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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 SocietyDOI: 10.1116/1.1641057

[. INTRODUCTION magnetron sputtering. Then, a controlled thermal process is

. . . . used to achieve nitrogen-doped ZnO films.
Zinc oxide (ZnO) is a lI-VI compound semiconductor g P

with a wide direct band gap of 3.37 eV at room temperature.
It has an exciton binding energy of 60 meV larger than tha{I' EXPERIMENT
of GaN and high exciton emission efficiency. Because of ZnON films were deposited on crystalline silic¢h00)
these features, ZnO has become a promising candidate fsubstrates by rf reactive magnetron sputtering. The sputtering
applications in blue and ultraviol€UV) light sources and as chamber was evacuated to a base pressure below 3
a UV detector. Although several groups have recently re-<10~*Pa with a turbomolecular pump. A metallic zinc disk
ported room-temperature optically pumped lasing of ZnO inwith a purity of 99.999%(5N) was used as the sputtering
the blue and UV rang#,;* to obtain a consistent, reliable, target. Before deposition, the target was etched with diluted
and high-qualityp-type ZnO semiconducting material is the nitric acid to remove the contamination. The target—substrate
bottleneck for the practical applications of ZnO. The reasortlistance was maintained at 60 mm. The substrate tempera-
is that many intrinsic donorlike defects, such as oxygen vature was controlled at 200 °C. The working pressure in the
cancy (o), zinc interstitials Zn;), and zinc antisite defects chamber was kept at 1.0 Pa during the film growth. The rf
(Zno), are formed during the film growth process. However,power was kept at 100 W. Ultrapu(&N) Ar, N,, and Q gas
there have been a few reports about the fabricationtype  mixtures were introduced into the sputtering chamber
ZnO recently by using As or N as individual dopanfsand  through a set of mass flow controllers with the flow rates of
both Ga and N as a codopdnioreover, based on the the- 200 sccm, 20 sccm, and 80 sccm, respectively. These are
oretical calculation§,nitrogen may be a better candidate of optimized flow rates for growing the ZnON films.
dopants forp-type ZnO fabrication. After deposition, the samples were cleaved into smaller
Radio-frequency(rf) reactive magnetron sputtering is a pieces and transferred into a standard diffusion furnace
flexible technique for the deposition of various films at low where thermal annealing was carried out. A typical thermal
temperature. However, it is difficult to achieve an effectiveannealing time wa 1 h at achosen temperature under a pure
and sufficient doping of N in ZnO films with Nand G oxygen environment with the oxygen flow rate of 1 liter per
mixtures as reactive gas. The possible reason is that the oxirinute. X-ray diffraction(XRD) spectra were collected with
dizing power of oxygen is much stronger than that of nitro-a D/max-RA x-ray spectrometéRigaku International Corp.,
gen. Thus, a technique is presented in this article. Zinc oxJapan with CuKa radiation of 0.1543 nm to obtain the
ynitride (ZnON) alloy films are fabricated with rf reactive structural information of the films. Chemical bonding states
and compositions of the films were examined by x-ray pho-

dAuthor to whom correspondence should be addressed at: Center for A oelectron spectroscop@XPS) at room temperature with a

vanced Optoelectronic Functional Material Research, Northeast Norma¥ G ES_CAL_AB MK I x-ray photoemission spectrometer
People’s Republic of China; electronic mail: ycliu@nenu.edu.cn (VG Scientific, East Grinstead, UK Low-temperature and
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Fic. 1. XRD spectra of the samples that were annealed at different temper.
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.

Raman Shift (cm™)

?ﬂe. 2. Raman spectra of the samples annealed at different temperéfires:
as-grown,(B) 300 °C,(C) 400 °C,(D) 500 °C,(E) 600 °C,(F) 700 °C,(G)
800 °C,(H) 900 °C, and(l) 1000 °C.

t ture-d dent photolumi t . . .
emperature-dependent photoluminescefit spectra were is that N atom has a larger atomic radius than O atom. Thus,

also measured to study the influence of N doping on th :
luminescence properties of ZnO films. The 325 nm line of ;fhe bond length of N-Zn is expected to be larger than that of

He—Cd laser was employed as the excitation light. To inves- Another observation is that the full width at half maxi-

tlgatg thg local V|br.at|on modes affecte_d by nitrogen Irlcor_mum(FWHM) of this diffraction peak, summarized in Table
porating into ZnO films, Raman scattering spectra were ob-

. . . = I, (1) increased from 0.801° for the as-grown sample to
tained using the 488 nm line of an argon-ion laser. Both P 831° when annealed at 300°C af@) decreased from

21”; dg%?ig;?f_%{ggg;ﬁggﬁ;t?: I\:A: g:(f\e.mlcroprobe SySte@.SOP to _0.191° When. annealed above .300 °_C up to 1000 °C.
The possible explanation of the broad diffraction peak for the

as-grown sample may originate from the poor crystalline
quality of the film. In the current experiment, both rf power
Il RESULTS AND DISCUSSION and the substrate temperature are kept at low valLes W

The structure of N-doped ZnO thin films was analyzed byand 200 °Q to avoid melting the Zn target. Because of the
XRD measurement as shown in Fig. 1. Figuréd):1(H) lower substrate temperature and the lower kinetic energy of
correspond to the XRD spectra of the as-grown and annealdtlie Zn atoms and N ions, deposited materials are unable to
samples at 300, 400, 500, 600, 700, 800, and 1000 °C, radiffuse on the substrate surface to form a high-quality film.
spectively. For sample A, the XRD spectrum shows a broadin addition, the deactivated N ions can also be trapped in the
diffraction peak at 33.64°, which located between (662 film taking the interstitial sites. The increase in the FWHM
peak of Zn0O(34.429 and the(222) peak of ZnN, (31.66°), for the sample annealed at 300 °C with respect to the as-
suggesting the formation of ZnON alloy. When the samplegrown sample may be due to an increase in crystalline dis-
was annealed at 300 °C in an oxygen ambient for 1 h, shownrder partly from the further Za-N bond formation, diffu-
in Fig. 1(B), the diffraction peak moves to 34.14°, which is sion of the interstitial nitrogen, and certain level of oxidation
close to the diffraction peak of tH®02 of ZnO. Hence, itis in the film. At the same time, the temperature is too low to
suggestive that the ZnON alloy film starts to transform toinduce any recrystallization and growth process. Similarly,
ZnO film. With the increase of annealing temperature, thethat the linewidth narrows with the increase of annealing
diffraction peak further shifts to larger angle side. At thetemperature is the result of recrystallization and growth pro-
annealing temperature of 1000 °C, a strong and sharp peak e¢sses in the film when the sample is further oxidized.
34.41° is observed, which coincide with Zn002) diffrac- Figure 2 shows the Raman spectra of the as-grown ZnON
tion. The calculated-spacing value decreases from 0.266 toand thermally annealed films at different temperatures. Ac-
0.260 nm with the increase of annealing temperature asording to the selection rules, boy and A; [longitudinal
shown in Table I. This agrees well with the Futsuhara’soptical(LO)] modes are expected in Raman spectra when the
results’ A possible reason for the shift of the diffraction peak experiments are taken in a backscattering geometry. Hyo

TasLE |. Variation of d spacing and FWHM of Zn@002) diffraction peak with the increase of the annealing

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 0.2603
FWHM 0.801 0.831 0.729 0.596 0.523 0.312 0.302 0.191
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Fic. 3. Variation of the integral intensities of Raman peaks at 273'i®) (a) (b) (C)

and 579 cm® () with the annealing temperature.

Annealing temperature ( C°)

Fic. 4. Zn2p (a), O 1s (b), and N Is (c) spectra of the sample annealed at
600 °C.

modes are observed at 101 chand 437 cm'. One A,

(LO) mode is located at 574 cm. In addition, two peaks | . . .

can also be observed at 273 chand 579 cml as illus- 'S exposed _to air. Figure(d) shows N & spectrum in which
trated in Fig. 2. These two bands do not belong to the Ramal 1S Peak is located at 396.2 eV. The N beak shows a
spectra of ZnO. According to the results reported bychemical shift in comparison with the Nslpeak for free
Kaschneret al,'° these peaks can be interpreted in terms of2M'N€ (gea(; 398.8 ey which indicates the f:)rm::ljtlon ,th
nitrogen-related local vibration modes. Figure 3 illustratesZ"—N Ponds. Gaussian curve fitting was employed to fit the
the change of the integral intensities of these two peaks asRfak associated with Gsland N 1s bonds of the XPS spec-
function of annealing temperature. Although the absolute in-t,ra for the samples anqealgd at various temperatures. The
tensity is not same for these two peaks, the trend of th(j)ltted dat.a were plotted in Fig. 5. The results show that the
integral intensity of the two peaks follows the same pattern!ntegral m?ensny _Of O% peaks due to _ZJP“O bonds in-
Further, these two peaks reach their maximum values whef €35€S _Wlth the increase of the annealing temperature. The
the sample was annealed at 300 °C. Then, the intensities gite9ral intensity of N 5 peaks due to Za-N bonds, how-

the peaks decrease monotonically with increasing annealing’€": decreases monotomcallyownh the increase of the an-
temperature from 300°C to 700°C. No further increase id'ca/ing temperature up to 800 °C. When the sample was an-

observed when the temperature is above 700 °C. It should H&¥@led above 800°C, Nl intensity is beyond the

pointed out that this trend in the integral intensity is alsolnStrumental limits. _ _ ,
reflected in the linewidth change of (1§02 ZnO peak in 10 Study the influence of nitrogen doping on the optical

XRD spectra, as summarized in Table I. As discussed befor&roperties of ZnO, the low-temperature emission spectra of
when the sample is annealed at 300 °C, the furtherEn the samples annealed at 600 °C and 1000 °C were measured.

bond formation, oxidation, and the diffusion of nitrogen may Figures @& and @b) show the Ioow-temperatuze PL spectra
be the dominant processes. Little recrystallization andf € samples annealed at 600 °C and 1000 o respectively.
growth take place. Hence, the increase of the integral interit IS known that the sample annealed at 600 °C is N-doped
sities of the Raman peaks at 273 chand 579 cm? is the

reflection of an increase d@fl) Zn—N formation and?2) the

crystalline disorder of the film. As the temperature is in- @ 200 400 600 80 1000 oo
creased from 400 °C to 1000 °C in oxygen ambient, oxida-§ gpgo | ' ' ' ' '

tion reaction, and film recrystallization and growth become £ - ./\ f—0—0 150000
the dominant processes. As a result, the—2 bonds are 5000 |- -\ 1140000
gradually replaced by Zn-O bonds, which leads to the de- [ g —

crease of the band intensities of at 273 ¢mand 579 cm™. 4000 o - 130000
These two Raman peaks disappear when the annealing tenZ 300 | 1420000

perature reaches 700 °C and above.
Figure 4 shows the typical XPS spectra of the sample’
annealed at 600°C. The core levels of 4n2N1s, and
O1s peaks were observed. The binding energy of the
Zn 2p5, peak is located at 1022.8 eV, as illustrated in Fig.
4(a). The O Is peak is split into two peaks, as shown in Fig.
4(b). The peak at 530.8 eV can be attributed te-Z20 bond . o
formation while the peak at 532.3 eV can be attributed to the Annealing temperature ('C)
O—H bond formation. The formation of ©H bonds might g 5. variation of the integral intensities of Nsiand O Is peaks in XPS
have resulted from the hydrolysis of the film surface when itspectra with the increase of the annealing temperature.

O
1000 - 100000

/

G ]
ot —® {90000
1 A L L 1 i 1 1 L
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Fic. 6. PL spectra of the sample anncaled at 6004Cand the sample FiG. 7. Temperature-dependent PL spectra of the sample that annealed at

annealed at 1000 °(h), which were measured at 82 K and 78 K, respec- 1000 °C with the temperature varying from 78 K to 298 K. The inset shows

tively. the plot of the integral PL intensities against temperature for the sample
annealed at 1000 °C. Solid symbols are experimental data and solid line is
fit using the equationt(T)=1,/[1+C* exp(—E/KT)].

ZnO film, while the sample annealed at 1000 °C is pure ZnO.
In Fig. 6a), there are a series of sharp bands. Among them,
the strongest one is at 3.358 eV. Some weaker bands follow.

it at 3.371, 3.317, and 3.251 eV. According to the band po-Side' This PL spectrum s typical for pure ZnO emission

sition, the PL at 3.358 eV can be assigned to the emission O;u?gesatlng }hat ;h.? éo%) C anneal eliminated all the N dop-
donor-bound excitons{®X), while the peak at 3.371 eV is ant and replaced it by ©.

assigned to the emission of free excitoRsX(). These values Figure 7.ShO.W the_ temperature-dependeqt PL spectra of
agree well with the reported values fB°X and Fx 11-13 the sample in Fig. @®) in the temperature ranging from 78 K

However, it is difficult to identify the origin of two peaks at to 297 K. The |der_|t|f|cat|or_1 of the peak at 3'3.30 eV can be
3.317 and 3.251 eV. They do not belong to theo I, lines performed by the fit to th_e mtegrgl peak intensity below. The
of ZnO as reported previousfyand cannot be attributed to tem_pe_rature—dependem mtegral_lntensny of the peak_ at 3.'330
LO-phonon replicas 0b°X or EX either. The reason is that eV is illustrated as an inset of Fig. 7. As a rough estimation,

the energy separation between two peaks BAM and FX the thermal quenching of luminescence intensity of an exci-
cannot match to integer multiples of the LO-phonon energ)}on can be expressed as

(72 me\) of ZnO. Looket all® reported recently that there

is a strong line at 3.317 eV in Iov_v-temperature EL §pectra of I(T)=14/[1+C* exp —E/KT)],

N-doped ZnO. They have attributed the emission to an

acceptor-bound excitonA®X) associated with the substitu-

tional nitrogen in the ZnO lattice. As discussed above, thavhereC contains the ratios of optical-collection efficiencies
sample annealed at 600 °C is N-doped ZnO film. Thus, it isand effective degeneracy between unbound and bound states,
natural to consider that the band at 3.317 eV originated fronk is the thermal activation energly is a constant, and is

A%X related to substitutional nitrogen. The band at 3.251 e\absolute temperaturé.By fitting the experimental data to

is from the donor—acceptor paibPA?) transitions. the formula above, the value obtained Bis 56 meV, which
In general, it is possible to estimate the acceptor bindings comparable with the binding energy of the free exciton of
energyE, by using the equation ZnO quoted in literature of 60 meV. According to the results
of XRD and XPS measurements, when the annealing tem-
Epn=Eg—Ep—E(D°A%) +e?%/4rer, perature reached 1000 °C, ZnO alloy films have completely

transformed into ZnO. So it can be concluded that the emis-
whereEg, Ep, andE(D°A°) are the bandgap of the mate- sion at 3.330 eV originated from the free exciton of pure
rial, donor energy, and the energy of donor—acceptor paiiZnO. A single peak dominating the PL spectrum, even at 78
respectively.e is the dielectric constant, andis the pair K, indicates that ZnO film with good quality is obtained once
separation. For ZnO, the band gap is 3.43 eV at 82 K and thi is annealed at 1000 °C. By comparing the spectra in Figs.
donor energy is known to be 60 mé¥/The calculatecE,  6(a) and &b), we can find that thé=X peak undergoes a
from the equation above is 120 meV, which is comparable taedshift with the annealing temperature increasing from
the value reported by othe?s® In comparison, the binding 600 °C to 1000 °C. Thus, it may be argued that the redshift of
energies of the nitrogen acceptors in ZnSe and ZnS are 11@e FX peak is due to the increase of ZnO nanocrystal size
meV (Refs. 16 and 1j7and 190 meV respectively, so the with the increase of annealing temperature. The peak due to
binding energy of the acceptor in ZnO of 120 meV is acceptA°X does not appear in Fig(l§). The disappearance of the
able. In contrast to Fig. (@), Fig. 6b) has only one sharp A°X peak in Fig. 6b), then, confirms that thA°X peak is
peak at 3.330 eV with a small shoulder at the low-energyrelated to the nitrogen dopant in ZnO.
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