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Effect of annealing temperature on properties
of P-N co-doped ZnO films
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P—-N co-doped ZnO films were grown on a quartz substrate by the radio-frequency
magnetron sputtering technique using a mixture of N, and Ar gases; then the films were
annealed rapidly in air. Effect of annealing temperature on structural, electrical and
optical properties of the P-N co-doped films was investigated. Results indicated that the
electrical properties of the films were sensitive to the annealing temperature, and the
conduction type could be changed from n-type to p-type with increasing the annealing
temperature from 600°C to 800°C. The P-N co-doped p-type ZnO film had a resistivity of
82.48 Q-cm, a hole concentration of 6.09-1017 ¢cm™3 and a mobility of 0.78 cm?V g1
respectively. The ZnO homojunction shows a rectifying characteristic.
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Ilneuxkn ZnQO, gerumposamubie P—N, BhIpammBaimch Ha KBapIeBOM MOAJIO0MKKE METOAOM
PafMOYaCTOTHOTO MATHETPOHHOTO PACHEBLIEHMA C KCIOIb30BaHMeM cMecu rasoB N, u Ar,
3aTeM OHH OLICTPO OTKUTAJNCL B BO3AYIIHON cpege. MccaeqoBaHo BAHSAHNE TeMIepaTyphl
OTJKHUTA Ha CTPYKTYPHEIE, DJIEKTPUUECKMEe M OITHUYECKMEe CBOMCTBA IIJIEHOK, JEerMpPOBAaHHBIX
P—N. PesyubrarThl IOKA3aJM, YTO BIEKTPUUYECKHE CBOMCTBA ILIEHOK UYBCTBUTEJIbHBLI K TEMIIE-
parype OTiKuTra, TUI IPOBOAUMOCTH MOXKET OBITH M3MEHEH C /1-TUIIA HA P-TUI [IPU yBejude-
Huu temmeparypel orskura or 600 mo 800°C. Ilmenmxu Z—O p-tuma, jeruposanubie P—N,
“Mean yoeabHOe comporusiaeHue 32,43 Om-cy, KOHUmeHTpanmo ABPoK 6,09-1017 ¢vm 3 u mo-
zemxaOoCTs 0,78 ¢m2V lel) coorsercTBenHO. omomepexon ZnO HOKABBIBAET BBLIPAMIITIO-
LIYI0 XapaKTEePUCTUKY.

Bmiue Temmnepatypu Bigmany ma BaactuBocrti mwiaiBok ZnO, merosamux P-N. Yupeng
Xie, Xinhai Li, XianDe Wang

IInisgm ZnO, nerosani P—N, Bupomysanncs Ha KBapriiiBe HmigkIaglli MeTogoM paziodac-
TOTHOTO MATHETPOHHOTO DOSIWJIEHHA 3 BUKOPHCTAHHAM cymimi rasis N, i Ar, morim ix
MIBUAKO BiflaiioBaau y IOBiTpAHOMY cepexoBuii. JlociifsKeHo BIJIUB TeMIlepaTypu Biama-
JIy Ha CTPYKTYPHIi, eeKTpUYHi Ta ONTUYHI BiacTuBocTi IiBOK, JeroBanux P—N. PesyabraTu
MOKAa3aJu, 110 eJeKTPUUHI BJACTUBOCTI TJIiBOK YYTJAMBi MO TeMOepaTypu BifAmajy, TUI TIPO-
BimocTi Moke OyTU 3MiHeHU 3 N-TUMY HA p-THUNO Tpu 30iMBIIEHH] TeMOepaTypu Bigmamy Bix
600 mo 800°C. IlmiBku, 110 BUpalleHo, Majgu nutoMuii omip 32,43 Om-cM, KOHIIEHTpAIlii0
xipor 6,09-1017 c¢m 3 i pyxausicts 0,78 c¢m2V-1le™!l Bigmosinmo. Tomomepexox ZnO moxasye
BUIIPAMJIAIOYY XapaKTEPUCTUKY.

© 2020 — STC "Institute for Single Crystals”

1. Introduction

Zn0O is considered a promising material
for the fabrication of optoelectronic devices
like light-emitting diodes (LED) and pho-
todetectors in the ultraviolet (UV) region,
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due to its wide band gap (3.37 eV) and large
exciton binding energy (60 meV) at room
temperature [1-3]. However, ZnO-based de-
vices are difficult to fabricate due to the bot-
tlenecks of reliable and reproducible p-type
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films. The presence of natural defects in
Zn0O, such as zine interstitials (Zn;) and oxy-
gen vacancies (Vg), makes ZnO an intrinsi-
cally n-type material [4, 5]. Moreover, the
low solubility of dopants, their self-compen-
sating nature and lack of stability can fur-
ther impede the preparation of p-type films
[6, 7]. So far, many studies have success-
fully used elements of group V as dopants
to overcome the p-type doping problem [8-
10]. Among the group V dopants, N is
thought to be a promising candidate, due to
its oxygen-like radius and the lowest ac-
ceptor level compared to P and As [11].
However, N is not suitable for doping due
to generation of a deep acceptor level.
Therefore, acceptor-donor (In-N, B-N, Ga-N
and Al-N) co-doping method is proposed to
reduce the acceptor level and increase the
acceptor concentration [12-15]. In addition,
phosphorus-nitrogen (P—-N) dual-acceptor co-
doping was conducted to obtain p-type ZnO.
Complex acceptors can significantly reduce
the acceptor level and improve p-type con-
ductivity in the ZnO film [16, 17]. To date,
P—N co-doped ZnO films were prepared by
radio-frequency (rf) magnetron sputtering
and pulsed laser deposition [18, 19]. How-
ever, P-N co-doped p-type ZnO films pre-
pared by rf magnetron sputtering with post-
annealing in air were few reported. As is
well-known, the post-annealing affects the
crystal quality, electrical behavior and lu-
minescent properties of the film. Especially,
the annealing temperature can change be-
havior of the properties.

In this work, P-N co-doped ZnO films
were deposited using a ZnO/P,0Og target by
rf magnetron sputtering with Ar/N, and
then annealed in air. The effect of anneal-
ing temperature on structural, electrical
and optical properties of P-N co-doped ZnO
films was studied.

2. Experimental

P—N co-doped ZnO thin films were grown
on quartz substrates by rf sputtering using
high purity Ar and N, as sputtering gases.
The target for the films was the mixture of
ZnO0 (99.99 %) and 2 wt % Py,0s
(99.99 %). The quartz substrates were
cleaned in an ultrasonic bath with acetone,
alcohol and de-ionized water successively. A
base pressure of 51074 Pa was provided in
the growth chamber, and then sputtering
gases with Ar (30 sccm) and N, (10 scem)
were introduced. The total working pressure
was fixed at 1 Pa. The films were deposited
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Fig. 1. XRD patterns of P-N co-doped ZnO
films annealed respectively at 600°C, 700°C
and 800°C.

at 500°C for 60 min with a rf power of
100 W, and then annealed in air for 5 min.

The structural characteristics of the ob-
tained films were examined by X-ray dif-
fraction (XRD) with Cu Ko; radiation (A) =
0.15406 nm. The electrical properties of the
films were measured in the four-probe van
der Pauw configuration by Hall measure-
ments at room temperature. The depth pro-
files of Zn, O, P and N were investigated by
secondary-ion mass-spectrometry (SIMS).
Photoluminescence (PL) was carried out at
room temperature with a 325 nm He-Cd
laser as an excitation source.

3. Results and discussion

The XRD patterns of P-N co-doped films
annealed respectively at 600°C, 700°C and
800°C under air atmosphere are shown in
Fig. 1. A strong ZnO (002) peak is observed
in all patterns without other peaks (e.g.
P,Og or ZnzN,), indicating that the P-N co-
doped films have a good crystalline quality

Functional materials, 27, 2, 2020
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Fig. 2. SIMS depth profiles of P-N co-doped
ZnO films annealed at 800°C.

and a preferred orientation along the ¢ axis.
With increasing the annealing temperature
from 600°C to 800°C, the full-width at half-
maximum (FWHM) value decreases from
0.38 to 0.29, indicating that the crystal
quality of the film is improved. Meanwhile,
the (002) peak gradually shifts to the
higher diffraction angle with the annealing
temperature increasing from 600°C to
800°C, indicating that P substitutes for a
Zn site [20].

The SIMS profile curve of the P-N co-
doped ZnO film annealed at 800°C is shown
in Fig. 2. The film thickness estimated from
the curve is about 600-700 nm. P and N
can be obviously detected, and their concen-
trations are quite stable throughout the
film depth. The results indicate that P and
N were introduced into the ZnO film with a
uniform distribution, which leads to the
good crystal quality and p-type conductivity
of the P-N co-doped ZnO film.

The Hall effect measurements were con-
ducted to test the electrical properties of
the ZnO films annealed at different tem-
peratures, and the results are listed in
Table. It is apparent that the films annealed
under different temperatures show different
conductivity types, although these films
were grown under the same conditions.
Under annealing from 600°C to 800°C, the
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Fig. 3. Room temperature PL spectra of P—N
co-doped ZnO films annealed respectively at
600°C, 700°C and 800°C.

conductivity type of the films was changing
from n-type to n/p complex types, and fi-
nally changed to p-type. When the anneal-
ing temperature is 600°C, the donor concen-
tration exceeds the acceptor concentration;
the conductivity type shows n-type. As the
annealing temperature increases to 700°C,
Zn and some P and N atoms (as interstitial
atoms) leave the films, which leads to the
dominance of the acceptor; conductivity
type changes from n-type to n/p complex
type. When annealing temperature increases
to 800°C, some N atoms substitute for

Table. Electrical properties of P-N co-doped ZnO thin films

Annealing Type Resistivity, Q-em | Carrier concentration, cm 3 Mobility, cmz/Vs
temperature, °C
600 In 25.70 1.67-1018 0.39
700 n/p 28.27 4.69-1017 0.35
800 P 32.43 6.09-1017 0.78
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Fig. 4. I-V characteristics of homojunction
composed of undoped n—-ZnO and P-N co-
doped p—Zn0O. Lower right inset shows sche-
matic structure of p—n homojunction. Upper
left inset shows I-V characteristics of Ni/Au
contact on the p—ZnO and In contact on the
n-2Zn0.

O(NOQO), these behave as acceptor dopants.
In addition, P atoms substituting for
Zn(Pz,) are donors, but they can combine
with two Zn vacancies (Vz,) or four N sub-
stituting for O; that is, Vz,, Pz,—2V,, and
P2z,—4Ngp behave also as acceptor dopants.
Especially, the Pz,—4Np acceptor plays an
important role in obtaining P-N co-doped
p-type ZnO films [18]. Therefore, the con-
ductivity type is converted to p-type.

Fig. 8 shows the room temperature PL
spectra of the P-N co-doped films deposited
at 500°C and annealed respectively at
600°C, 700°C and 800°C in air. All the
curves have the similar features, which con-
tain two parts of a near-band-edge (NBE)
UV emission at about 380 nm and a broad
emission in the visible region. The broad
emission in the visible region is attributed
to the transitions from the deep level (in-
trinsic defects) to the valance band [21]. As
shown in Fig. 8, the NBE UV exciton emis-
sion peak increases gradually with increas-
ing the annealing temperature; meanwhile,
the luminous improves, indicating that
crystalline quality of the films are better.
These results are in good agreement with
the XRD results.

To verify the p-type conduction of the
P—-N co-doped ZnO films, a ZnO homojunc-
tion was synthesized by depositing an un-
doped n—ZnO layer on the P—-N co-doped
p—Zn0O layer, and its I-V characterization
was investigated and shown in Fig. 4. In
and Ni/Au metals were respectively used as
n-type and p-type electrodes which provide
good Ohmic contacts, as shown in the inset
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of Fig. 4. As shown in Fig. 4, the I-V
curves of the ZnO p—n homojunctions ex-
hibit traditional rectifying behavior, indi-
cating that the p-type films can be used in
the optoelectronic region.

4. Conclusion

In summary, P-N co-doped ZnO films can
be obtained by rf magnetron sputtering
after rapid thermal annealing in air. The
annealing temperature influences on the
properties of the films. With increasing the
annealing temperature, the conductivity of
the films changes from n-type to n/p com-
plex type, and finally changes to p-type.
The P-N co-doped ZnO films have a resistiv-
ity of 32.43 Qcm, a hole concentration of
6.09-1017 cm 3 and a mobility of
0.78 em2V-1s71, respectively. Meanwhile,
the crystal quality of the films is improved,
and the NBE UV emission peak increases
with increasing annealing temperature. The
rectifying characteristic can be observed in
the ZnO homojunction.
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