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Abstract: Phosphorus was diffused into CVT grown undoped ZnO bulk single crystals at 550 and 800C in a closed quartz

tube. The P-diffused ZnO single crystals were characterized by the Hall effect, X-ray photoelectron spectroscopy (XPS),

photoluminescence spectroscopy (PL),and Raman scattering. The P-diffused ZnO single crystals are n-type and have high-

er free electron concentration than undoped ZnO.especially for the sample diffused at 800°C . The PL measurement reveals

defect related visible broad emissions in the range of 420~550nm in the P-diffused ZnO samples. The XPS result suggests

that most of the P atoms substitute in the Zn site after they diffuse into the ZnO single crystal at 550C ,while the P atom

seems to occupy the O site in the ZnO samples diffused at 800C . A high concentration of shallow donor defect forms in

the P-diffused ZnO,resulting in an apparent increase of free electron concentration.
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1 Introduction

ZnO is a II-VI compound semiconductor with a
wide band gap (3.37e¢V) and large exciton binding
energy (60meV ) at room temperature. In recent
years,it has attracted interest due to its potential ap-
plication in short wavelength devices. While natural
ZnO exhibits n-type conductivity, there exist several
problems in developing p-type ZnO like the self-com-
pensation effect caused by the nature defects oxygen
vacancies,Zn interstitials"’ ,and the low doping solu-
bility of acceptor impurity"®’ . Until now,Group I and
Group V elements have both been considered candi-
dates for acceptor impurities, while the studies show
that the Group V elements are more appropriate ®*!.
Notably, many experiments used phosphorus as their
dopant and p-type conduction was obtained. Howev-
er,most of the research has been carried out on ZnO
epitaxial film grown at low temperature. After high
temperature annealing, the P-doped ZnO film be-
comes n-type® 7. The reason for the conduction type
conversion remains unclear and further research is
necessary. Compared to thin film ZnO material, it is
an advantage to study P-doping and the related defect
using bulk ZnO single crystal. In contrast, P-doped
bulk ZnO single crystal is rarely reported. In this
work,electrical and optical properties of phosphorus
diffused ZnO bulk single crystals are studied. Results
of deep level defects induced by P-diffusion and their
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influence on the properties of ZnO are presented. We
find that a high concentration of shallow donor defect
is generated after P-diffusion in ZnO single crystals.

2 Experiment

ZnO single crystals with diameters of 30 ~50mm
were grown by the chemical vapor transport (CVT)
method in a closed ampoule at about 1000°C in our la-
boratory®'. The as-grown ZnO single crystals were
annecaled at 1100C for 5h in flowing oxygen to re-
move oxygen vacancies and Zn interstitial defects that
formed during the growth process. (0001) and (10 10)
oriented,d5mm X 5mm ZnO single crystal wafers were
sliced from the crystal ingot and used for the experi-
ment. Phosphorus was diffused into the ZnO single
crystals at 550 and 800C for about 100h in a closed
quartz tube that was chemically cleaned in advance.
Red phosphorus with 6N’s purity was used as the dif-
fusion source. After diffusion, the samples
lapped and polished, and a surface layer thickness of

WEre

about 40pm was removed. Some of the samples were
annealed at 850C in flowing oxygen for 3h. A con-
ventional Hall effect measurement was used to exam-
ine the electrical properties of the ZnO samples.
Raman scattering and low temperature photolumines-
cence (PL) were used to study defects in the samples.
X-ray photoelectron spectroscopy (XPS) was used to
determine the existence and chemical bonds of phos-
phorus in the ZnO samples.
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Table 1 Room temperature electrical properties of undoped and P-diffused ZnO samples
. . Diffusion Carrier density Resistivity Mobility
Sample No. Orientation . L, , ;
condition /em™3 /(Q + cm) /(ecm?/(V +8))
Before 4.469 X106 6.510X 101 215
P1 (000D . 5
800C /100h 3. 626 X 1017 1.118x10°! 151
_ Before 1. 189 X 10%7 4.316 X101 122
P2 (10 10 , 7 -
800C /100h 1.662 %107 4.107Xx 1071 92
Before 6.978 X107 6.657 X102 135
P5 (000D . . ,
550C /100h 7.175% 107 6.371X10°2 137
_ Before 2.435X 107 2.059%x10°! 125
P6 (10 10 o~ -
550C /100h 3.115X 107 1.648%X 107! 122
As-grown 2.031x10% 1.563X10°1! 198
PO (0001 .
annealed 2.433 X 10" 1.563x 107! 165

3 Results and discussion

Hall effect measurement results of undoped, P-
diffused,and annealed ZnO single crystals are given
in Table 1. Both the undoped and the P-diffused ZnO
samples are n-type. After the P-diffusion, free elec-
tron concentrations of the ZnO samples increase sig-
nificantly,especially for the sample P1 in which phos-
phorus is diffused at 800C . This result suggests that a
shallow donor defect is formed after the P-diffusion
in ZnO. It indicates that the shallow donor concentra-
tion increases as temperature and the concentration of
the diffused P in the ZnO samples increases. This
finding implies that the in-diffused P atom substitutes
for Zn and acts as a shallow donor in ZnO. Since the
atomic size mismatch is large between P (110pm) and
O (66pm) and small between P and Zn (125pm),P is
expected to be energetically favorable to occupy Zn
sites rather than O sites, which is an atomic size de-
pendent site sclection phenomenon of impurity in
ZnQ, as evidenced experimentally in recent publica-
tions''” . On the other hand, the recent theoretical
calculation and experimental study suggest that a
complex defect P,,-2V,, is formed under specific con-
ditions in P-doped ZnO""'*/ . This defect is a shallow
acceptor, which accounts for the p-type conduction
observed in P-doped ZnO. It seems that the present
diffusion condition (temperature,stoichiometry) does
not assist the formation of the acceptor defect com-
plex in ZnO. The following PL result gives evidence
of shallow donor formation in the P-diffused ZnO
samples.

Furthermore,there is a slight decrease of the car-
rier concentration of the P-diffused ZnO after annea-
ling.implying an increase of electrical compensation.
In contrast, the free clectron concentration of as-
grown undoped n-type ZnO increases after annealing
under similar conditions, which can be seen from a
typical result of the sample PO in Table 1. The electri-

cal compensation of the n-type P-diffused ZnO in-
creases and the formation of a quantity of acceptor
defect such as P,,-2V,, in the P-diffused ZnO is most
likely in the annealing process since the annealing is
completed in oxygen rich ambient at high tempera-
ture. Thus, the annealing induced Pz,-2V, is a possi-
bly responsible for the compensation. The results in
Table 1 also indicate that the (0001) ZnO wafer has a
higher donor concentration than (10 10) ZnO wafer
after diffusion under the same conditions. This differ-
ence may be related with the influence of the polarity
of the (0001) face on impurity doping and substitu-
tion. XPS spectra of two typical P-diffused ZnO sam-
ples are shown in Fig. 1. In addition to the peaks of
C, O, and Zn, a P—O bond related XPS peak at
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Fig.1 XPS survey spectra of ZnO:P-diffused at 800C (a)
and 550C (b)
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133. 2eV'** appears in Fig. 1 (b). Thus., the existence
of phosphorus in the ZnO single crystals is con-
firmed, suggesting that P atoms occupy the Zn site
rather than the O site in the P-diffused ZnO samples.
As shown in the insets of Fig. 1,the P—O bond relat-
ed XPS peak of sample P6 is apparently stronger,
while it is nearly absent in sample P1. An XPS peak at
about 141eV is observed in samples P1 and P2,and the
spectrum of P1 is shown in Fig. 1 (a). This peak is
close to the Zn—P bond XPS binding energy .
These results imply that the in-diffused P atoms in
ZnO occupy the Zn site at low diffusion temperature,
while they tend to occupy the O site at high diffusion
temperature. As further evidence, we found that un-
doped ZnO single crystal samples easily turn into grey
power Zn;P, after P-diffusion at 900C . This fact also
limits our annecaling temperature to below 9007C.
Therefore, the phosphorus-oxygen bond is formed at
low temperature and the zinc-phosphorus bond is
formed at high temperature in ZnO. Our findings
agree with the result of Heo et al."* in which phos-
phorus dopant ions in ZnO films occupy multiple
sites.

The insets in Fig. 1 present the relative XPS in-
tensity of Oy, from the diffused and annealed sample
P6. The peak of the annealed sample is more symmet-
rical and intense. Since the condition of the ZnO sin-
gle crystal CVT growth is zinc-rich, production of Vg,
defect is favored. The O,; peak center shifts from
531. 3 to 531. 1eV, which means the oxygen deficient
regions''®’ have recovered slightly because the annea-
ling occurs in oxygen ambient. Thus, the intensity
change of this region may associate with the decrease
of Vo concentration®'%1.

The origin of the visible PL emission peaks in
ZnO has been studied extensively"'” ', In general,
they are related with defects in ZnO single crystals al-
though the exact nature of the defect remains un-
clear. Figure 2 (a) shows the PL spectra of the sam-
ples P1, P6, and an as-grown ZnO sample at room
temperature. The broad peaks centered at 490nm are
the dominant emission peaks and the study is focused
on the samples P1 and P6, which have a relatively
high defect concentration reflected by the spectra.
Figure 2 (b) is the low temperature PL spectra of P1,
P6.and undoped ZnO after annealing. A bluish peak
centered at 478nm can be observed in sample P1,
which may associate with a higher concentration of
defects formed in the diffusion process compared to
P6 and the undoped sample. Blue luminescence has
been observed in ZnO thin film grown by various
methods. such as PLD"®') and sputtering®’. Elec-
tronic transition from zinc interstitial Zn; to Zn va-
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Fig.2 PL spectra of P1,P6 and as-grown ZnO at room temper-
ature (a) and 6K (b)

cancy Vg, is attributed to the emission since the emis-
sion intensity is anti-correlated with oxygen pressure
in the ZnO film preparation process. Formation of
Zn; and oxygen vacancy V, are expected since the P-
diffusion of our ZnO samples was completed in an ox-
ygen deficient vacuum condition. On the other hand,
the in-diffused P might generate more Zn; by a diffu-
sion process named kick-out substitution of Zn in
ZnO. Thus,it is reasonable that sample P1 has a high-
er concentration of Zn; because its P-diffusion tem-
perature is high.

The Hall effect results give further evidence of
donor defects affecting the visible blue luminescence.
Compared to the undoped ZnO, the P-diffused ZnO
has an increase of free electron concentration and ap-
pearance of the blue luminescence,suggesting a shal-
low donor defect is involved in the blue luminescence.
This is more clearly reflected by sample P1,which has
a much higher donor concentration and obvious blue
luminescence after P diffusing at 800°C . The broad lu-
minescence peak from 425 to 600nm can also be seen
from the PL spectra of all the samples. This can be
explained by the existence of native defects in as-

(21221 'However, the concentration of the

grown ZnO
native defects in as-grown ZnO is low. Since the broad
luminescence peak in ZnO is believed to be a com-
bined contribution of native defect related transi-

tions"'"*~#J the appearance of an apparent blue peak
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Fig.3 Raman scattering spectra of the diffused samples P1,
P2,P5,P6

in the P-diffused ZnO sample indicates that a domi-
nant single shallow donor defect is formed through
the diffusion.

According to Fig. 3, Raman scattering spectra of
the P-diffused ZnO samples indicate non-existence of
a 580cm ™! shift, which is generally considered to be
Vo related™ %! Thus, V, can be excluded as the can-
didate of the donor defect formed after P-diffusion in
the ZnO samples. In this case, Zn; seems to be the
most likely donor defect formed in the diffusion
process and contributes to the strong blue emission of
the ZnO samples. The result presented here also sup-
plies further evidence that stable p-type ZnO is diffi-
cult to obtain by P-doping due to the formation of a
high concentration of shallow donor defects at high
temperature.

In particular,Meyer et al.'* introduced nitrogen
into ZnO by three different techniques at tempera-
tures similar to those in our experiment. They pro-
posed that nitrogen on an oxygen site works as the ac-
ceptor. But the samples still exhibit n-type conductivi-
ty. Both results indicate that the realization of p-type
ZnO relies on the weakening of the influence of com-
pensation. In addition,it has been confirmed that ac-
ceptor levels such as P, As,and Sb on O sites are quite
deep (around 200meV)'*! and the electrical activa-
tion ratio of the acceptors is as low as 107? in ZnO. A
very high doping concentration of the group V ele-
ments is required to realize p-type ZnO. Thus,a rea-
sonable approach to obtain p-type ZnO is to form the
shallower acceptor defect P,,-2V,, by controlling the
stoichiometry and temperature of the doping process
of ZnO single crystal. More research is needed to
study the effect of the ZnO growth condition on the
p-type doping efficiency.

4 Conclusion

P atoms substitute at the Zn site and O site in
ZnO single crystals at low and high diffusion temper-

ature,respectively. A shallow donor defect with high
concentration is formed in the P-diffused ZnO single
crystal. The donor defects correlate with the blue lu-
minescence of the ZnO sample. It is necessary to study
the influence of stoichiometry and temperature on the
P-doping or diffusion in ZnO.
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