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Nitrogen-related local vibrational modes in ZnO:N
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We study the influence of nitrogen, a potential acceptor in ZnO, on the lattice dynamics of ZnO. A
series of samples grown by chemical vapor deposition~CVD! containing different nitrogen
concentrations, as determined by secondary ion mass spectroscopy~SIMS!, was investigated. The
Raman spectra revealed vibrational modes at 275, 510, 582, 643, and 856 cm21 in addition to the
host phonons of ZnO. The intensity of these additional modes correlates linearly with the nitrogen
concentration and can be used as a quantitative measure of nitrogen in ZnO. These modes are
interpreted as local vibrational modes. Furthermore, SIMS showed a correlation between the
concentration of incorporated nitrogen and unintentional hydrogen, similar to the incorporation of
the p-dopant magnesium and hydrogen in GaN during metalorganic CVD. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1461903#
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There is increasing interest in investigating the prop
ties of ZnO epitaxial films with a direct gap of 3.37 eV
room temperature.1 The material is a potential competitor fo
GaN-based light-emitting devices in the ultraviolet and b
spectral range. There are reports of superior ZnO prope
such as a high exciton binding energy combined with a l
lasing threshold density2 and a good resistance to bombar
ment with high-energy particles.3,4 For other wide-band-gap
semiconductors as GaN~Ref. 5! and ZnSe~Ref. 6! controlled
p-type doping is problematic. As-grown ZnO typically ha
n-type conductivity with background concentrations betwe
1016 and 1017 cm23. However, there have been reports
the synthesis ofp-conducting ZnO doped with As~Ref. 7!
and a Ga/N codoping8 as well as the fabrication of a
p-n-junction by excimer-laser doping.9 In this letter, we re-
port on doping experiments with nitrogen as a potential
ceptor and its influence on the lattice dynamics of ZnO.

The ZnO thin films under investigation were grown b
chemical vapor deposition~CVD! using a home built epitaxy
system which consists of a horizontal quartz reactor an
resistance heating with different temperature zones. Meta
zinc was kept in one zone at a temperature of 470 °C.
growth temperature was 650 °C. We used NO2 as oxygen
precursor and NH3 as nitrogen source for the doping expe
ments. The epitaxial films were deposited on GaN/sapp
templates which offers the advantage of a lattice param
similar to ZnO. We investigated samples containing differ
nitrogen concentrations. Secondary ion mass spectros
~SIMS! was applied to determine the concentration of nit
gen and unintentional dopants such as hydrogen. The
mary ion species was cesium. Nitrogen was detected
14N16O2 and hydrogen as64Zn1H2 clusters. The given abso
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lute concentrations are accurate to within half an order
magnitude. Despite this accuracy the relative error is l
than 10%. The Raman-scattering experiments were car
out in backscattering geometry with a triple-grating spe
trometer equipped with a cooled charge-coupled device
tector. The lines at 488 and 514.5 nm of an Ar1/Kr1 mixed-
gas laser were used for excitation. The line positions w
determined with an accuracy better than 1 cm21.

Wurtzite ZnO belongs to theC6v symmetry group and,
therefore, there are the Raman-active phonon modesE2

~low!, E2 ~high!, A1 ~TO!, A1 ~LO!, E1 ~TO!, andE1 ~LO!.
TheB1 modes are silent. According to the well-known sele
tion rules we expect to observe theE2 modes and theA1

~LO! mode in unpolarized Raman spectra taken in ba
scattering geometry. Their respective frequencies are 1
437, and 574 cm21.10

Figure 1 shows Raman spectra of nitrogen-doped Z
Beside the expectedE2 ~low! andE2 ~high! mode of ZnO we
find a variety of other modes, which need to be explained
569 cm21 we find theE2 ~high! mode of the GaN template
The feature at 332 cm21 is a second-order structure of ZnO
which was interpreted as 2E2(M ) by Calleja and Cardona.11

There are five more modes with frequencies of 275, 5
582, 643, and 856 cm21 which do not belong to first- or
second-order structures of ZnO or the GaN template m
rial. The mode at 582 cm21 was already found in ZnO:N by
Wanget al.and interpreted asA1 ~LO! mode,12 whereas they
gave no explanation for the four remaining Raman mod
but suggested that these modes may be related to nitro
doping. We also find a well-resolved 582 cm21 mode with a
high intensity~see Fig. 1!, but because theA1 ~LO! mode is
not allowed in backscattering configuration with crossed
larization we conclude that it is not theA1 ~LO! mode of
ZnO. However, we agree that all of the additional modes
nitrogen related and will give experimental evidence for t
assignment in the following.
il:
9 © 2002 American Institute of Physics
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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The lowest spectrum in Fig. 1 is a calculated phon
density of states~PDOS! for ZnO. The theoretical mode
applied for the determination of the PDOS is analog to t
described in Ref. 13 with the respective parameters for Z
Comparing the energetic position of the five modes with
PDOS one notices that they are in regions with a relativ
low density of states, except for the mode at 510 cm21,
which is close to a local maximum of the PDOS. Howev
an interpretation of the Raman features as local vibratio
modes~LVMs! is likely.

In total we investigated five samples with different nitr
gen concentration as estimated from the growth parame
Figure 2 exhibits spectra of the samples. Sample A is
doped ZnO, and the estimated nitrogen concentration
creases from sample B to sample E. Neither of the additio
modes are found in undoped material. Also in ZnO:Ga~not
shown! none of these Raman modes was observed. The
tensity of the five modes increases with nitrogen concen
tion. Furthermore, the intensity of theA1 ~LO! mode from

FIG. 1. Room temperature Raman spectra of nitrogen-doped ZnO in pa
and crossed polarization~upper two spectra! as well as a calculated PDOS
of ZnO. The additional modes in ZnO:N are marked by their respec
frequencies.

FIG. 2. Room temperature Raman spectra of five ZnO samples. The n
gen concentration increases from sample A to E. The peak marked b
asterisk originates from the sapphire substrate.
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the GaN template subsequently decreases from A to E. T
results from the higher absorption in the visible spect
range with increasing nitrogen concentration~see Fig. 6 in
Ref. 12!. The correlation of the mode intensities and t
nitrogen concentration leads to the conclusion that all
additional modes are LVMs of nitrogen in ZnO. Another po
sible explanation could be that these modes originate fr
regions with a high density of states which can be obser
in first-order Raman spectra of highly defective materia14

One argument against these assignments is the compa
with the calculated PDOS as shown above. Second, there
no signs of an inferior material quality of the doped materi
For instance the full width at half maximum of theE2 ~high!
mode in ZnO is 6–7 cm21 independently of the doping
level.

To obtain a quantitative correlation of the nitrogen co
centration and the LVMs we performed SIMS measureme
~Fig. 3!. The nitrogen concentration was deduced from
signal intensity of the NO2 cluster consisting of14N and16O
isotopes. The detection limit of this method is arou
1017 cm23. As expected from the growth parameters the
trogen concentration increases from sample A to E with
maximum concentration of about 1019 cm23. Simulta-
neously, the hydrogen concentration as detected by
64Zn1H2 cluster linearly increases with the nitrogen conte
Since we do not have a calibration standard for hydroge
quantitative scaling of the hydrogen concentration is unf
tunately not possible. Nevertheless, a qualitative compar
of the samples can be given. A higher nitrogen concentra
seems to drive the material to build in a higher concentrat
of compensating hydrogen~see Fig. 3!. A similar mechanism
as for GaN, where the concentration of magnesium acting
an acceptor and compensating hydrogen are line
correlated,15 may be the reason for this behavior. This fa
may have a strong impact on the compensation mechan
in ZnO, however, this is not the focus of this letter.

Figure 4 shows the intensity dependence of four of
nitrogen-related LVMs on nitrogen concentration. The d
for the mode at 856 cm21 are not shown, because its inte
sity is too weak for the low nitrogen containing samples. T
LVMs with frequencies of 275, 510, 582, and 643 cm21 have
a linear dependence on the nitrogen concentration in

lel

e

o-
an

FIG. 3. Nitrogen and hydrogen concentration in the samples under inv
gation as determined from SIMS. The nitrogen concentration increases
sample A to E. The hydrogen concentration linearly correlates with
nitrogen concentration. Dashed lines are a guide to the eye only.
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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sample, which is the final evidence for their origin bei
local vibrations of nitrogen in ZnO. The different slopes m
indicate different formation probabilities of the nitroge
containing complexes. The exact configuration of the vibr
ing nitrogen-related complex cannot be deduced from th
experiments and further studies are necessary. From cal
tions based on a modified valence-force model of Kane w
a scaling factor of 0.3~Ref. 16! we obtained values of 272
and 587 cm21 for LVMs of nitrogen on a substitutional oxy
gen site in the ZnO lattice. First-principles calculations sh
that the formation of NO and related complexes is very likel
in ZnO.17 The vibrational properties and the correlation b
tween the acceptor and hydrogen seems very simila
ZnO:N and GaN:Mg.18 Once calibrated~as in Fig. 4!, it is
now possible to determine nondestructively the nitrogen c
centration in ZnO samples from their Raman spectra.

In summary, N-doped ZnO samples grown by CVD w
different concentrations of nitrogen were investigated. T
nitrogen and hydrogen concentrations were determined
secondary ion mass spectroscopy. In addition to the h
phonons of ZnO we found modes at 275, 510, 582, 643,
856 cm21 in the Raman spectra of these samples. All fi

FIG. 4. Normalized intensity of the LVMs as function of the nitrogen co
centration. The lines represent linear fits.
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modes scale in intensity with nitrogen content and are in
preted in terms of nitrogen-related local vibrational mod
The intensity of the LVMs can be used to nondestructiv
determine the nitrogen concentration in ZnO. Furthermor
linear correlation between the nitrogen and hydrogen c
centration in the samples was found. This could have
strong influence on the compensation mechanism in CV
grown ZnO.
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