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The effects of post-annealing on conductivity of phosphorus-doped ZnO (PZO) films grown at
500°C by radio frequency magnetron sputtering are investigated in a temperature ranging from
600 °C to 900 °C. The as-grown PZO exhibits n-type conductivity with an electron concentration of
1.19 x 10*cm >, and keeps n-type conductivity as annealed at 600°C-700°C but electron
concentration decreases with increasing temperature. However, it converts to p-type conductivity
as annealed at 800 °C. Further increasing temperature, it still shows p-type conductivity but the
hole concentration decreases. It is found that the P occupies mainly Zn site (Pz,) in the as-grown
PZO, which accounts for good n-type conductivity of the as-grown PZO. The amount of the P,
decreases with increasing temperature, while the amount of Zn vacancy (Vy,) increases from
600 °C to 800 °C but decreases greatly at 900 °C, resulting in that the amount of P,-2V,, complex
increases with increasing temperature up to 800 °C but decreases above 800 °C. It is suggested that
the P2,-2V,, complex acceptor is responsible for p-type conductivity, and that the conversion
of conductivity is due to the change of the amount of the Py, and P,,-2V,, with annealing

temperature. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4805778]

I. INTRODUCTION

ZnO is considered as a promising material for next-
generation ultraviolet (UV) light emitting diodes (LEDs) and
lasing diodes (LD) because of its wide band gap of 3.37eV
and large exciton binding energy of 60 meV at room tempera-
ture."? However, lack of stable and reproducible p-type ZnO
has been an obstacle for application of ZnO in optoelectronic
devices. Based on simple valence electron arguments, a natu-
ral doping approach for p-type ZnO is to use group-V ele-
ments such as P. In recent years, many approaches and
techniques have been used to fabricate p-type phosphorus-
doped ZnO (PZO) films.>® More encouragingly, LEDs based
on p-type PZO also are reported.”'® However, similar to
other dopants, the p-type PZO also suffers the instability
problem, that is, it can convert to n-type after kept in air for
some period of time, which has been key scientific problem
of optoelectronic application of ZnO. In order to resolve this
problem, it is necessary to understand well the formation
mechanism of p-type PZO. However, it has been argued up
to now which defect or defect complex should be responsible
for the p-type conductivity observed in the PZO. Some
researchers ascribe p-type conductivity to Pg acceptor,''?
while others attribute it to P,,-2V,, acceptor complex.nf15
Obviously, characterization of chemical states of P in ZnO as
well as of intrinsic defects of ZnO is important for us to
understand mechanism of p-type conductivity in the PZO and
find effective approaches to promote stability of p-type PZO.
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In the present work, we prepared PZO films by radio fre-
quency (RF) magnetron sputtering and post-annealing tech-
nique and investigated the change of conductivity of the PZO
with annealing temperature, and discussed the change mecha-
nism by characterization of chemical states of P and of the
intrinsic defects of ZnO at various annealing temperatures.

Il. EXPERIMENTAL

Undoped ZnO and PZO films were deposited on quartz
substrates by RF magnetron sputtering of ZnO and PZO ce-
ramic targets, respectively. The ZnO and PZO targets were
fabricated by sintering high purity ZnO (99.99%) and the
mixture of the ZnO and P,05 (99.998%) powder, respec-
tively. The nominal concentration of phosphorus in PZO
target was 2 at. %. To eliminate influence of oxygen, the vac-
uum chamber was evacuated to a base pressure of 5 X 1074
pa prior to deposition, and then filled with high pure Ar
(99.999%) to 1.0 Pa, which is kept during depositing process.
All films were sputtered for 2h at substrate temperature of
500°C. The as-grown films with 1cm X 1 cm size were cut
into four square pieces and then rapidly annealed at different
temperatures in the range of 600-900°C in steps of 100°C
under 10~*Pa in a tube furnace.

The crystal structures of samples were characterized by
x-ray diffraction (XRD) with Cug, radiation (4 = 0.15406 nm),
the scan step used is 0.02°, and error is within =0.0003 nm for
lattice constant measurement. The electrical properties were
measured in the van der Pauw configuration by a Hall measure-
ment system at room temperature. The temperature-dependent

© 2013 AIP Publishing LLC
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photoluminescence (PL) was performed using the UV Labran
Infinity Spectrophotometer with He—Cd laser line of 325 nm as
an excitation source. The chemical states of elements were ana-
lyzed by x-ray photoelectron spectroscopy (XPS).

lll. RESULTS AND DISCUSSION

Fig. 1(a) shows the XRD patterns collected from the
PZO films annealed at different temperatures. Only strong
(002) and weak (004) diffraction peaks are observed, and no
diffraction peak of other phases, such as Zn;P, or P,Os, is
detected, implying that P atoms incorporate into the lattice of
ZnO to form PZO films with hexagonal structure and (002)
preferential orientation. Lattice constant in ¢ axis of the PZO
is calculated using the XRD data and plotted as a function of
annealing temperature, as shown in Fig. 1(b). One can see
that the lattice constant ¢ monotonically increases as anneal-
ing temperature increases from 600 °C to 900 °C. In order to
eliminate impact of the strain induced by thermal mismatch
and lattice mismatch, the undoped ZnO film is annealed at
600 °C and 800 °C, and their lattice constant ¢ is calculated to
be 0.5212 and 0.5210nm shown in Fig. 1(b), respectively,
which is very close to 0.5209nm of bulk ZnO,'® implying
that the strain is almost relaxed in the annealing temperature
range. Therefore, the increase of lattice constant ¢ of the PZO
not arises from the strain but the P doping. It is noted that the
lattice constant ¢ of the PZO is smaller than that of bulk ZnO
at the annealing temperature below 850°C but larger than
that of bulk ZnO at the annealing temperature above 850 °C.
It is known that the ionic radii of P>* (0.031-0.034 nm) and
Pt (0.044-0.058nm) are smaller than that of Zn’>"
(0.074 nm), while the ionic radius of P>~ (0.18-0.212 nm) is
larger than that of 0>~ (0.138-0.14nm). So, the substitution
of P for Zn (Pz,) can lead to decrease of the lattice constant
¢, while substitution of P for O (Pg) can result in increase of
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the lattice constant ¢. Based on the XRD results and discus-
sions mentioned above, it is deduced that most of P atoms
should occupy Zn sites when the PZO is annealed at the tem-
peratures below 850 °C but O sites when the PZO is annealed
at temperatures above 850°C. Therefore, the c-axis lattice
expansion is due to the gradual decrease of the amount of P,
with increasing annealing temperature. The origin of decrease
of Pz, is not clear yet, we speculate that it may be related to
the conversion of P doping configurations from P, to Po."”
Table I displays the electrical properties of the undoped
ZnO and PZO films. The as-grown undoped ZnO exhibits
n-type conductivity with an electron concentration of
6.23 x 10'®cm >, which is a common feature for an undoped
ZnO due to the existence of native donor defects such as inter-
stitial zinc (Zn;) and oxygen vacancies (Vo). However, the
conductivity measured for the 600 °C-annealed undoped ZnO
is ambiguous, suggesting that native acceptors such as Vg,
have been considerably formed and compete with the native
donors. As annealing temperature increases from 700°C to
900 °C, the undoped ZnO films return to n-type conductivity
due to that native donors, such as Vo, dominate again, and the
electron concentration monotonically increases from
537 % 10" to 1.69 x 10" cm ™. However, for the as-grown
PZO, it exhibits good n-type conductivity with an electron
concentration up to 1.19 x 10°°cm 3, much higher than that
of the as-grown undoped ZnO. It is well known that P has am-
photeric nature of substitution for Zn or O when it is doped in
ZnO and behaves as acceptor when it substitutes for O site
(Po) but triple donor when it replaces Zn site (P28
Obviously, so high electron concentration in as-grown PZO
compared to as-grown undoped ZnO indicates that most of P
atoms occupy Zn sites in the as-grown PZO film, in agreement
with the result of XRD.'"® As annealed in the temperature
range from 600 °C to 700 °C, the PZO film still shows n-type
conduction, but the electron concentration monotonically
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TABLE I. Electrical properties of undoped ZnO and PZO films measured by van der Pauw method at room temperature.

Sample Annealing temp. (°C) Resistivity (©2 cm) Mobility (cm®> V™'s71) Carrier density (cm ™) Type
ZnO as-grown 97.9 1.03 6.23 x 10'° n
7ZnO 600 63.5 .. ... p/n
ZnO 700 13.8 1.45 5.37 x 10" n
ZnO 800 3.37 2.96 6.40 x 10" n
Zn0O 900 1.15 3.28 1.69 x 10'® n
PZO as-grown 5.95%x 1072 0.88 1.19 x 10% n
PZO 600 0.57 0.78 1.40 x 10" n
PZO 700 8.04 15 5.29 x 10" n
PZO 800 64.2 2.82 3.81 x 10'° p
PZO 900 1.59 x 10? 4.82 1.16 x 10" p

decreases from 1.19 x 10%° t0 5.29 x 10'7 cm ™3, which is dif-
ferent from annealing-temperature dependent electron concen-
tration of the undoped ZnO. It is evident that the decrease of
the electron concentration should be related to the decrease
of the amount of P,, donors based on the XRD results.
Interestingly, the conversion of conductivity from n- to
p-type happens as the PZO is annealed at temperatures of
800 and 900°C, and corresponding hole concentration is
3.81 x 10"°cm > and 1.16 x 10" cm ™, respectively. From
the Hall measurement, it can be seen that 800 °C annealing
favors to obtain p-type PZO with good electrical properties.
To understand the conversion mechanism, low-
temperature PL. measurement is performed for the undoped
ZnO and PZO films. Fig. 2 shows the 83 K PL spectra of the
undoped ZnO films annealed at different temperatures. The
prominent emission peak centered at 3.363eV can be
assigned to the donor-bound exciton radiative recombination
(D°X) and the 3.379 ¢V peak is usually associated with free
exciton (FX).'! The appearance of FX, in general, is the
indication of good crystalline of the films.?® The emission
peak at 3.313 eV has been ascribed to the transition of con-
duction band electron to acceptor located in basal plane
stacking faults in some literatures published previously.?*??

A

L L L L
600 700 800 900
Annealing temperature (°C)

Intensity (a.u.)

. 1 A ] ) ] . 1 . ] ) ]
2.8 29 3.0 3.1 3.2 3.3 3.4

Photon energy (eV)

FIG. 2. 83K PL spectra of undoped ZnO films annealed at different temper-
atures. The inset shows the intensity ratio of Znj-related to Vz, peaks as a
function of annealing temperatures.

The 3.188 eV peak is similar to the peak observed previously
by Sann et al** in ZnO powders annealed in ammonia
atmosphere (3.193eV), and is attributed to the transition
associated with interstitial Zn based on electron paramag-
netic resonance measurements. The most prominent emis-
sion peak at 3.090 eV is usually considered as the transition
of electron from conduction-band to Vg, ((e, Vz,)).>> >
Appearance of so strong peak indicates that considerable
V7, exists in the annealed undoped ZnO. The peak at
3.017 eV is ascribed to longitudinal optical (LO) phonon rep-
lica of (e, Vz,) due to that the energy difference between the
two peak is close to the LO phonon energy of 72 meV. Other
interesting emission peak at 3.252eV is due to the recombi-
nation of donor-acceptor pair (DAP). One can see that the in-
tensity of the 3.313 eV emission peak dramatically increases
and an additional emission peak at 3.333eV emerges in the
spectrum of 900 °C-annealed ZnO. There are many kinds of
explanation about the origin of the 3.333 eV peak up to now,
two of which are accepted widely. One ascribes the peak to
the two electron satellite (TES) of DX.*® and another
assigns the peak to the recombination of exciton bound to
V2, located in grain boundaries.>! It should be noted that the
appearance of the 3.333eV peak is accompanied with the
dramatical increase of the intensity of the 3.313 eV peak. In
general, these stacking faults can promote the formation of
grain boundaries. Therefore, the positive correlation between
the 3.333eV and 3.313 eV emission peaks suggests that the
3.333eV peak likely arises from the transition of excitons
bound to Vg, located in grain boundaries. Moreover, the
3.333 eV emission peak is also observed in the spectrum of
900 °C-annealed PZO, where no DX reveals (as shown in
Fig. 3), confirming that the 3.333eV emission should not
originate from TES of DX but the recombination of exci-
tons bound to V, in the present case.

It should be noticed that the intensity of the V,, peak
increases steeply as annealing temperature increases up to
800 °C but decreases drastically at 900 °C, as shown in Fig. 2.
This indicates that the amount of V, acceptor increases with
increasing annealing temperature from 600 °C to 800 °C and
then decrease at 900 °C. If the amount of donors in the films
does not change with annealing temperature, the increase of
the amount of the V, should lead to that electron concentra-
tion decreases with increasing annealing temperature from
600 to 800°C and then increases at 900°C, which is
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FIG. 3. 83 K PL spectra of PZO films annealed at different temperatures.

inconsistent with the variation of electron concentration
shown in Table I. This implies that some donor is generated
and the amount of the donor increases with annealing temper-
ature. In fact, one can see from Fig. 2 that the 3.188 eV emis-
sion peak, which is considered to be related to Znj-related
donors, becomes stronger and stronger with increasing
annealing temperature, implying that the amount of Zn;-
related donors increases with increasing annealing tempera-
ture. In our previous work,32 it was found that Zn atoms
started to escape from ZnO and generate Vg, at annealing
temperature of 600 °C. Some of the escaped Zn atoms leave
the ZnO film, and others inevitably remain in the ZnO films
to form Zn;-related donors. It has been suggested that the
3.090eV emission peak arises from the transition of electron
from conduction band to V,, while the 3.188eV emission
peak is owing to the transition of electron from Zn;-related
donor to valence band. Therefore, it is not difficult to con-
clude that the ionization energy of the Vz, is 98 meV higher
than that of the Znj-related donor. So, the electric properties
of the undoped ZnO are dominated by Zn;-related donors in
the annealing temperature range, though the amount of both
Vz, and Zn; increases with increasing annealing temperature.
The intensity ratio of Znj-related to V, peaks as a function
of annealing temperature is more explicitly shown in the inset
of Fig. 2, indicating that the ratio almost linearly increases
with increasing annealing temperature. Consequently, the
electron concentration gradually increases with increasing
annealing temperature.

Fig. 3 shows the 83K PL spectra of the PZO films
annealed at various temperatures. For the 600 °C-annealed

J. Appl. Phys. 113, 193105 (2013)

PZO, the spectrum can be fitted well with two emission peaks
located at 3.365eV and 3.263eV using Gaussian fitting
method. The dominant emission peak at 3.365eV can be
assigned to D”X,** and the broad emission peak at 3.263 eV
to the recombination of DAP.*>* For 700°C-annealed PZO,
the spectrum is also dominated by the D°X and the DAP tran-
sition. This implies that donor is dominant in the PZO
annealed at 600 °C and 700 °C, in agreement with n-type con-
ductivity of the two samples shown in Table I. However, for
the 800°C-annealed PZO, the spectrum composes of four
emission bands, located at 3.356, 3.310, 3.286, and 3.213 ¢V,
respectively. The emission peak at 3.356eV is attributed
to the acceptor-bound exciton radiative recombination
(A’X),%** which is different from D°X observed in the
n-type PZO prepared by annealing at 600°C and 700°C,
implying that acceptor is dominant in the 800 °C-annealed
PZO. In addition, two additional strong emission peaks
located at 3.310 and 3.213 eV, respectively, are observed in
the 800 °C-annealed PZO compared to 600°C and 700 °C-
annealed PZO. The 3.310eV peak is usually assigned to the
transition of free electron from conduction band to acceptor
level (FA) related to phosphorus acceptor.®** The emission
peak located at 3.286eV in the 800°C-annealed PZO is
ascribed to the DAP transition, while the 3.213 eV peak can
be assigned to DAP-LO due to that the energy difference
between the two peaks is close to the LO phonon energy of
72 meV.

To confirm the assignment of the 3.310eV peak,
temperature-dependent PL is performed for the 800 °C-
annealed PZO, as shown in Fig. 4. One can see that the
3.310eV emission peak shows a continuous red-shift with
increasing measurement temperatures, and overlaps with FX
to form a broad emission band at room temperature, which
is a typical characteristic of FA transition. As shown in the
inset of Fig. 4, the temperature-dependent photon energy of
the FA transition is fitted well by following equation:

Epa(T) = Eo(T) — Ea + kgT/2, (1)

(e,A”) 4331

FA

E' -125meV + K T/2

L L L L L L 3.26
60 90 120 150 180 210 240 270

Temperature (K)

Intensity (a.u.)

3.5 3.4 3.3 3.2 3.1 3.0 2.9 2.8
Photon energy (eV)

FIG. 4. Temperature-dependent PL spectra of 800 °C-annealed PZO film.
The inset shows the temperature-dependent peak energy of FA and the fit-
ting curve using Eq. (1) for 800 °C-annealed PZO film.
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where Ega (T) is the temperature-dependent the FA transi-
tion energy, E, (T) is the band gap energy, E, is the acceptor
energy level, and kg is the Boltzmann constant. The acceptor
energy level is estimated to be 125 meV, well consistent with
the previous report.'> For the 900 °C-annealed PZO, there
are two emission peaks centered at 3.333eV and 3.246¢eV in
the PL spectrum and no A“X and FA are observed, as shown
in Fig. 3. Similar to the 900 °C-annealed undoped ZnO, the
3.330eV emission peak is related to V, located in grain
boundaries and the emission peak at 3.246eV is likely
related to the DAP transition.>

To further identify the acceptor involved in the FA, XPS
measurement is performed for the 800 °C-annealed PZO, as
shown in Fig. 5. The XPS spectrum exhibits clearly two
peaks located at 139.28 and 133.25eV. The peak with bind-
ing energy of 139.28 eV originates from the Znj, signal from
Zn-O bond in ZnO.*> The P,, at a binding energy of
133.5-133.7 eV has been suggested to come from PO, ion in
the film.>® Therefore, the 133.25eV peak is assigned to the
P,,, from PO, ion. This indicates that the P occupies mainly
Zn sites and forms tetrahedral bonds with O in the PZO, con-
sistent with the XRD results, implying that the phosphorus-
related acceptor involved in the FA is not Pg but P,,-2V,,
complex acceptor,’*™'> which is responsible for p-type con-
ductivity of the PZO.

Based on the XRD and PL results mentioned above,
the Hall measurement results of the PZO can be explained
well as following: for the as-grown PZO, P occupies mainly
Zn site to form triple donors, leading to its n-type conduc-
tivity with high electron concentration. Since the amount of
the Pz, decreases with increasing annealing temperature
while the amount of Vg, increases first up to 800°C and
then decreases, the amount of the P,,-2Vy, complex
acceptor may increase first with increasing temperature up
to 800 °C and then decrease after 800 °C. When the PZO is
annealed at 600 and 700 °C, the P, is dominant due to that
only a small amount of P,-2V, form, so the conductivity
is still n-type, but the electron concentration decreases with
increasing temperature due to decrease in the amount of the
Pz, and increase in the amount of the P,,-2V,, complex

Zn 3s

5x10° [ S

4x10° |-
0
0
‘g P2p
=
]
o

3x10° |-

Q
2x10°
" 1 " 1 " 1 "
125 130 135 140 145

Binding Energy (eV)

FIG. 5. XPS spectra and fitting curve of 800 °C-annealed PZO film.
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acceptor. When the PZO annealed at 800 °C, the amount of
the Pz,-2V, reaches maximum and much larger than that
of the Pz, resulting in that the conductivity of the PZO
converts from n-type to p-type. Further increasing anneal-
ing temperature to 900°C, the amount of the P,-2V,,
decreases, leading to decrease in the hole concentration of
the p-type PZO.

IV. CONCLUSIONS

By using RF magnetron sputtering, phosphorus-doped
ZnO films are grown on quartz at a substrate temperature of
500°C and then annealed in the temperature range from
600°C to 900°C. The as-grown PZO film is n-type and
keeps n-type at the annealing temperatures of 600-700 °C,
but converts to p-type after 800°C annealing. Further
increasing annealing temperature, it still shows p-type con-
ductivity but the hole concentration decreases. The P occu-
pies mainly Zn site (Pz,) in the as-grown PZO, which
accounts for good n-type conductivity of the as-grown
PZO. The amount of the P, decreases with increasing tem-
perature, while the amount of V,, increases from 600 °C to
800 °C but decreases greatly at 900 °C, resulting in that the
amount of Pz,-2Vy, complex increases with increasing
temperature up to 800 °C but decreases above 800 °C. The
p-type conductivity of the PZO is due to the P,,-2V,,, com-
plex acceptor, and ionization energy of which is estimated
to be 125 meV. The conversion of the conductivity is attrib-
uted to the change of the amount of the P, and P,-2V,,
complex with annealing temperature.
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