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Low resistivity p-ZnO films fabricated by sol-gel spin coating
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N-doped and In-N-codoped ZnO films were fabricated on quartz glass substrate by sol-gel spin
coating. Their p-type conductivities were characterized by the Hall measurements, revealing low
resistivities of the order of 107! () cm. Thin-film junctions comprising an undoped ZnO layer and
a N-doped ZnO layer displayed the typical rectifying characteristics, suggesting formation of p-n
homojunctions at the interfaces. © 2006 American Institute of Physics. [DOI: 10.1063/1.2215618]

ZnO has been extensively investigated due to its poten-
tials in optoelectronic applications. It has a wide band gap
(3.37 V) and a large exciton binding energy (60 meV)."
To realize ZnO-based optoelectronic devices, it is essential to
fabricate high quality p-ZnO films. Although many reports
claimed realizations of p-type ZnO films and p-n
homojunctions,}13 highly reproducible p-ZnO film with ex-
cellent electronic properties is still absent.'* Efficient optical
emission from ZnO p-n diode is extremely difficult to
realize'* due to the problems associated with low solubility
of acceptor dopants, self-compensation effects, and forma-
tion of undesirable deep levels."*"> The reported data for p
-ZnO films all showed a high resistivity in the range of
10°-10* Q cm (Refs. 3-7 and 9-11) except for the one
where a remarkably low resistivity of 1.7 X 1072 () cm and a
high mobility of 155 cm? V~! s~ were measured by Bian et
al. for a N-In-codoped ZnO film grown on n-type Si(100)
substrate.'” This latter result is, however, controversial in the
sense that the effect of conductive substrate on Hall data is
unclear.'>!*1°

To verify the low resistivity p-ZnO films and the effect
of codoping, we prepared both N-doped and In-N-codoped
ZnO films using a simple method of sol-gel spin coating.17
ZnO p-n homojunctions were also made and characterized
by Hall and I-V measurements. In order to eliminate the
influence of conductive substrates and to conveniently carry
out optical measurements, transparent insulating fused quartz
glass was used as a substrate for all the films. We achieved
both p-type ZnO films and p-n homojunction by sol-gel spin
coating, which has never been reported until now."

To prepare undoped, N-doped, and In-N-codoped ZnO
films, zinc acetate 2-hydrate [Zn(CH;COO),-2H,0] was
firstly dissolved into 2-methoxyethanol solution with the ad-
dition of sol stabilizers monoethanolamine (MEA). Ammo-
nia acetate and standard indium nitrite solution were used as
the nitrogen and indium sources, respectively. The three
kinds of clear solutions, with a concentration of 0.5M zinc
acetate and 1:1 molar ratio of MEA/zinc acetate, were pre-
pared through reflux at 80 °C for 3 h. The atomic ratio of
Zn/N is 1:3 (for ZnO:N film) and that of Zn/N/In is 1:3:0.1
(for ZnO:N:In film). The respective sols were spin coated on
glass substrates at 3000 rpm. The precursor films were pre-
heated at 280 °C for 10 min in air in order to remove the
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volatile materials. The process of coating and preheating was
repeated for several times before the required film thickness
(~400 nm) was met. Preannealing for 1.5 h at 550 and
450 °C in air was implemented for both undoped and doped
ZnO films, respectively. To realize good crystallinity, a post-
annealing procedure at 550 °C in pure O, atmosphere for
another 1.5 h was also adopted.

The crystalline phase and orientation of the ZnO films
were determined by x-ray diffraction (XRD) (using the
Cu K radiation in RINT 2000, Rigaku Co.). Figure 1 shows
the XRD results of the undoped, N-doped, and In-N-codoped
ZnO films. It can be observed that the three ZnO films all
exhibit the wurtzite structural phase with the preferential ori-
entation of (0002). The absence of the other peaks in the
XRD spectra suggests that there is no inclusion of additional
phases such as InN, In,O3, Zn;N,, Zn O,N,, and ZnIn,0,
compounds, some of which were observed in Ga-doped ZnO
films.'"® A clear low-angle shift of the (0002) peak is identi-
fied (see inset of Fig. 1), which implies that dpg, increases
upon the substitution of O(ro=0.65 A) by N(ry=0.75 A) or
Zn(rz,=1.53 A) by In(r;,=2.00 A). An apparent decrease in
crystallinity was also observed as suggested by the decrease
in intensity of the (0002) peak with increasing N-doping.

Room temperature (RT) transmittance spectroscopy
(UV-vis spectrophotometer; JASCO-V750, spectral range of
300-600 nm) has been conducted measuring the band gaps
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FIG. 1. Normalized XRD patterns of the ZnO, ZnO:N, and ZnO:N:In films

with systematic error of +0.5° after a single crystal Si calibration (raw data
of 26 should be reduced by 0.5°).
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FIG. 2. (a) Transmittance spectra (inset) and the optical direct band gap, and
(b) RT PL spectra with magnified NBGE band (inset) of ZnO, ZnO:N, and
ZnO:N:In films, respectively.

of the samples. The inset in Fig. 2(a) shows the transmittance
spectra of ZnO, ZnO:N, and ZnO:N:In films. All of the three
samples are highly transparent in the visible region and have
a sharp absorption band in the UV region. The calculated
optical band gap [Fig. 2(a)] shows an apparent redshift from
3.30 eV for undoped ZnO film to 3.17 eV for ZnO:N film
and finally to 3.15 eV for the ZnO:N:In film, similar to that
for the N doped TiO,."” The Urbach energy width E,, which
is believed to be a function of structural disorder,20 increases
from 73 (ZnO film) to 358 (ZnO:N film) and 360 meV
(ZnO:N:In film), demonstrating the decrease in crystallinity
of the ZnO films with increasing N incorporation. To double
check the band-gap shift and the state of defects in film after
N doping, RT photoluminescence (PL) [SPEX 1702/04
Spectrometer, He—Cd laser (325 nm)] has been experimented
[see Fig. 2(b)]. The near-band-gap emission (NBGE) in the
UV region can be seen, which shows a clear redshift from
3.28 (ZnO film) to 3.18 (ZnO:N film) and 3.16 eV (ZnO-
:N:In film). The decrease in crystal quality is also substanti-
ated by the decrease in the intensity of the NBGE band after
N doping, which may be attributed to the increase in nonra-
diative recombination from N induced defects. The narrow-
ing of the band gap after N doping may be ascribed to the
following effects: (i) the conduction-band renormalization
effects due to electron-ionized interaction and electron-
ionized impurity interaction,”' (ii) merge of the impurity
band with the valence or conduction band due to heavy N
doping,” and (iii) the change in ionicity.”

Table I summarizes the electronic properties of ZnO,
ZnO:N, and ZnO:N:In films as characterized by the Hall ef-
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TABLE 1. Electronic properties of the ZnO, ZnO:N, and ZnO:N:In films
fabricated by the sol-gel spin coating method.

Hall Carrier
Resistivity mobility concentration

Sample () cm) (ecm?V-1s) (em™) Type Substrate
ZnO 3.571 9.8 -1.786 X107 n Quartz glass
ZnO:N  3.48x107" 1.3 +7.506 % 10'7 p Quartz glass

ZnO:N:In 1.58X 107" 0.6 +9.806% 10'7 p Quartz glass

fect measurement (LH 5500PC) at RT. p-type conduction for
both ZnO:N and ZnO:N:In films is revealed. It is noted that
the resistivity of the p-ZnO films is very low (of the order of
10! Q cm), which makes them promising for device appli-
cations. However, improving hole’s mobility of the present
p-ZnO films is still a challenge. We suspect that the low
mobility may result from the decreased crystallinity of the
films and the too low annealing temperature (550 °C) for
acceptor activation.'”

Having obtained p-type ZnO films, we further fabricated
p-n homojunctions by depositing ZnO and ZnO:N layers
(each layer bears a thickness of 400 nm) in tandem onto a
quartz glass substrate. Figure 3 shows the /-V curves mea-
sured at RT for a In/Au/ZnO:N/ZnO/In structure using a
semiconductor parameter analyzer (HP4155A). As is shown,
the I-V result (open circles) is clearly asymmetric with a low
turn-on voltage of 1.9 V under the forward bias. The reverse
bias breakdown voltage is around 5.8 V. The Ohmic contacts
between the ZnO layer and the metal electrodes, i.e., In/ZnO
and In/Au/ZnO:N, are confirmed separately by the linear
I-V relationships (-0.2—0.2 mA in the range of —4-4 V).
Hence the rectifying behavior of the structure originates from
the junction at ZnO and ZnO:N interfaces. Fitting the experi-
mental data by the equation I=I[exp(qV/nkT)—1] for p-n
junction diodes (the solid line in Fig. 3), we obtain the so
called ideality factor n~24 [at the low reverse saturation
current (I;) of 2.5 uA], which is unexpectedly high. Very
high ideality factors have also been observed in other non-
ideal wide-band-gap p-n junctions,24 which may be attrib-
uted to the space-charge-limited conduction, deep-level-
assisted tunneling, or parasitic rectifying junctions within the
device. Such I-V characteristics are similar to those re-
ported for p-n heterojunctions.zs_27 We would like to also
point out that no luminescence is detected from this junction
at RT during -V measurements. This is possibly due to (i)
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FIG. 3. -V characteristics of a ZnO p-n homojunction formed by a 400 nm
thick N-doped ZnO layer on a 400 nm thick ZnO layer on a quartz glass
substrate. The inset shows the device configuration.
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FIG. 4. FESEM morphologies of ZnO (left) and ZnO:N (right) films with
the inset of XPS depth profile for the ZnO:N film.

the low mobility of p-ZnO layer,?* (ii) a large portion of the
current flows through the grain boundaries in film due to a
lower resistivity there rather than within the grains," or (iii)
nonradiative recombination from defects at the interface of
the junction.13

Return to the data of Table I, one observes a lower re-
sistivity of the p-ZnO films than that of the undoped ZnO
film, which seems to be inconsistent with the low mobility
and moderate hole density measured. In order to shed some
light on the problem and to unveil the cause of unobservable
electroluminescence from the p-n junction, samples’ surface
morphologies and compositions of p-ZnO and n-ZnO films
are probed. It is known that an apparent morphological
change and a composition variation of semiconductor films
can significantly affect their electronic properties. Figure 4
shows the morphology of the undoped ZnO film (left panel)
and ZnO:N film (right panel) as measured by a field emission
scanning electron microscopy (FESEM; HITACH 95-99
S-4700), while the inset shows x-ray photoelectron spectros-
copy (XPS) depth profile for the ZnO:N film. For the latter,
nonmonochromatic Mg K« line at 1253.6 eV has been used
(ESCA-5700ci, Physical Electronics, Inc.). It can be shown
that the grain sizes decrease from 100-300 for the ZnO film
to ~50 nm for ZnO:N film. The dense films are confirmed
by the lack of significant pores and pits in the SEM micro-
graphs. The top-flat grains with hexlike shape suggest the
wurtzite structure with (0001) orientation. No typical surface
roughening is observable. The XPS depth profile suggests
uniform chemical composition in sample. The relative com-
positions are determined to be 49.3% for Zn, 45.1% of O,
4.8% N, and 0.8% C. Nitrogen incorporation may suppress
diffusion of Zn and O atoms to form large grains. As the
grain boundary bears lower resistivity than that within the
grain for ZnO films," it is likely that a higher density of
grain boundaries in the p-ZnO film will lead to low resistiv-
ity film than ZnO (see Table I). Consequently, parasitic series
resistances and parasitic rectifying junctions within the p-n
homojunction may be introduced, which would then give rise
to the high ideality factor (Fig. 3) and poor optical emission.
Furthermore, the effects of poorer crystallinity with increas-
ing N doping cannot be ignored. N doping in ZnO layers will
induce more defects, which contribute to deep-level-assisted
tunneling or act as nonradiative recombination centers. Op-
timal annealing process may provide an ideal route to solve
both of the above problems. High temperature annealing may
be essential not only for annihilating nonequilibrium defects
but also to activate the acceptors.10 Unfortunately N doping
becomes difficult at high temperatures.

In summary, N-doped and In-N-codoped p-type ZnO
films on a quartz glass substrate have been achieved by sol-
gel spin coating. The fabricated p-ZnO film exhibits low
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resistivity of the order of 107 Qem, low mobility
(0.6-13cm?>V~'s™!), and moderate hole density
[(7.506—9.8) X 10'” cm™*]. The increased grain boundaries
and decreased crystallinity with increasing N doping level in
ZnO may have contributed to its low resistivity and low
mobility. The two-layer structured ZnO p-n homojunctions
are also prepared and a typical rectifying behavior in I-V
curve is observed. However, we do not detect electrolumi-
nescence from the junction. An improvement in the mobility
of holes in p-ZnO film is still a challenge for future work.
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