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Investigations of microstructural evolutions after rapid
thermal annealing of phosphorus doped ZnO films grown
by pulsed laser deposition
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The microstructure of as-deposited and rapid thermal annealed (RTA) P-doped ZnO films grown by pulsed laser deposition
(PLD) on c-plane sapphire substrates was investigated. Omega rocking curve (o-RC) and pole figure investigations showed
that the degree of texture and crystalline quality of films decreased with increasing phosphorus concentration. X-ray
diffraction line profile analysis (LPA) and Warren—Averbach analysis showed that 0.5 at % P-doped ZnO film presented
much higher microstrain values than 1.0 at % P-doped ZnO films, which indicated that phosphorus atoms are no longer
incorporated into the ZnO lattice for such concentrations. After RTA at 900 °C for 3 min, the FWHM values of »-RCs
markedly decreased, indicating a significant improvement of crystallinity. In addition, the change of the conduction type from

n to p simultaneously with a decrease of strain suggested that P atoms were incorporated back into the ZnO lattice.
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1. Introduction

ZnO is one of the most promising material for
optoelectronics device applications due to its wide
bandgap energy (3.37 eV) and large exciton binding
energy (60 meV) [1-3]. However, despite many studies it
is very difficult to produce p-type ZnO films because of
the deep level location of the candidate acceptors from
ZnO valence band and their self-compensation by native
point defects [4,5]. Phosphorus (P) attracted an extensive
attention as a p-type dopant in ZnO [6-8] and it was
reported that rectifying and light emitting diodes were
realized with phosphorus doped ZnO films [9,10]. The
growth conditions, such as growth temperature, O, partial
pressure, substrate treatment and so on, have a strong
influence on the crystalline quality of the ZnO films, as
many studies pointed out [11-13]. However, a detailed
study on the microstructure of the P-doped ZnO films has
only recently been performed [14]. The results showed
that for P doping concentration as low as 1 at % there is a
strong segregation effect that degrades the crystalline
structure. In this letter, we report a comparison between
the structure of as-grown and rapid thermal annealed
undoped and 0.5, and 1.0 at % P-doped ZnO films grown
on the c-plane sapphire substrate.

2. Experiments

Details about the deposition and characterization of
ZnO:P films were recently published [14] and are only
briefly mentioned here. The layers were grown on c-plane

sapphire substrates by the pulsed laser deposition (PLD)
technique at 700 °C in an oxygen partial pressure of 150
mTorr. Prior to ZnO:P deposition, an undoped ZnO buffer
layer was firstly deposited at 400 °C in 20 mTorr of O, and
then annealed at 650 °C in an oxygen ambient. Two
phosphorous-doped ZnO targets containing 0.5 and 1 at. %
P were fabricated using high-purity ZnO (99.9995 %)
mixed with P,Os5 (99.998 %). The targets were ablated by a
KrF excimer laser working with a pulse repetition rate of 1
Hz and an energy density of approximately 1.5 J/cm®. The
film thickness was approximately 400 nm for the ZnO:P
layer and 100 nm for the undoped ZnO buffer layer. After
deposition, films underwent a Rapid Thermal Annealing
(RTA) process under high purity oxygen at 900 °C for
3 min.

The microstructure of grown films was examined by a
Panalytical MRD X’Pert system equipped with a 1/2° slit,
mirror and Ge (220) monochromator on the primary optics
and a channel cut Ge (220) analyzer on the secondary
optics (parallel beam geometry) and in a Philips APD3720
using the Bragg-Brentano (focusing) geometry. The room
temperature electrical properties were investigated by Hall
effect measurements using the four-point van der Pauw
geometry with a commercial LakeShore Hall measurement
system [15].

3. Results and discussion

By analyzing the {IOT 1} pole figures recorded
from as-grown undoped, 0.5, and 1.0 at. % P-doped ZnO
films it was inferred [14] that the ZnO films are textured
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along the c-axis, the preferred way of ZnO films growth
by PLD [15-18]. It was also apparent that the degree of
texture degraded with increasing phosphorus atomic
percent in ZnO.

Interestingly, it was also found from the pole figure
that there are two columnar structures, which were
identified from the {1011} and {1014} phi (¢)-
scans of ZnO films and sapphire substrate, respectively,
as _ ZnO[1010]//AL,0,[1120] and
Zn0O[10101// A1,0,[1010] . The
ZnO[1010]// Al,0,[1120] orientation corresponded
to a film that exhibited narrower ¢ -scan peak widths than
those measured for films aligned with the substrate
because the 30° in-plane rotation with respect to the
sapphire substrate decreases the lattice mismatch (18.4%).
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Fig. 1. (0002) w-RCs measured from the grown and
annealed samples.
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Fig. 2. (lOT 1) w-RCs measured from the grown and
annealed samples.

Figs. 1 and 2 display the omega rocking curves
(0-RCs) recorded to investigate the crystalline quality of
the grown films. Both the (0002) and (1011) ®-RCs
were measured in symmetric and skew geometry,
respectively. For all samples the (0002) ©-RC showed
higher intensity and smaller full width at half maximum
(FWHM) values than the (1011) ®-RCs.

Table 1. w-RCs FWHM values measured from the
deposited and RTA processed films.

Sample ®-RCs FWHM (°)
(0002) 1011)
undoped 0.779 4.209
as-grown 0.5 at. % P 1.683 7.082
as-grown 1.0 at. % P 3.235 19.148
annealed 0.5 at. % P 1.410 8.223
annealed 1.0 at. % P 1.327 6.486

This is an indication that the in-plane columnar
domains are twisted with a certain angle due to the
presence of threading dislocations, resulting in the
formation of the low angle grain boundary. It is worth
noting that the ®-RC FWHM values improved
dramatically after the RTA process, the 1 at % P sample
exhibiting narrower values than the 0.5 at % P, as shown
in Table 1.
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Fig. 3. Williamson—Hall plot for deposited films.

For further analysis of the microstructure of P-doped
ZnO films, an x-ray diffraction line profile analysis (LPA)
study was performed. Several {0001} diffraction lines
were recorded in a €/26 scan mode and their FWHM
were measured. By plotting ﬁ,ﬂ versus 2siné  in
which /3 is integral breadth, @ fs Bragg angle/and A
is X-ray wavelength, a Williamson-Hall plot [19] is
obtained, which is shown in Fig. 3. The values of
average crystallite size (<D>y) and the r.m.s. strain (&qs)
estimated from the Williamson-Hall plot are displayed in
Table II. The same parameters were estimated using the
Warren-Averbach method for the (0002) and (0004) lines
and presented in Table III for completeness sake. One can
note that while the crystallite size is rather similar at
around 500~600 A for all ZnO samples, the 0.5 at % P-
doped ZnO film shows the highest microstrain, both for
the as-grown as for the annealed samples.
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Table 2. Results obtained from Williamson — Hall plot for

grown films.
undoped as-grown annealed
P-doped ZnO P-doped ZnO
P atomic % 0 0.5 1.0 0.5 1.0
Strain (%) | 0.002 0.119 | 0.035 | 0.152 | 0.036
Crystallite 540 680 558 641 526
size (A)

Table 3.  Results obtained from Warren-Averbach analysis of

deposited films.
undoped as-grown annealed
P-doped ZnO | P-doped ZnO
P atomic % 0 0.5 1.0 0.5 1.0
Strain (%) 0.038 | 0.072 | 0.059 | 0.11 | 0.08
Crystallite 550 618 535 415 472
size (A)

It is believed that P atoms incorporation into the ZnO
lattice must generate an internal strain. Therefore, one can
argue, based on the X-ray diffraction line profile analysis,
that the P atoms were effectively incorporated into the
ZnO lattice for the sample with 0.5 at % P, resulting in the
highest strain. From the Hall measurement, the 1.0 at % P-
doped ZnO film showed a lower carrier density than the
0.5 at % P-doped ZnO film (1.8 10" em ™ versus
6.2x10" cm™ ) which is also consistent with a lower
substitutional incorporation, confirming the results of the
X-ray diffraction line profile analysis and our previous x-
ray photoelectron spectroscopy (XPS) investigations [14].
However, the behavior of annealed samples is somehow
puzzling, deserving further analysis. The FWHM values
of ®-RCs significantly decreased indicative of a much
better crystallinity. However, the strain values slightly
increased, more so for the 0.5 at % P sample. The fact
that the type of the conductivity changes after the RTA
process from n to p-type [ 15 ] for these samples is
consistent with substitutional incorporation of P atoms into
the ZnO lattice.

4. Conclusions

The microstructure of as-deposited and rapid thermal
annealed P-doped ZnO films with different phosphorus
atomic percent was investigated. The results indicated that
a significant fraction of phosphorus atoms in 1.0 at % P-
doped ZnO film are segregated while in 0.5 at % P-doped
ZnO film they are effectively incorporated into ZnO lattice,
resulting in a high internal strain. However, to achieve p-
type conduction an additional RTA process at 900 °C was
required.
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