that the redshif
the FX peak is due to the increase of ZnO nanocrystal s
with the increase of annealing temperature. The peak du
A0X does not appear in Fig. 6~b!. The disappearance of th
A0X peak in Fig. 6~b!, then, confirms that theA0X peak is
related to the nitrogen dopant in ZnO.

FIG. 7. Temperature-dependent PL spectra of the sample that anneal
1000 °C with the temperature varying from 78 K to 298 K. The inset sho
the plot of the integral PL intensities against temperature for the sam
annealed at 1000 °C. Solid symbols are experimental data and solid li
fit using the equation:I (T)5I 0 /@11C* exp(2E/KT)#.
 or copyright; see http://avspublications.org/jvstb/about/rights_and_permissions
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IV. CONCLUSION

We have fabricated nitrogen-doped ZnO thin films w
various nitrogen concentrations by thermal treatment of z
oxygnitride alloy films prepared by rf reactive magnetr
sputtering in an oxygen ambient. XRD measurements d
onstrate a transformation process from ZnON alloy to Z
with an increase of annealing temperature. The Raman s
tra of N-doped ZnO films show two spectral features at 2
cm21 and 579 cm21 that can be assigned to N-related vibr
tion modes. XPS results indicate the formation of Zn—N
bonds in N-doped ZnO films. All results suggest that N h
been doped into ZnO thin films. The optical properties
N-doped ZnO films were characterized by low-temperat
PL spectra. The binding energy of the acceptor-bound e
tons is estimated at about 120 meV by analyzing the lo
temperature PL results of the samples annealed at 600 °C
1000 °C.
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