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Abstract
In this paper, a simple method is reported to obtain nitrogen-doped p-ZnO film. In this method NH3 plasma, generated in a plasma-enhanced

chemical vapor deposition system, was employed to treat ZnO thin film. By Hall-effect measurement, a p-type conductivity was observed for the

treated film with the hole density of 2.2 � 1016 cm�3. X-ray photoelectron spectroscopy (XPS) results confirmed that nitrogen was incorporated

into ZnO film during the treatment process to occupy the oxygen positions. In low temperature photoluminescence spectra, an emission peak

corresponding to acceptor–donor pair was observed. From this emission peak we calculated the N-related acceptor binding energy to be 130 meV.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

ZnO as a wide band gap semiconductor, having a direct band

gap of 3.37 eV and a large exciton binding energy of 60 meV,

has been recognized as a promising material for use in

ultraviolet (UV) light emission devices and laser diodes. For the

achievement of a practical ZnO based light emission diode

(LED) or laser diode (LD), it is imperative to fabricate the p-

type ZnO. But the growth of the p-type ZnO is very difficult.

Considerable efforts have been made in preparing p-type ZnO,

such as by doping with N, P, As, Sb, Li and so on [1–5].

However, a reproducible low resistance and high mobility p-

type ZnO has not been successfully obtained.

Efforts have been made to obtain p-type ZnO films by using

acceptor dopants such as nitrogen, arsenic, and phosphorus.

Both As and P are deep acceptors and make few contributions to

p-type conduction, which leaves nitrogen as the relatively better
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choice for the acceptor dopant in p-type ZnO [6]. So a lot of

research has been developed about p-type nitrogen-doped ZnO

films by many methods such as molecular beam epitaxy

(MBE), ion-implantation, magnetron sputtering, pulsed-laser

deposition (PLD) and so on [7–12]. In this report, a NH3 plasma

post-treatment method was used to realize p-type conductivity

of ZnO film. The optical properties and the electrical

characterization of N-doped p-type ZnO film are discussed

in the paper.

2. Experiments

ZnO films were grown on the c-Al2O3 substrate by

molecular beam epitaxy (MBE) [13]. NH3 plasma post-

treatment was carried out in plasma enhanced chemical vapor

deposition (PECVD) system with high-purity NH3 serving as

the nitrogen source. The treatment was carried out for 1 h under

a power of 10 W at 100 8C. The flux of NH3 was 10 sccm and

the pressure was maintained at 250 Pa.

X-ray diffraction (XRD) measurement was taken on a

Siemens D500 diffractometer using Cu Ka radiation of
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1.5418 Å. The electrical properties of all the samples were

measured by Hall-effect measurements at room temperature

with van der Pauw sample configuration using the Lakeshore’s

7707 Hall measurement system. The Ohmic contacts were

made by an indium electrode, which was operated at a pressure

of 10�3 Pa for 20 min at near 300 8C. The chemical nature of

surfaces was analyzed by X-ray photoelectron spectroscopy

(VGESCALAB MK II XPS, VG Co., East Grinstead, UK). The

binding energies were calibrated by centring the aliphatic

carbon peak at 284.6 eV. Surface morphology of the ZnO was

studied by atomic force microscopy (AFM) in a contact mode

using a Veeco’s Instrument Dimension 3100 system. PL spectra

were measured employing a He–Cd laser with the laser line at

325 nm as the excitation source and collected with a

microprobe system made by Jobin–Yvon Company. The

temperature was controlled by Linkam Scientific Instruments

Ltd. LNPQ312 system.

3. Results and discussion

The XRD spectra of ZnO sample before and after treatment

by NH3 plasma are shown in Fig. 1. The XRD patterns showed

that c-axis preferred orientation ZnO were fabricated which had

the wurtzite structure. No additional diffractive peaks are

observed, which means there were no impurity phases in the

samples. The full-width at half-maximum (FWHM) of peak

(0 0 2) is 0.2008 and 0.2338 for undoped and NH3-treated

samples, respectively. It can be seen that the intensity is weak

after the treatment, which indicates that the crystal quality of

the treated ZnO is inferior to the undoped sample. The

thicknesses of the samples were all around 200 nm obtained by

scanning electron microscope (SEM).

Electrical transport properties of ZnO films are summarized in

Table 1. Based on the Hall-effect measurement, the as-grown

film has n-type conductivity. After the NH3 plasma post-

treatment the Hall coefficient is inverted to positive, which

indicates a hole-dominant transport effect and the film converts to

the p-type conductivity. The carrier concentration increases by

two orders of magnitude, from 3.9 � 1014 to 2.2 � 1016 cm�3.
Fig. 1. The XRD spectra of the sample before and after treatment by NH3

plasma.
The resistivities of the samples drop more than two orders of

magnitude. This result shows that NH3 plasma treatment is an

efficient method to obtain p-ZnO thin film. During the treatment

process nitrogen atoms could incorporate into ZnO film to

occupy oxygen positions, partly compensating some donors

induced from non-stoichiometric composition. Therefore, the N-

acceptors in ZnO are activated. The density of acceptors will be

dominant, leading to the ZnO inverted from n-type to p-type.

This conductivity transformation can be confirmed by the

structural and compositional analyses.

Fig. 2 shows 5 � 5 mm2 AFM images of the films. The N-

doped ZnO film, shown in Fig. 2(b), consists of slender-shaped

grains having roughness of approximately 50–80 nm, while the

undoped ZnO film, shown in Fig. 2(a), has relatively flat

surface. Because the treated temperature is quite low, the

variety of surface morphology is thought due to the chemical

reaction between ZnO and NH3 plasma. The detailed discussion

will be given below.
Fig. 2. The AFM spectra of (a) n-type ZnO and (b) p-type ZnO.



Table 1

Electrical properties of the sample before and after treatment by NH3 plasma

Sample Conductivity type Carrier density (cm�3) Resistivity (V cm) Mobility (cm2 V�1 s�1)

ZnO n 3.9 � 1014 2.5 � 104 0.46

NH3 plasma treated ZnO p 2.2 � 1016 3.3 � 102 0.82
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In order to investigate the chemical state of N in ZnO, the

XPS measurements were performed as shown in Fig. 3. The

insert of Fig. 3(a) shows the XPS signals under different ion

etching depths of NH3 plasma treated sample. There were no N

related XPS peaks on the sample surface and at the depth of

10 nm. When the ion etching depth was 20 nm, a broad XPS

peak centered at 399.6 eV was observed. With etching depth

increasing to 100 nm, the center of the XPS peak shifts to

398.5 eV. From the Fig. 3(b), it can be seen that the binding

energy of the Zn 2p3/2 peak of the sample after the treatment is

slightly larger than the as-grown one. The absolute position of

the Zn 2p3/2 core level generally reflects the charge and the
Fig. 3. (a) N 1s and (b) Zn 2p3/2 spectra for the samples before and after the

NH3 plasma treatment. The inset of (a) shows the N 1s XPS signals under

different ion etching depths of NH3 plasma treated sample.
chemical environments around the Zn atom. For samples after

the treatment, the symmetry of the crystal lattice was degraded

because of nitrogen doping. The electrical cloud around the Zn

atom becomes asymmetric, resulting in the increase of the

binding energy of the Zn 2p3/2 peak for p-type ZnO [14]. With

the ion etching depth increasing, the blue-shift is also increased.

The lower binding energy indicates that there are a few Zn–N

bonds of the surface, which confirms that the nitrogen was

incorporated into ZnO films during the treatment process to

occupy oxygen positions. The blue-shift of the binding energy

indicates that Zn–N bonds increased with the etching depth

increasing, which is similar to the results shown for N 1s.

Based on these results, a diffusion and departure process for

N ions was assumed during the NH3 plasma treatment. Firstly,

N could substitute O position in ZnO thin film by diffusion

process. Secondly, because the N–Zn bond is much weaker than

O–Zn bond [14], the N–Zn bonds at the surface were destroyed

by the energy of the NH3 plasma during the treatment process.

Due to this reason, N atoms could not stay stable on film

surface. With the increasing depth, the influence of the NH3

plasma energy became weak gradually, so the N–Zn bond can

be found under a certain depth.

Fig. 3(a) is an enlarged XPS spectrum at this depth. By

Gauss fitting, three distinct forms of nitrogen are revealed. The

binding energies, located at 398.5, 399.6, and 403.5 eV, could

be attributed to N–Zn bonds, N–H bonds and weakly bound

nitrogen, respectively [14,15]. From the literatures, the binding

energy of N–Zn bond was given by two different values, located

at around 396.6 and 398 eV [14,15]. In our case the value is

preferred to the larger one. To explain this point, the NH3

plasma treatment process was considered. NH3 fragmentation

and recombination reactions in the discharge produce N2 and

H2 molecules as stable species, as well as NH2, NH, N, and H

fragments, both in ground and excited states [16,17]:

NH3þ e� ! NH2þH þ e�

NH3þ e� ! NH þ 2H þ e�

NH þ e� ! N þ H þ e�

NH þ NH ! N2þH2

The active H could react with ZnO to form H2O and release

oxygen vacancies (Vo). Then N fills in these vacancies to

substitute the O sublattice. Because both of the steps concern

the surface etching and reforming process, the surface

morphology changes dramatically after NH3 plasma treatment.

And since the treated temperature was as low as 100 8C and in

the treated process the Zn atoms could not escape by forming

some low melting point complexes, Zn sublattice keeps

integrity. The binding energy peaks near 396.5 eV compare
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favorably with values found for N3� in metal nitrides in which

the N atom has received substantial charge from the

surrounding metal atoms [18]. For oxygen-rich nitrogen

compounds, the binding energy could be found in high-energy

side, around 400 eV [18,19]. In the case of N substitution of O

sublattice (No) in ZnO crystal, the chemical surroundings of N

are only O and Zn, in which the number of oxygen atoms is

larger than Zn atoms. Therefore, the binding energy of No

should be between 396.5 and 400 eV, and prefer higher energy

side. Based on the above discussion and the Hall-effect

measurement result, we can deduce that the binding energy of

398.5 eV in our experiment is originated from No, which

induces efficient accepter doping. For other growth method,

especially direct growth by molecular epitexy method, the

nitrogen concentration in ZnO thin film could achieve

1020 cm�3. But hole concentration in p-ZnO is only

1016 cm�3 [20], which means that only 0.01% of N substitutes

O sublattice in ZnO to generate holes. Because nitrogen in ZnO

could form different complexes, it is not easy to distinguish the

XPS emission peak of No in this kind of sample [21].

Since the formation energy of the NH is lower than ‘pure’

NO defects, a weak XPS emission peak originating from NH

could also be observed. As a result, the free hole generated by

NO acceptor is neutralized by hydrogen. In this instance, the

NO acceptor defects are electrically inactive owing to a so-

called hydrogen passivation [15]. From the XPS spectra (the

insert of Fig. 3(b)), it should be noticed that this hydrogen

passivation effect is prominently close to the film surface. But

when the ion etching depth was 100 nm, this effect is neglected.

The peaks at 403.7 eV is due to (N2)o defects [15], which is a

double donor: the (N2)o represents substitution of N2 for O

sublattice.

In order to further investigate the behavior of No in ZnO thin

film, low-temperature (81 K) PL spectra of undoped ZnO and

p-type ZnO post-treated by PECVD were performed. The

measured UV PL spectra measured at 81 K are shown in Fig. 4.

The UV PL spectrum of the undoped ZnO consists of a free
Fig. 4. Low temperature (81 K) PL UV–blue spectra of
exciton (FE) line at 3.375 eV, neutral donor bound exciton

(D0X) line at 3.360 eV and free exciton lines with first and

second longitudinal optical (LO) phonon at 3.313 and 3.240 eV,

respectively [22]. For the p-type ZnO, five peaks located at

3.372, 3.360, 3.310, 3.232, and 3.160 eV are observed. The PL

peak located at 3.372 eV is assigned as free exciton (FE), and

the peak located at 3.310 eV is considered as first LO replica of

free exciton [22]. The dominant PL emission peak appearing at

3.360 eV is attributed to neutral donor bound exciton (D0X)

[23]. The band at 3.232 eV is a new peak compared with the

spectrum of undoped ZnO film, which can probably be

considered to be related with N doping. The peak position at

3.232 eV shifted towards higher energy with increasing the

excitation power as shown in the inset, it is a characteristic of

emission from donor–acceptor pairs (DAP) [24]. From Fig. 4,

we note that the peaks at 3.232 and 3.160 eV have equal energy

spacing of about 70 meV, which is in good agreement with the

energy of the LO phonons of ZnO. This implies that the peak at

3.160 eV is the corresponding first LO phonon peak of the DAP,

respectively. Therefore, based on the peak energy of DAP the

energy level of the nitrogen acceptor in the band gap of ZnO

was calculated by the formula:

EA ¼ Eg � ED � EDAP þ
e2

4per

where Eg (3.437 eV) is the band gap energy at low temperature

[24], ED is donor binding energy of 60 meV, dielectric constant

of ZnO is 8.6 [25], r is the distance of donor–acceptor pairs, can

be calculated with the hri � (3/4pNA)1/3 [26,27]. Since the

donor concentration (ND) of the undoped ZnO is 1014 cm�3, so

the acceptor concentration (NA) is also in this range for the p-

type sample [13]. Using this value, the acceptor bonding energy

EA can be obtained at 130 meV, which is almost consistent with

the results of the literatures [28–30]. It proved that some N

atoms have occupied the positions of O atom, and these

acceptors can compensate all donor state, so the film yields

p-type conductivity.
undoped and p-type ZnO post-treated by PECVD.
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4. Conclusions

In summary, p-type ZnO film was successfully prepared by

post-treatment with PECVD at low temperature. Electrical and

optical properties of N-doped ZnO were studied. The p-type

ZnO with the hole density of 2.2 � 1016 cm�3 was obtained.

XPS result indicated that a part of N substitute O sublattices to

form the accepter-like defects. The binding energy of No could

be established at 398.5 eV. The rational identification of the PL

peak positions of the p-type ZnO was discussed. All results

have elucidated the course of nitrogen being incorporated into

film to compensate donors during the treatment process,

resulting in the transformation from n-type to p-type.

Acknowledgements

This work is supported by the Key Project of National Natural

Science Foundation of China under Grant no. 60336020, no.

50532050, the Innovation Project of Chinese Academy of

Sciences, the National Natural Science Foundation of China

under Grant no. 60429403, no. 60376009, no. 60506014, no.

50402016, and no. 60501025.

References

[1] Chin-Ching Lin, San-Yuan Chen, Syh-Yuh Cheng, Hsin-Yi Lee, Appl.

Phys. Lett. 84 (2004) 5040.

[2] Kyoung-Kook Kim, Hyun-Sik Kim, Dae-Kue Hwang, Jae-Hong Lim,

Seong-Ju Park, Appl. Phys. Lett. 83 (2003) 63.

[3] Y.R. Ryu, J. Cryst. Growth 216 (2000) 330.

[4] F.X. Xiu, Z. Yang, L.J. Mandalapu, Appl. Phys. Lett. 87 (2005) 252102.

[5] J. Zeng, Z.Z. Ye, W.Z. Xu, D.Y. Li, Appl. Phys. Lett. 88 (2006) 062107.

[6] C.H. Park, S.B. Zhang, S.H. Wei, Phys. Rev. B 66 (2002) 073202.

[7] D.C. Look, D.C. Reynolds, C.W. Litton, Appl. Phys. Lett. 81 (2002) 1830.

[8] T.M. Barnes, K. Olson, C.A. Wolden, Appl. Phys. Lett. 86 (2005) 112112.

[9] J.G. Lu, Y.Z. Zhang, Z.Z. Ye, Mater. Lett. 57 (2003) 3311.

[10] G. Braunstein, A. Muraviev, H. Saxena, Appl. Phys. Lett. 87 (2005) 192103.
[11] Ming-Lung Tu, Yan-Kuin Su, Chun-Yang Ma, J. Appl. Phys. 100 (2006)

053705.

[12] Tamiko Ohshima, Tomoaki Ikegami, Kenji Ebihara, Jes Asmussen, Raj K.

Thareja, Thin Solid Films 435 (2003) 49.

[13] H.W. Liang, Y.M. Lu, D.Z. Shen, J.F. Yan, B.H. Li, J.Y. Zhang, Y.C. Liu,

X.W. Fan, J. Cryst. Growth 278 (2005) 305.

[14] Zhiyan Xiao, Yichun Liu, Jiying Zhang, Dongxu Zhao, Youming Lu,

Dezhen Shen, Xiwu Fan, Semicond. Sci. Technol. 20 (2005) 796.

[15] Craig L. Perkins, Se-Hee Lee, Xiaonan Li, Sally E. Asher, Timothy J.

Coutts, J. Appl. Phys. 97 (2005) 034907.

[16] R. d’Agostino, F. Cramarossa, S. De Benedictis, G. Ferraro, Plasma Chem.

Plasma Proc. 1 (1981) 19.

[17] N. Bellakhal, Mater. Res. Bull. 37 (2002) 2539.

[18] J.F. Moulder, W.F. Stickle, P.E. Sobol, K.D. Bomben, Handbook of X-ray

Photoelectron Spectroscopy, Perkin-Elmer Corporation, Eden Prairie,

1992.

[19] P.-Y. Jouan, M.-C. Peignon, Ch. Cardinaud, G. Lempérière, Appl. Surf.

Sci. 68 (1993) 595.

[20] Atsushi Tsukazaki, Akira Ohtomo, Takeyoshi Onuma, Makoto Ohtani,

Takayuki Makino, Masatomo Sumiya, Keita Ohtani, Shigefusa F.

Chichibu, Syunrou Fuke, Yusaburou Segawa, et al. Nat. Mater. 4

(2005) 42.

[21] E.-C. Lee, Y.-S. Kim, Y.G. Jin, K.J. Chang, Phys. Rev. B 64 (2001)

085120.

[22] H.J. Ko, Y.F. Chen, T. Yao, K. Miyajima, A. Yamamoto, T. Goto, Appl.

Phys. Lett. 77 (2000) 537.

[23] Ikuo Suemune, A.B.M. Almamun Ashrafi, Masato Ebihara, Makoto

Kurimoto, Hidekazu Kumano, Tae-Yeon Seong, Bong-Joong Kim, Ok

Young-Woo, Phys. Status Solidi (B) 241 (2004) 640.

[24] H.W. Liang, Y.M. Lu, D.Z. Shen, Y.C. Liu, J.F. Yan, C.X. Shan, B.H. Li,

Z.Z. Zhang, J.Y. Zhang, X.W. Fan, Phys. Status Solidi A 202 (2005)

1160.

[25] J.A. Van Vechten, Phys. Rev. 182 (1969) 891.

[26] D.C. Look, Mater. Sci. Eng. B 80 (2001) 383.

[27] D.C. Reynolds, D.C. Look, B. Jogai, C.W. Litton, T.C. Collins, W. Harsch,

G. Cantwell, Phys. Rev. B 57 (1998) 12151.

[28] A. Zeuner, H. Alves, D.M. Hofmann, B.K. Meyer, A. Hoffmann, U.

Haboeck, M. Strassburg, M. Dworzak, Phys. Status Solidi B 234

(2002) R7.

[29] W. Stutius, J. Cryst. Growth 59 (1982) 1.

[30] Akira Ohki, N. Shibata, S Zebutau, Jpn. J. Appl. Phys., Part 2 27 (1988)

L909.


	Optical and electrical properties of p-type ZnO fabricated by �NH3 plasma post-treated ZnO thin films
	Introduction
	Experiments
	Results and discussion
	Conclusions
	Acknowledgements
	References


