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The role of hydrogen in nitrogen-doped ZnO thin films was studied by Fourier transform infrared
sFTIRd absorption and modeled by first-principles calculations to understand the difficulty of doping
ZnO p-type with nitrogen. Nitrogen-doped ZnO films were fabricated by low-pressure
metal-organic chemical vapor depositionsMOCVDd. High levels of nitrogen incorporation were
observed, but the acceptor concentrations remained low. Theoretical analysis suggests there is a high
probability that NO

− and H+ charged defects combine to form the neutral defect complexes, thereby
compensating the nitrogen-related acceptors. Calculated values of the vibrational frequencies of the
related infrared modes agree well with the measured spectra. Thus, we believe the difficulty of
achievingp-type doping in MOCVD-grown ZnO films is due, at least partially, to inadvertent
passivation by hydrogen. ©2005 American Institute of Physics. fDOI: 10.1063/1.1886256g

ZnO is a wide-band-gaps,3.3 eVd semiconductor that
has been used extensively in optoelectronic devices such as
solar cells and surface acoustic wave devices.1–3 However, it
has always been used as ann-type semiconductor. It is rela-
tively straightforward to maken-type ZnO, but it is very
difficult to make p-type material.4,5 There is considerable
commercial appeal in using ZnO to replace III–V semicon-
ductors for various applications. In recent years, much effort
has been devoted to fabricatingp-ZnO, and there is now
substantial evidence that several groups have achieved this
goal.6–12 However,p-type material often has poor quality; it
is characterized by low hole concentration and mobility, and
tends to revert ton-type behavior over the course of months
at room temperature. The origin of these problems is far
from being fully understood, and the results obtained from
different groups appear to be rather inconsistent.

To date, the hole concentration achieved inp-type ZnO
has been limited to 1018–1019 cm−3, with a resistivity of
10−2–10−3 V cm, using group V dopants.7,8,11,13 However,
such low resistivity has not been achieved in ZnO grown by
metal-organic chemical vapor depositionsMOCVDd with ni-
trogen doping. In MOCVD samples, typical carrier concen-
trations have been 1014–1018 cm−3, although the concentra-
tion of nitrogen has been as high as 1021 cm−3.9,14 The
reasons for the low carrier concentration are unclear. It could
be due to several reasons:s1d only a small fraction of nitro-
gen can substitute for oxygensNOd and become an acceptor.
s2d NO acceptors have a large ionization energy.s3d The NO
acceptors are compensated or passivated. Previous theoreti-
cal study suggested that the ionization energy of the isolated
NO acceptor is larges,0.4 eVd.15 However, other reports
have assigned the 0.16 eV level observed experimentally to
the NO related acceptor level.16,17 The exact position of the
NO level is, therefore, still under debate.

Hydrogen, which is present in the Zn growth precursor,
could easily be incorporated in the ZnO film during its
growth. Hydrogen is known to be amphoteric in most semi-

conductors, but is always a donor in ZnO and, hence, can
passivate acceptors such as NO.18,19Here, using experimental
measurements and theoretical calculations, we argue that hy-
drogen and nitrogen interact strongly to form a neutral defect
complex, thereby reducing the maximum achievable hole
concentration.

Nitrogen-doped ZnO thin films were grown using low-
pressure MOCVD with diethylzincfDEZn, sC2H5d2Zng and
dilute NO gass2 wt. % NO/Ard were used as precursors
and nitroge as the carrier gas. The deposition temperature
was 400 °C. Undoped films were made with DEZn and O2
gas. Corning 1737 glass substrates were used for most char-
acterizations. For FTIR measurements, special-shaped Si
substrates were used to enhance the signal intensity.

The hydrogen and nitrogen concentrations were ana-
lyzed using secondary-ion mass spectroscopysSIMS, Cam-
eca IMS 5fd and x-ray photoelectron spectroscopysXPS,
Physical Electronics Model 5600d, respectively. The electri-
cal properties were studied using Hall measurementssBio-
Rad Model HL5500d. The N–H bond signatures were studied
using FTIR transmittance measurements at room
temperature.20

The preliminary results from SIMS profiles on these
MOCVD-formed ZnO films indicate that the hydrogen level
is several orders higher than the background level and varies
with the DEZn flow rate. This suggests that the hydrogen in
the films might originate from DEZn. The systematic analy-
sis of the nitrogen concentration with fabrication variables
was reported previously.21 The typical nitrogen concentration
in our ZnO:N samples is about 1–3 at %, corresponding to
0.87–2.6031021 cm−3.

The electronic properties of the film studied in this work
are clearly divided into two groups. The undoped ZnO films
deposited at 400 °C aren-type with an electron concentra-
tion in the range of 1016–1018 cm−3 and resistivity of about
1 V cm. With nitrogen doping, the films become weakly
p-type. The film resistivity is on the order of 102 V cm or
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higher. The carrier concentration is in the range of
1013–1015 cm−3. Compared to the nitrogen concentration in
the order of 1021 cm−3, the achieved carrier concentration is
low.

The FTIR absorbance spectra of undoped andN-doped
films in the wave number range 2500–4000 cm−1 were stud-
ied. Several important local stretch modes, involving hydro-
gen bonded to carbon, nitrogen, and oxygen, are located in
this spectral region. For undoped ZnO film, the IR spectrum
sgray dots in Fig. 1d is characterized by C–Hx absorption
peaks around 2900 cm−1 and a broad asymmetrical band
around 3400 cm−1, most likely due to an O–H bond. With
incorporation of nitrogensblack dots in Fig. 1d, the broad
asymmetrical band around 3400 cm−1 becomes a narrower
and more symmetrical peak at 3410 cm−1, which could be
due to a surface mode of an O–H bond.22 Furthermore, the
peaks around 2900 cm−1 mostly disappeared. Instead, a new
peak formed at 3007 cm−1, which can be fit by individual
Gaussian peaks at 3020 and 2970 cm−1. The peak at
2970 cm−1 is possibly due to the remaining C–Hx bonds, and
the peak at 3020 cm−1 is a new peak. We also performed
FTIR measurements at a temperature of about 11 K in an
attempt to resolve closely spaced peaks. For these measure-
ments, the sample was measured in the straight-through con-
figuration, because a low temperature ATR holder was not
available. Unfortunately, the films were very thin, the signal
to noise ratio suffered accordingly and an increase in resolu-
tion was not found. Nevertheless, we observed peaks at simi-
lar frequencies as in the room temperature case.

To understand the changes in the FTIR spectrum and the
interaction between nitrogen and hydrogen in ZnO, we have
calculated the formation energies of an interstitial hydrogen
atom, a nitrogen acceptor NO, and a NO–H complex. We
performed first-principles calculations based on density func-
tional theory with local density approximationsLDA d and
ultrasoft pseudopotential as implemented in the VASP
codes.23 The definition of formation energy of a defect from
first-principles calculations has been described in various
publications.24,25 The theoretical calculation of possible
hydrogen-related local vibration frequency is performed fol-
lowing the approach in Ref. 26, which properly includes the
anharmonic part of the vibrations.

To estimate the error in frequency caused by the compu-
tational approachse.g., pseudopotentials and LDAd, we cal-
culated the symmetric stretch-mode frequency of a free am-
monia sNH3d molecule and compared it with experimental

data. Our calculated result of 3194 cm−1 is about 143 cm−1

smaller than the experimental value of 3337 cm−1.27 We as-
sume that this underestimation is systematic and that our
calculated frequency for the N–H stretch modes in ZnO are
consistently lower by this amount.

Interstitial hydrogen is predicted to act exclusively as a
donor in ZnO, i.e., always in the 1+ charge state.18 Hydrogen
prefers four low-energy sites surrounding an O atom in the
wurtzite structure.28 Our calculations, as well as those of Ref.
22, showed the bond-centersBCid site, parallel to thec-axis,
to be the site with the lowest energy. Hydrogen at the other
three sites has slightly higher energysto within about
0.2 eVd. Only the lowest formation energy of this defect is
used for the plot in Fig. 2.

Figure 2 shows the calculated formation energy of an
interstitial H, a substitutional N,sNOd, and the complex be-
tween the twosNO–Hd as a function of the Fermi energy.
The Fermi energy is referenced to the top of ZnO valence
band maximumsVBM d. Over most of the Fermi energy
range, the NO is stable in a 1− charge-state, thus is attracted
to the positively charged H donor. The formation energy of
the neutral NO–H complexssolid lined is lower in energy
than the sum of the formation energies of the individual de-
fects sdotted lined by 0.95 eV, that is, the neutral complex
has a binding energy of 0.95 eV. An important consequence
of this, for the interpretation of FTIR data, is that, in the
presence of NO acceptors, hydrogen atoms will tend to pas-
sivate the acceptorssi.e., forming N–H bonds with NO ac-
ceptorsd instead of existing as interstitial donor Hsi.e., form-
ing O–H bonds with host O atomsd.

The microscopic structure of NO in the s1−d charge-state
is illustrated in Fig. 3sad. Hydrogen can occupy four high-
symmetry sites surrounding the nitrogen atom, two BC and
two antibondssABNd fFig. 3sbdg. We have examined all four
sites and identified the ABN'

configuration to be the site with
the lowest formation energy. The relative formation energy,
local stretch-mode vibration frequency, and calculated
NO–H bond distance for all four configurations are listed in
Table I. Again, only the formation energy of the lowest en-
ergy configurationsin this case, ABN'

d is used in the plot of
Fig. 2. From Table I, we can see that both ABN configura-
tions have similar NO–H stretch-mode frequencies, with an
average value of 2927 cm−1. Both BC configurations have
similar NO–H stretch-mode frequencies with an average

FIG. 1. FTIR absorbance spectra of undopedsgray dotsd andN-doped ZnO
films sblack dotsd obtained in the wave number range of 2800–3600 cm−1.
The curve fitting for theN-doped sample provides 3 Gaussian peaksssolid
linesd located at 3410, 3020, and 2970 cm−1. The peak positions of the
C–Hx LVM found from the undoped ZnO film are indicated on the top of
the plot.

FIG. 2. Calculated formation energy of an interstitial hydrogen, a NO

sdashed linesd and a NO–H complexssolid lined as a function of electron
Fermi energy, referencing to the top of the valence band maximum of ZnO.
The dotted line shows the sum of the formation energies of an isolated
interstitial hydrogen and an isolated NO. The Zn-rich condition, N2 phase
precipitation limitssfor nitrogen chemical potentiald, and H2 phase precipi-
tation limits sfor hydrogen chemical potentiald were used in the calculations.
The slopes of the curves reflect the charge states of the defects.
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value of 3319 cm−1, i.e., larger than the ABN modes. To
compare the calculated frequencies with those observed by
FTIR, we applied the systematic error of 143 cm−1 to the
calculated N–H vibration frequencies, thereby increasing the
calculated values to 3070 and 3462 cm−1 for the ABN and
BC modes, respectively. The 3070 cm−1 ABN mode is close
to the observed local vibrational modesLVM d at 3020 cm−1

in the N-doped sample, whereas the 3462 cm−1 LVM falls
into the region that overlaps with O–H LVM. However, the
calculation also reveals that the ABN configurations are en-
ergetically more stable than the BC by about 0.2–0.3 eV.
With this energy difference, the possibility of forming the
BC configuration is negligible. From the analysis above, we
are therefore confident in assigning the observed absorption
band at 3020 cm−1 to NO–H in the ABN configuration. In
addition, the partially disappeared absorption bands around
3400 cm−1 and 2900 cm−1 caused by nitrogen doping could
be explained by the reduced quantity of hydrogen that bonds
with oxygen and carbon due to the existing of NO–H bonds.

An additional test calculation using slightly different
computational detailssusing pseudopotential as implemented
in the FHI98 codes, similar to the calculations details used in
Ref. 26, instead of ultrasoft pseudopotentialsd yield results in
qualitative agreement with VASP calculations. For examples,
the ABN'

configuration is also found to be the site with the
lowest formation energysthe other sites are slightly higher
by about 0.2 eVd with the vibrational frequency of
3117 cm−1, i.e., agrees to the VASP calculations to within
50 cm−1.

In summary, we have performed composition, electronic,
and FTIR characterization on MOCVD-grown ZnO thin
films, with and without nitrogen doping. Hydrogen was de-

tected by SIMS analysis, which suggested the existence of
unintentional hydrogen doping of the films. Hall analysis in-
dicated weakp-type behavior, with hole concentrations in
the range 1013–1015 cm−3. The absorption bands in the O–H
and C–H LVM spectral region partially disappeared and a
new IR absorption peak at 3020 cm−1 was introduced as a
result of the nitrogen doping.

With first-principles calculations, we have assigned the
IR spectral features at 3020 cm−1 to NO–H LVM at ABN
configuration. There is a strong tendency for hydrogen to
compensate nitrogen and form a neutral NO–H defect com-
plex, thus we believe this could be an important cause of the
low hole concentration in MOCVD-grown ZnO:N films.
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FIG. 3. sad Atomic structure of the NO acceptor in ZnO in thes1−d charge-
state andsbd possible hydrogen sites surrounding the NO acceptor in the
s11–20d plane of wurtzite ZnO. The large white spheres are the Zn, the small
white spheres are the O, and the small shaded spheres are the N atoms. In
sad, the bond lengths are given in terms of the percentage differences from
bulk ZnO bond. Insbd, small solid circles represent the possible sites for
hydrogen.

TABLE I. Calculated relative formation energy, N–H bond distance, and
vibration frequency for NO–H defect complex in four lowest-energy con-
figurations in wurtzite ZnO.v0 is the harmonic component of the vibrational
frequency,Dv is the anharmonic contribution, andv is the total frequency:
v=v0+Dv.

Site DE seVd dN–H sAd v0 scm−1d Dv scm−1d v scm−1d

ABN'
0.00 1.050 3144 −232 2912

ABNi
0.08 1.047 3173 −232 2941

BC' 0.32 1.027 3395 −88 3307
BCi 0.18 1.029 3478 −147 3331
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