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Structural, electrical, and optical properties of nitrogen doped zinc oxide (ZnO:N) thin films deposited by direct current
magnetron sputtering are analysed in this work. Nitrogen doping allows creatietlype semiconducting ZnO thin films
for their most important application as light emitting diodes. The scanning electron microscope images of sample cross-
section show dense structure with columnar growth features. The X-ray diffraction patterns indicate semi-amorphous structure,
explaining very low photoluminescence intensity. Optical transmittance measurements reveal significant changes in optical
properties upon different amount of nitrogen doping. The resistance measurements iiG@edperature range of ZnO:N
thin films demonstrate similar to semiconductor behaviour and show resistance change up to 50%.
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1. Introduction whether by design or by accident. The experiments
and theory have shown that oxygen vacancies and other
ZnO thin films and nanostructures have been invesmative point defects are likely the predominant cause
tigated for a long time as a very promising material for of unintentionaln-type conductivity in ZnO owing to
piezoelectric[[1], gas sensing [2], transparent conductthe impurities such as Al and H. Therefore the key
ing oxides [[3], for spintronics| [4], ultra-violet (UV) challenge is to introduce the sufficient concentrations
light-emitting diodes (LEDs)[[5], and other applica- of acceptors without being overwhelmed by compen-
tions. The main reasons why ZnQO is suitable for LEDs sating donors|[8]. Till present the nitrogen is found
application are the wide band gap of 3.37 eV at roomto be the most promising candidate for the acceptor
temperature and an extremely large free exciton bind-doping, because of its ionic radii similarity to oxy-
ing energy of 60 meV, which allows excitonic emission gen [5]. Thep-type ZnO:N synthesis was performed by
even at room temperature and above in near UV specvarious techniques including metal-organic chemical
tral region [5,6]. The availability of large-area ZnO vapour depositior [9], radio-frequency [10] and direct-
substrates and the possibility of relatively low temper- current [11] 12] magnetron sputtering, pulsed laser de-
ature epitaxial growth make it superior to ZnO main position [13], and other. The most important param-
competitors|[7]. Moreover, ZnO is a material of great eters in evaluating the performance jefype doping
natural abundance and friendly to environment. process are the acceptor activation endrgy hole mo-
The synthesis ofi-type ZnO of low resistivity by  bility ., and concentration,,. They, andn, cannot
doping with Al was already demonstrated by many au-be accurately determined ptype ZnO samples, be-
thors [2,/3]. Unfortunately the lack of viabletype  cause the Hall voltage is very small due to small
doped ZnO prevents development of LEDs based on(often<1 cn?/(V's)) [5]. Thus, the resistivity becomes
p—n homojunction despite many studies of ZnO for the most important factor for comparison pftype
LEDs application|[[6]. As-grown ZnO is usualhtype ZnO properties in literature. The resistivity of N doped
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ZnO is reported to be varying from 1 to 150cm [5]. fore the purpose of the present investigation is to anal-
The E4 values determined by photoluminescence (PL)yse the structural, electrical, and optical properties of
measurements also vary over a wide range from 165 t&ZnO:N thin films deposited by DC magnetron sputter-
248 meV, while the values determined by temperature-ing.

dependent Hall effecti{(-Hall) measurements are con-

siderably lower than the former and vary over the range _

from 75 to 100 meV([13]. The discrepancy between ac-2- Experimental procedure

tivation energies found by'-Hall and PL is explained
by carrier screening effect [14]. However, the lack of
reliable information motivates further research, since
the values of the mogp-type ZnO:N characteristics
show broad distributior] [15] and most likely strongly
depend on substrate and deposition technique.

There are also some reports in the literature about re-
versiblep-type conductivity in ZnO:N that may change
to n-type after repeated measurements in the dark and -
becomep-type again after exposure to sunlight [15]. -
This effect probably means that acceptors become neg- ——
atively ionized in the absence of light excitation due e e
to large concentration of compensating donors such as
group-lll impurities. Therefore reports of successful =~ - _—
p-type ZnO synthesis are often viewed with skepticism " ‘
because of the-type reliability problems [8].

The reactive magnetron sputtering is widely used for
deposition of dense metal compound thin films. The
leaked plasma of unbalanced direct current (DC) mag-
netron discharge creates a self-bias on the surface of the
insulating or isolated film surface [L6]. The substrate
can become self-biased upt80 V, thus high ion cur- ;
rent can be extracted from plasma without the need to ES{TAMERTVEIRIRTONEN
bias the S_UbStrate_ externally [17]. AS. aresult, unllke. In Fig. 1. The cross-section SEM image of ZnO:N thin film with mag-
the other ion-plating processes, the ion-to-atom arrival nification 1000000, = 1.010"2 Pa).
ratio at the substrate remains constant with increasing
deposition rate, and that helps to achieve dense film
structure[[18]. e

The provision of enough atomic nitrogen with high oo
chemical reactivity is the general issue in the growth of &
zinc oxynitride. In the case of chemical vapour depo-
sition method for the growth of nitride films, Njbas
is preferentially used as a nitrogen source becausg NH
gas easily decomposes at a lower temperature than N
molecules with high thermal stability. As this method
requires high substrate temperature of 4C0for the
reaction, it is difficult to control the film thickness due
to the uncontrolled evaporation of the metallic zinc
film. On the contrary, plasma methods make the low
temperature formation of various nitride films possi-
ble due to the provision of active nitrogen species from

Nitrogen doped ZnO thin films were deposited by
DC unbalanced magnetron sputtering on the Si sub-
strates for X-ray diffraction (XRD) and scanning elec-
tron microscope (SEM) analysis and soda-lime glass
substrates for optical and electrical characterization.
The substrates were ultrasonically cleaned in pure

mag HV det| WD spot
plasma([19]. 150 000 x 20.00 kV ETD /5.8 mm 2.0

There is not enough information and reliable method Fig. 2. The cross-section SEM image of ZnO:N thin film with mag-
for deposition of nitrogen doped ZnO thin films. There- nification 150 0000, = 2.210"* Pa).
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acetone and rinsed in distilled water before the depo-4ronic GENESYS 8. Forbidden energy band gap
sition. The vacuum chamber was evacuated by rotaryF, was determined from transmittance spectra using
and diffusion pumps to the pressure efG~* Pa. Par-  Tauc's relationshigahv)™ = B(hv — E,) and by ex-
tial pressure of argon was kept constant atl05? Pa.  trapolating this dependence ko axis (light quantum
Working pressure was kept constant at 20! Paby  energy)[20]. Absorption coefficient (cm~') was cal-
adjusting nitrogen and oxygen gas flows. Substrateculated using transmittance coefficients of film on glass
holder was heated to 23C temperature before deposi- substrate and substrate without a film. Coefficient
tion. The substrate holder was moved in circular trajec-1/2 is used for indirect transitionsp = 2 or m =
tory at 7 cm distance over the planar magnetron targeB/2 are used for direct transitions. Linear correlation
during the deposition. Deposition was performed with analysis was made in order to choose the most suitable
a constant discharge current density of 8 fo&’. The mode.
current density from plasma of the unbalanced mag- PL measurements were held at room temperature
netron to substrate was arourd.5 mA/cn?. Sam-  and 8 K temperature using the 4th harmonic of YAG:Nd
ples were kept in vacuum for 20 min after deposition laser (.. = 4.66 eV) in back-scattering configura-
for cooling down. tion. Laser beam was focused on the sample surface to
The crystallographic structure of thin films was in- the round spot of 2 = 1 mm in diameter. Vertically
vestigated by XRD studies using Bruker D8 Discover polarized PL signal was collected to the double grat-
diffractometer with the monochromatic CuoKradia-  ing monochromator with the focal length of 0.6 m and
tion (A = 0.15418 nm). measured using a photomultiplier tube.
The morphology of cross-section of the layers was
investigated with the SEM FEI Quanta 200F in the sec-
ondary electron mode. 3. Experimental results and discussion
Strip shaped aluminium contacts for resistance mea-
surements were evaporated on the top of the film and The SEM images of ZnO:N thin films cross-section
the linearity ofi/—I characteristic was checked for con- are shown in Figs. 1 and 2. It can be seen that the
firmation of ohmic contact behaviour. Resistivity was layers do not have clear features of expected colum-
calculated using the resistance of the square region beaar structure and are quite dense and completely con-
tween Al contacts. tinuous. The disagreement of morphology results with
Optical characterization of thin films on glass sub- the results of other authoris| [1], 8] cannot be explained
strate was made by UV-VIS spectrophotometer Spec-only by ZnO sample doping or movement of substrate

fce-ZnO (111)
h-ZnO (002)
h-Zn O(101)

fcc-ZnO (220)
h-Zn O(110)

Poz = 2.2:102Pa

I, arb. units

Poz = 1.8:102Pa

Poy= 1.3-102Pa

Poz= 1.0-102Pa

20,°
Fig. 3. XRD pattern of ZnO:N thin films produced on the Si substrates with different oxygen partial pressure
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Fig. 4. Results of ZnO:Ny(o, = 1.0102 Pa) film resistance measurement during heating and cooling @@&mperature air flow was
applied for 1 minute. Total measurement time is 6 minutes.

1.2

holder, which was used during the film deposition in
this work. :
The measurements of layer thicknesses from SEM
images were 151 and 536 nm for the samples deposited
with po, = 1.01072 Pa andpo, = 2.210"2 Pa oxy- g .
gen partial pressure, respectively. iy
Figure 3 shows results of XRD analysis of ZnO:N ot
thin films produced on Si substrates. The broad and
low intensity diffraction peaks indicate very poor crys-
tal structure of the films, as can be expected for the low T e e T
temperature growth on the non-lattice-matched sub- Toc

strate. The peaks that can be found in XRD spectrq:i . . . .

. g. 5. Results of resistance measurement during heating ZnO:N
most likely belong to hexagonal ZnO (h-ZnO) struc- (po, = 1.0102 Pa) film in temperatures from 30 to 9C. Expo-
ture (wurtzite type), which is mostly observed in sput- nential approximation results including correlation coefficift
ter deposited ZnO thin films and well agrees with other are indicated in the figure.
authors|[11]. Also the h-Zn@002) and h-ZnO(110)
peak shift and broadening can be attributed to over-synthesized in this work. Only the dependences on
lapping with the peaks of metastable face centred cutemperature and heating—cooling time are presented in
bic (fcc-ZnO) structure (zincblende type). Such casethis work, since the resistance changes on high inten-
should be expected only if epitaxial films are grown on sity illumination were more likely dependent on heat-
the substrates with zincblende structure] [21] or undering with the infrared part of radiation. The inability
oxygen rich conditions [22]. to measure photoconductivity can be attributed to large

The degradation of crystal structure upon decreasealefect concentration in the film and fast recombination
of partial oxygen pressure can be expected since the cusf the photo-excited carriers.

0.8

0.2

bic anti-bixbyite type structure of AN [23] has the As can be seenin Figs. 4 and 5, the resistance slowly
different lattice spacing and atom arrangement com-drops to around 50% of primary value upon heating
pared to the wurtzite type ZnO structure. the sample and slowly reaches the primary value upon

The resistance dependences on temperature and itooling. The large (exponential) drop of the resistivity
lumination were measured for ZnO:N film deposited is a typical phenomenon of semiconducting materials.
on glass substrate with Al contacts on the top of theThe smallest resistivity of 0.62 cm was obtained for
film in order to obtain evidence for semiconducting be- the film deposited witlpo, = 1.010~2 Pa. The largest
haviour of electrical properties of thin films that were measurable resistivity of 6954 cm was obtained for
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Fig. 6. Optical transmittance spectrum of films produced on the soda-lime glass substrates. Numbers indicate oxygen partipbpressure

(in 1072 Pa).
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18 20 22 24 26 28 30 32 34 36 38 Fig. 9. ZnO:N band gap dependency on oxygen partial pressure
hv, eV po, during deposition. Polynomial approximation results includ-
Fig. 7. Tauc’s plot for ZnO:N films deposited with various oxygen ing correlation coefficientz” are indicated in the figure.
partial pressurego, (in 1072 Pa).
Optical transmittance measurement has shown the
e shift of the absorption edge to the longer wavelength
53E+11 ",/‘ side (Fig. 6). This phenomenon partially confirms that
526411 P the samples have been doped with nitrogen. The band
o / ap determination from Tauc’s relationship for direct
£
? 22E (,/' transitions (Figs. 7 and 8) has shown that nitrogen dop-
g SAEH1 4 V4 ing leads to band gap decrease from 3.12 to 1.56 eV
= S1E ] .,/ (Fig. 9). Band gap variation from 3.4 to 2.9 eV upon
N soeetr | ,.a“' N doping is a well known phenomenon that can be at-
ié, ' /’ tributed to N incorporation into ZnO lattice and for-
S0ET 1 S mation of shallow acceptors [24]. However, band gap
[ . .
49E+11 b . . , values lower than 2.9 eV could rather indicate forma-
' "o ' ' ' 20 tion of mixture of polycrystalline and amorphous ZnO.
hv,eV

Fig. 8. Tauc’s plot for ZnO:N films deposited with oxygen partial
pressureo, = 1.210°2 Pa.

the film deposited witlpo, = 1.810~2 Pa. These val-
ues well agree with some works of other authois [6].

It is well known that in semiconductors, especially in
amorphous ones, the distribution of electronic states
in conduction and valence band do not abruptly termi-
nates at the band edges. Instead of that, some electronic
states, so called tail states, encroach into the band gap
region [20]. The formation of an amorphous s&t
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Fig. 10. PL spectra of ZnO:N film on the glass substrate at (a) 8 K Photon Energy (eV)
and (b) room temperature; (c) curve demonstrates PL spectrurq:ig_ 12. Detailed view of the near-band-edge PL spectra of the
from back-side of the sample. S_pectra are arbitrary shifted for €Y€Zno:N films at 8 K. The spectral lines are denoted as follows: FX
convenience. is a free exciton line at 3.372 eV:°X is a line of bound exciton
related to neutral donor at 3.362 eV; TES marks two electron satel-
—— 8 Kfilm-side lites at 3.330 eV; AX is a neutral acceptor related bound exciton

Photon Energy (eV)

10°] RT fllm-sida line at 3.312-3.316 eV; 1LOs mark the first replicas of the longi-
E RT back-side . . . . N .
Lo tudinal optical phonon assisted bound exciton recombination lines
10° | a) ‘ shifted by 70-72 meV toward low energy side frorfdDand A°X

Ay i lines.

namely 1.710~2 Pa. The typical PL spectra are shown
in Figs. 10 and 11 for ZnO:N films on glass and Si sub-
strates, respectively.

The room temperature PL spectra consist of one pre-
] dominant broad line at the near-band-edge spectral re-

Photon Energy (eV) imum (FWHM) which is 259 and 274 meV for ZnO:N
Fig. 11. PL spectra of ZnO:N film on the Si substrate at (a) 8 K and films on glass and Si substrates, respectively. The atten-
(b) room temperature; (c) curve demons_trates P!_ spectrum fromijon was concentrated on the near-band-edge spectral
back-side of the sample. Spectra are arbitrary shifted for eye con- . . .
venience. region of ZnO while the natural ZnO bands in yellow—
green spectral region were not measured specially.

with the band gap of 1.21 eV and the absorption edge The PL spectra were measured also from the other
below the wavelength of 500 nri [23] is also possible side of the sample plate in order to reveal the possible
during deposition. contribution of substrate. Such PL spectra are depicted

The decrease of transparency maximum upon in-in Figs. 10 and 11 as curve (c). It can be seen that the
creased N doping o, < 1.31072 Pa) could also ZnO:N sample on glass substrate has some emission
indicate increased roughness and degradation of crysfrom substrate side in a given spectral range. It is a
talline structure, which leads to increased density ofwide band with the FWHM of about 1.173 eV and max-
scattering centres. The formation of Zn metal clustersimum at 3.255 eV, which is near to the peak position of
(absorption and scattering centres) in the ZnO:N film ZnO:N film PL spectrum. This could be the PL spectra
matrix could also occur, since the decrease of oxygerof the film—substrate interface as the glass substrate is
flow can increase the flow of sputtered Zn atoms due totransparent for excitation wavelength. Such interface
lower target surface poisoning with oxide layer. should be very disordered and this indicates a broad-

Two samples were prepared for PL measurementsened PL band. Meanwhile, in the case of ZnO:N film
one of them consists of the film grown on glass sub-on Si substrate there is no noticeable radiation in the
strate, while the other sample has the film grown ongiven spectral range when measuring from the back-
Si substrate under the same partial oxygen pressureside of the sample.

PL Intensity (arb. units)
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The ZnO:N film PL spectra at 8 K show two clearly to 1.56 eV upon lowering oxygen partial pressure dur-
resolved lines at 3.362 and 3.315 eV. The FWHM of ing deposition from 2.2072 to 1.1:10~2 Pa. Highly
the dominant line is 19.0 and 25.3 meV for films on Ns doped films have a small transparency for visible
glass and Si substrates, respectively. This demonstratdight, small resistivity (0.6X2 cm), and negative coef-
rather poor quality of ZnO:N films comparing, for ex- ficient of thermal resistance that is typical of semicon-
ample, to 3 meV value of FWHM of MBE-grown ZnO ductors. The PL spectra revealed poor radiative prop-
epilayer on a sapphire substréte|[25]. Detailed view oferties and confirmed lower structural quality of ZnO:N
the low temperature PL spectra is illustrated in Fig. 12.thin films. Low temperature PL spectra possess rela-
The most intense two lines can be attributed to the ra+ively intense AX line at 3.314 eV which is a signa-
diative recombination of the bound excitons at neutralture of nitrogen caused shallow neutral acceptor states
donors (I'X) and neutral acceptors {X). These two  in ZnO.
lines have LO phonon replicas shifted toward low en-
ergy side by 70-72 meV with respect to the main lines.
Weak free exciton emission (FX) can also be observedAcknowledgements
on the higher energy side of’ line as a light shoul-
der at 3.372 eV. The line at 3.330 eV is attributed to  The authors would like to thank M. Lelys from
the two electron satellite (TES) transition. The exci- Lithuanian Energy Institute for performing the XRD
tation of neutral donor from initial state to excited 1s Mmeasurements and also T. Tamudaws from Kaunas
state during the radiative recombination of the donorUniversity of Technology for SEM imaging. The con-
bound exciton (also possible 2s or 2p final states withtribution of M. Karali unas and E. Kuokstis in this work
the result of more adequate TES lines in PL spectra) isvas supported as a part of the Program on Mutual
the mechanism behind this PL line. The dominafkD Funds for Scientific Co-Operation of Lithuania and
line is a result of several overlapping PL lings|[26]. We Latvia with Taiwan.
were able to resolve these lines at 3.362, 3.356, and
3.344 eV by using the detection system with spectral
resolution of less than 5 meV. All these lines are typ-
ical in the bulk ZnO single crystals and are attributed
to the intrins.ic shallow d'onors._ The relatively Weak and F. Pan, The influence of different doping elements
FX line and intense AX line evidence lower quality on microstructure, piezoelectric coefficient and resis-
of the films and higher density of shallow acceptors in tivity of sputtered ZnO film, Appl. Surf. Sci253
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ZnO:N PLEVELIY SINTEZ E REAKTYVIUOJU PASTOVIOS SROV ES MAGNETRONINIU
NUSODINIMU

S. Burinskag, J. Dudonig, D. Mil&ius®P, M. Karaliunas, E. Kuokstis®
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Santrauka Nusodinty péveliy morfologija buvo iStirta rastriniu elektroni-

Cinko oksidas (ZnO) laikomas viena i§ perspektyviy medziagy, niu mikroskopu FEI Quanta 2QOF. Kristalinei strukt'urai nustatyti
siekiant sukurtip—n vienalyes sandtros dviestukusl ghlataus ~ PUVO panaudotas Rentgeno difraktometras Bruker AXS D8 Ad-
(3,37 eV) draustinio energijy tarpo, santykinai pigiy ZnOgedg  vance sumonochromatine Cutspinduliuote. Elektrias savybs
prieinamumo ir epitaksijos Zemoje temperat Uroje galasyiNors ~ iSmatuotos dviejy zondy metodu. Optinieptliy skaidris buvo
n tipo priemaidy jterpimas j ZnO vyksta gana lengvai, iki Siol ne- iSmatuotas UV-VIS spektrofotometru Spectronic GENESYS 8. Fo-
rasta patikimo budo jterpi tipo priemaisas. Perspektyviausiu tc_nhur_nm;ec_encuos tyrimai bu_vc_> atlikti kambanc_n ir8 K temperg-
akceptoriaus kandidatu beveik vieningai pripaZjstamas azotas, kat Uroje, zadinant nanosekundinio YAG:Nd lazerio 4-0s harmonikos
dangi el labai panasaus joninio spindulio gali ZnO gagjeleng-  SPinduliuote. _ . ' o .
vai pakeisti deguoni. Tyrimy r_ezulte_l_ta| rodo_!vykusl azoto jmaisyma j ZnO. Rentgeno

Cinko oksido su azoto priemaisa (ZnO:N) sintezei atlikti gali SPinduliy difrakcijos analiz paro@ prastos kokys pusiau amor-

b uti naudojama daugelis metodiky. DaZniausiai literat troje yra sufing Kristaling ZnO:N pveliy struktura. Peos Rentgeno difrakci-
tinkami metalinis-organinis cheminis nusodinimas i§ garggage- 105 Spekiry linijos priskirtinos heksagosmstrukt uros ZnO, o ban-
aktyvinis garinimas impulsiniu lazeriu, radiodaznio arba nuotatin ~ diniuose su dideliu Mkiekiu ZnsN; priskiriamy smailiy neaptikta.
sroves magnetroninis nusodinimas. Skirtingy autoriy gauty ZnO:N OPtinio skaidrumo matavimai ir draustinio energijos tarpo nusta-
pleveliy savyles gana smarkiai skiriasi, galb @ akirtingy for- ~ ymas patvirtino draustinio tarpo mima nuo 3,12 iki 1,56 eV,
mavimo technologijy bei naudojamy pigdy jvairowes. Patikimos ~ Mazinant deguonies dalinjegj auginimo metu nuo 2,20~ iki -
informacijos stoka skatina atlikti papildomus ZnO:N sirgesei ~ 1,1:10"~ Pa. Daug N turinCios peveks yra mazai skaidrios regi-
savybiy tyrimus. mai Sviesai, turi maza elektrine varia_(o,ielzm) ir pasizymi nei-

Siame darbe ZnO:N pleliy nusodinimui buvo pasirinktas re- giamu Silumires varZos koeficientu, b udingu pl_JsIaidininkie_\ms. Fo-
aktyvusis nuolatias sroes magnetroninis metodas, kadangi jis yra toliuminescencijos (FL) spekiry matavimai pagotienkas feve-
gana lengvai jgyvendinamas, pasizymi gana dideliais nusodinimollé Spindulines savybes ir patvirtino prasta ZnO:Ryliy strukt u--
greiiais ir leidZia pl&iame intervale keisti junginio stechiomet- [0S kokybe. Zemos temperat uros fotoliuminescencijos spektrai yra
rija. Pagrindinis tokio metodo panaudojimo sunkumas -einga ~ Pudingi ZnO epitaksiniams sluoksniams su dominuiiai’ X
reaktyviyjy dujy dalinio sigio ir tuo p&iu sudaromo junginio ste-  SPektrine linija, téiau pasizymi santykinai intensyvia’X linija
chiometrijos priklausomynuo jvairiy technologiniy parametry.  ties 3,314 eV, kuri priskiriama azoto sukurtoms seklioms akcepto-

rinems priemaiSoms cinko okside.



