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Donor and acceptor competitions in phosphorus-doped ZnO
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Phosphorus-doped ZnO films were grown by molecular-beam epitaxy with a GaP effusion cell as
dopant source. Three growth regions were identified to obtain ZnO films with different conduction
types. In the oxygen-extremely-rich region, phosphorus-doped ZnO films show n-type conduction
with dominant donor-bound excitons �D 0X� in the low-temperature photoluminescence �PL�
spectra. In the oxygen-rich region, a growth window was found to generate p-type ZnO films. The
PL spectra show evident competitions between D 0X and acceptor-bound excitons �A 0X�. In the
stoichiometric and Zn-rich region, ZnO films are n-type with dominant D 0X emissions. Thus,
phosphorus doping is amphoteric, having the tendency to form both donors and acceptors in ZnO.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2194870�
In the progress of developing reliable and reproducible
p-type ZnO for ZnO-based optoelectronic and spintronic
applications,1 group V element phosphorus is one of the
promising candidates of materials having good p-type elec-
trical properties, such as high carrier concentration, high mo-
bility, and low resistivity.2–9 In addition, rectifying I-V be-
havior was observed for diode employing phosphorus-doped
p-type ZnO with n-type materials, further confirming the
p-type conduction by phosphorus doping.10–14 However, the
reliability of phosphorus p-type doping is still problematic.
Furthermore, the lack of understanding of phosphorus dop-
ing mechanism hinders the progress of reliably producing
phosphorus-doped p-type ZnO. In this work, we report a
systematic study on electrical and optical properties of
phosphorus-doped ZnO films grown by molecular-beam ep-
itaxy with a GaP effusion cell as phosphorus dopant source.
Combining room-temperature �RT� Hall effect and low-
temperature �LT� photoluminescence �PL� measurements, the
nature of phosphorus doping is explored.

The phosphorus-doped ZnO films were grown on �011̄2�
r-plane sapphire substrates. Elemental zinc �5N� was evapo-
rated with a LT effusion cell. The oxygen �5N� plasma was
generated with a radio-frequency plasma source. All films
were grown at 720 °C with oxygen flow rate of 6 SCCM
�SCCM denotes cubic centimeter per minute at STP�. The
growth time varied from 3 to 8 h, resulting in different
thicknesses, as shown in Table I. After growth, a postanneal-
ing process was performed at 800 °C for 20 min to activate
phosphorus dopants. The detailed growth procedures are pre-
sented elsewhere.8 In this study, two sets of samples were
prepared, as shown in Table I. In the first set of films
�samples a–e�, Zn cell temperatures were varied from
320 to 380 °C while the GaP cell temperature was fixed at
710 °C. The growth rate is plotted as a function of Zn cell
temperatures in Fig. 1; three growth regions �I–III� were
identified accordingly. In region I, the growth rate is ex-
tremely low due to insufficient Zn atoms; therefore this re-
gion is assigned as an oxygen-extremely-rich region. RT Hall
effect measurements show that the films in this region have
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strong n-type conduction with high electron concentrations
of 9.6�1018–2.0�1019 cm−3. In region II, the growth rate
increases rapidly with Zn cell temperatures. Since the growth
rate is still limited by Zn cell temperatures, this region is
assigned as an oxygen-rich condition. The Hall effect mea-
surements yield ambiguous carrier type for the films grown
with Zn cell temperatures of 340 and 360 °C �samples b and
d�. This result may arise from the strong compensation effect
with equivalent concentrations of electrons and holes in
these two samples. By mediating the Zn cell temperature as
350 °C �sample c�, however, strong p-type conduction was
obtained with a hole concentration of 1.2�1018 cm−3 and a
mobility of 4.2 cm2/V s.8 Further increasing the Zn cell tem-
perature beyond 360 °C causes the saturation of growth rate,
which corresponds to the stoichiometric and Zn-rich condi-
tion �region III�. The films in this region show n-type
conduction with typical electron concentration of
2.3�1018 cm−3.

To further study the properties of p-type phosphorus-
doped ZnO and achieve controllable hole concentrations, the
second set of films was prepared by varying GaP cell tem-
peratures from 680, 710, to 750 °C while keeping the Zn cell
temperature at 350 °C �region II, samples f, c, and g, respec-
tively�. RT Hall effect measurements show that with GaP cell
temperatures of 710 and 750 °C, the phosphorus-doped ZnO
films exhibit strong p-type conduction. For example, the
sample grown with GaP cell temperature of 750 °C �sample
g� has the highest hole concentration of 6.0�1018 cm−3 and
a mobility of 1.5 cm2/V s. But the film with GaP cell tem-
perature of 680 °C �sample f� shows n-type conduction with
an electron concentration of 7.8�1017 cm−3. These data sug-
gest that an oxygen-rich condition and a high GaP cell tem-
perature are necessary for producing p-type ZnO by phos-
phorus doping using a GaP effusion cell.

Second ion mass spectroscopy �SIMS� was performed
on phosphorus-doped p-type ZnO films to examine the in-
corporation and concentration of phosphorus dopants using a
Cameca 4f SIMS system. The SIMS depth profiles are shown
in Fig. 2. For the GaP cell temperatures of 710 and 750 °C,
phosphorus doping concentrations were obtained as
2.0�1018 and 8.0�1018 cm−3, respectively. Comparing
these values with the hole concentrations of 1.2�1018 and
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6.0�10 cm obtained from Hall effect measurements, it is
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believed that phosphorus dopants were completely activated
at the annealing temperature of 800 °C.

LT PL measurements were carried out to investigate the
optical transitions in these films. A 325 nm He–Cd laser was
used as the excitation source. Figures 3�a�–3�e� show the PL
spectra at 8.5 K for the first set of phosphorus-doped ZnO
films grown with different Zn cell temperatures: �a�
TZn=320 °C �region I�; ��b�–�d�� TZn=340, 350, and 360 °C,
respectively �region II�; and �e� TZn=370 °C �region III�. In
the oxygen-extremely-rich condition �region I, Fig. 3�a��, the
PL spectrum is dominated by a strong D 0X emission, which
was widely observed in undoped,1 nitrogen-doped,15

phosphorus-doped,3 and arsenic-doped16 ZnO films. Another
emission is observed at 3.256 eV, which may be attributed to
phosphorus doping. By increasing Zn cell temperature to
340 °C �region II, Fig. 3�b��, the features of PL spectrum
remain nearly the same except for a stronger emission at
3.267 eV. The RT Hall effect measurements reveal an inde-
terminate carrier type for this sample. By increasing the Zn
cell temperature to 350 °C �region II, Fig. 3�c��, however,
D 0X and A 0X emissions simultaneously show up in the PL
spectrum at 3.364 and 3.315 eV, respectively, with a rela-
tively stronger A 0X than D 0X. Consistently, the Hall effect
measurement shows strong p-type conduction for this
sample. The coexistence of D 0X and A 0X in this spectrum
indicates that there are competitions between donors and ac-
ceptors in this film. By further increasing the Zn cell tem-
perature to 360 °C �region II, Fig. 3�d��, the spectrum shows
a lower intensity of A 0X than D 0X. Correspondingly, the
Hall effect measurement does not yield a clear p-type con-
duction, similar to the scenario of TZn=340 °C �region II,

TABLE I. Growth conditions and RT electrical prop

Sample

Zn cell
temperature

�°C�

GaP cell
temperature

�°C�
Thic

��

a 320 710 0.
b 340 710 0.
c 350 710 0.
d 360 710 0.
e 370 710 0.
f 350 680 0.
g 350 750 0.

FIG. 1. Phosphorus-doped ZnO growth rate as a function of Zn cell tem-
perature. Three regions were identified: Region I, oxygen-extremely-rich
region �n type�; region II, oxygen-rich region �p type�; and region III,
stoichiometric and Zn-rich region �n type�. Samples a–e were also marked in

this figure. The growth conditions can be found in Table I.
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Fig. 3�b��. The emissions at 3.259 and 3.180 eV were clearly
observed and identified as free electron to acceptor �FA� and
donor-acceptor pair �DAP� transitions, respectively, in our
previous study.8 Finally, raising the Zn cell temperature to
370 °C leads to a dominant D 0X emission at 3.361 eV and a
phosphorus-related emission at 3.303 eV �region III, Fig.
3�e��. The Hall effect measurement reveals n-type conduc-
tion for this sample. From the evolution of PL spectra and
Hall data, it is concluded that there are competitions between
D 0X and A 0X in phosphorus-doped ZnO films, and by vary-
ing the Zn cell temperatures, the intensities of D 0X and A 0X
emissions can be well controlled. The final carrier type is
determined by the competition results.

Figures 3�f�, 3�c�, and 3�g� show the PL spectra at 8.5 K
for the second set of phosphorus-doped ZnO films grown
with different GaP cell temperatures of 680, 710, and
750 °C, respectively. With a low GaP cell temperature of
680 °C �Fig. 3�f��, the film shows n-type conduction with a
D 0X dominated PL spectrum, similar to the case in Fig. 3�e�.
By increasing GaP cell temperature to 710 °C �Fig. 3�c��, the
film becomes p-type and the spectrum shows the coexistence
of D 0X and A 0X with a stronger A 0X emission, as analyzed
above. Further raising the GaP cell temperature to 750 °C
�Fig. 3�g�� results in a completely A 0X dominated PL spec-
trum at 3.317 eV and a nearly-diminished D 0X at 3.360 eV.
Accordingly, the Hall effect measurement shows much stron-
ger p-type conduction with a high hole concentration of
6.0�1018 cm−3 and a mobility of 1.5 cm2/V s. The dramatic
change of PL spectra in the second set of samples further
proves the existence of competitions between D 0X and A 0X
in phosphorus-doped ZnO films.

The doping mechanism for phosphorus-doped ZnO re-
mains unclear and sometimes controversial.4,6,7,17–24 Recent

of phosphorus-doped ZnO films.

Conduction
type

Carrier
concentration

�cm−3�
Mobility

�cm2/V s�

n 2.0�1019 31.3
Ambiguous N/A N/A

p 1.2�1018 4.2
Ambiguous N/A N/A

n 2.3�1018 45.2
n 7.8�1017 2.4
p 6.0�1018 1.5

FIG. 2. The SIMS depth profiles for phosphorus-doped p-type ZnO films
with TGaP=710 and 750 °C. Phosphorus doping concentrations are obtained
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erties

kness
m�

29
53
40
55
62
40
74
as 2.0�10 and 8.0�10 cm , respectively.
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



152116-3 Xiu et al. Appl. Phys. Lett. 88, 152116 �2006�
studies showed that the incorporation of phosphorus leads to
a significant increase of electron concentration,5,18,20,21 sug-
gesting that the formation of anti-site defects PZn and P+3-,
P+5-, or P−3-related complex could be the origin of shallow
donors in phosphorus-doped n-type ZnO.20–22 Consistently,
our results show that, in the oxygen-extremely-rich condi-
tion, the phosphorus-doped ZnO films become very conduc-
tive with electron concentrations up to 2.0�1019 cm−3. In
the oxygen-rich condition, however, phosphorus-related A 0X
emission starts to show up �Fig. 3�c�� and becomes much
stronger by raising GaP cell temperature to 750 °C �Fig.
3�g��, which clearly indicates that high-density acceptors
were incorporated into the films. Theoretical work has been
done to understand the origin of p-type conduction by phos-
phorus doping.22–24 It was suggested that a possible shallow
acceptor PO

−1 could be formed with an energy level of
0.49 eV above the valence band maximum.22 Experimen-
tally, similar to As- and Sb-doped ZnO,3,25,26 the acceptor
activation energy of phosphorus-doped ZnO films was
shown to be much smaller than theoretical calculations, in
the range of 127–180 meV.3,8 Nevertheless, the high hole
concentration obtained in the present study indicates the for-
mation of shallow phosphorus-related acceptors. It is also
interesting to note that similar experimental results were ob-
tained for pulsed laser deposition �PLD�-grown ZnO films
using P2O5 as dopant source.6 Oxygen flow rates were varied
from 20 to 200 mTorr and a narrow p-type growth window
was found only with an oxygen flow rate of 150 mTorr. The

FIG. 3. PL spectra at 8.5 K for two sets of phosphorus-doped ZnO films.
�a�–�g� are corresponding to samples a–g, as shown in Table I.
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consistency of these experimental results confirmed that the
phosphorus doping is of amphoteric character.

In summary, phosphorus-doped ZnO films were pro-
duced using a GaP cell as the phosphorus dopant source in a
molecular-beam epitaxy system. Three growth regions were
identified to generate ZnO films with different conduction
types by systematically varying the Zn cell temperatures. A
growth window was found to generate p-type ZnO films. The
PL spectra clearly indicate the existence of competitions be-
tween D 0X and A 0X for the phosphorus-doped ZnO films,
especially in the oxygen-rich region. This study suggests that
to achieve reliable p-type ZnO by phosphorus doping, an
adoption of oxygen-rich growth condition and high phos-
phorus incorporation during growth is needed to suppress/
compensate the formation of donors. Hence, a high acceptor
concentration could be achieved. Phosphorus doping mecha-
nism is confirmed to be amphoteric. Depending on growth
conditions, phosphorus-related donors and acceptors can be
formed with different concentrations. The final carrier type is
determined by the competition results.

This work was supported by DARPA/DMEA through the
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