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Abstract Temperature-dependent photoluminescence of

nitrogen-doped p-type MgxZn1-xO nanocrystalline thin film

grown on c-plane sapphire substrate by rf plasma-assisted

molecular beam epitaxy is investigated. P-type behavior is

confirmed by both Hall effect and Seebeck measurements.

Structural defect-related bound excitonic emission peak is

distinguished at around *50 meV lower than peak energy

of the near band edge neutral acceptor bound excitonic

emission. Typical ‘S shape’ behavior of energy position

versus temperature is observed due to polarization-induced

internal field. Nitrogen-related acceptor ionization energy is

calculated to be *180–200 meV.

1 Introduction

ZnO has attracted much attention for optoelectronic applica-

tions such as light emitting diodes (LED) and laser diodes

(LD) thanks to its wide band gap of 3.37 eV and high-exciton

binding energy (60 meV) at room temperature (RT). Mgx-

Zn1-xO and CdxZn1-xO alloys open up the opportunity for

band gap and heterostructure engineering [1, 2]. Extensive

research is going on to overcome the bottleneck problem of

stable and reproducible p-type ZnO and MgxZn1-xO. Group-I

(Li, Na) and group-V (N, P, Sb, As) elements are mainly

introduced as substitutional or defect complex dopants [3–

10]. In addition, co-doping or dual doping (N–Ga, Li–N, etc.)

is a possible route to successful p-type doping [11, 12].

So far, among all p-type dopants, nitrogen (N) is the

most intensively studied candidate [5, 6, 13–17]. Despite

some skepticism over the N as successful p-type dopant

[18, 19], Tsukazaki et al. [6], Nakahara et el. [20], and Kato

et al. [21] demonstrated successful ZnO- and MgxZn1-xO-

based devices using N as p-type dopant. Nakahara et al.

[20] and Lautenschlaeger et al. [22] suggested that Zn-

polar growth is preferred for increased NO (N substitutes

O) incorporation. Also, Liu et al. [14] reported that N could

create a shallow acceptor level by forming a defect com-

plex with zinc vacancy (Vzn), NO - Vzn.

For successful and reliable p-type N-doping, more evi-

dence of the N as an acceptor is still necessary. Further-

more, although tremendous effort was spent on single-

crystalline ZnO-based thin films, study of both n- and

p-type doping of ZnO-based micro- and nanocrystalline

thin films becomes important because these films have

profound impact for various applications such as random

lasers [23, 24], thin-film transistors [25], and transparent-

conducting oxide [26]. In this work, we investigate the

low-temperature photoluminescence (PL) spectra along

with electrical and structural features of N-doped p-type

MgxZn1-xO nanocrystalline thin film.

2 Experiment

N-doped MgxZn1-xO thin film was grown on c-plane

sapphire substrate using rf plasma-assisted molecular beam
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epitaxy (MBE). First, sapphire substrate was chemically

cleaned in an aqua regia (HNO3:HCl = 1:3) solution at

150 �C for 20 min, then rinsed in de-ionized water, and

finally dried with a nitrogen gun and transferred into the

MBE chamber. Elemental Zn (6 N) and Mg (6 N) heated

by regular Knudsen effusion cells were used as zinc and

magnesium sources. A mixture of oxygen (O2) and nitrous

oxide (N2O) gas was fed through the radio-frequency

plasma generator as the oxygen and nitrogen source. The

growth began with a thin buffer layer of MgO and followed

by another ZnO buffer at a temperature of 450 �C, with Zn,

Mg cell temperatures at 352 and 450 �C, respectively, and

2 sccm of O2 flow. Subsequently, an MgxZn1-xO epitaxial

layer was grown at 500 �C with Zn and Mg cells at 348 and

390 �C, respectively, and (2.4:2.6) sccm of O2:N2O gas

mixture. Then, the sample was in situ annealed at 600 �C

for 30 min with 3 sccm of O2 flow.

A 325-nm He–Cd laser was used as the excitation source

to carry out the PL measurements. Absorption spectrum

was measured by Varian Cary 500 double beam scanning

UV/Vis/NIR spectrophotometer. A home-built heater and

heat sink system, together with Kiethley 2401 digital

multimeter, were used to measure the thermopower. Room

temperature Hall effect measurement was done in a vari-

able magnetic field up to 6,000 gauss. For Hall measure-

ment system, Kiethley 6220 current source and Kiethley

2182 volt meter were used with minimum current capa-

bility of 0.1pA with up to 105 V compliance and voltage

capability of 1nV, respectively. Au/Ni (100 nm/10 nm)

was deposited for 4-contact Hall bar rectangular geometry

sample as the contact and also annealed properly using

RTA process. Cross-sectional TEM specimen was prepared

using focus ion beam in a FEI Quanta 3-D dualbeam sys-

tem, and TEM image was taken at 200 kV using a Philips

CM20 TEM in the LEXI/Calit2 shared-user facility. X-ray

diffraction measurement was performed on a Rigaku

SmartLab diffractometer at room temperature using Cu Ka
radiation and a scintillator detector combined with a dif-

fraction beam monochromator.

3 Results and discussion

Figure 1a shows XRD pattern of N-doped MgxZn1-xO

thin-film sample. This pattern indicates that the N-doped

MgxZn1-xO thin film has a polycrystalline nature because,

besides the 0002 peak, the 1011 peak of Mg0.15Zn0.85O also

shows up at around 36.4� in the pattern. It should be noted

that the peak at around 36.4� is broad and contains con-

tribution from the underneath ZnO/MgO buffer layer as

well. The conclusions drawn from XRD result are fully

supported by TEM data. Figure 1b shows bright field TEM

image of the N-doped Mg0.15Zn0.85O thin-film sample. The

polycrystalline nature of the N-doped Mg0.15Zn0.85O layer

with an average grain size of about 120 nm is evident.

High-density dislocations are present in the ZnO/MgO

buffer layer. There is no distinct interface between ZnO/

MgO layers of about 45 nm due to the intermixing. Besides

the diffraction spots from the sapphire substrate indicated

by solid lines, the SAED pattern as shown in the inset

reveals many Mg0.15Zn0.85O-related diffraction spots,

which do not have any certain orientation relationship. The

polycrystalline nature of the epitaxial film is not only due

to the lattice mismatch with the substrate and lower quality

ZnO/MgO buffer layer, but also contributed from relatively

low growth temperature and oxygen-rich growth ambient,

which are favorable conditions for p-type N-doping.

Compared with single-crystalline counterparts, nanocrys-

talline and polycrystalline epitaxial thin films are indis-

pensible for several applications, as claimed earlier.

Figure 2 shows absorption spectrum at RT of the sam-

ple. The excitonic resonance peak in the spectrum shows
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Fig. 1 a XRD pattern and b bright field cross-sectional TEM image

of N-doped MgxZn1-xO sample. Top-right inset in b is the

corresponding SAED pattern, where some of sapphire substrate-

related diffraction spots are marked with solid lines to determine the

film growth orientation
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good optical quality. Also, the single slope absorption edge

ensures no significant phase mixing in the alloy. The

absorption edge in the curve indicates an energy band gap

of 3.45 eV.

Figure 3a shows Seebeck effect measurement result of

the sample. Positive increase in thermopower with the

increase in temperature difference is evident, which con-

firms p-type conductivity. Figure 3b shows RT Hall resis-

tance as a function of magnetic field. Positive increase in

Hall resistance with applied magnetic field is observed,

further demonstrating p-type conductivity of this sample.

The sample exhibits a hole concentration of 3 9 1014cm-3

and a resistivity of 240 ohm-cm. The magnitude of the

carrier concentration and resistivity should be influenced

by the underneath highly conductive buffer layer (multi-

layer effect) as well as grain boundaries [27, 28]. More-

over, the low carrier concentration could also be due to

combined effect of carrier compensation from intrinsic

defects and low dopant activation [29, 30].

Figure 4 shows temperature-dependent PL of the sam-

ple, from 10 to 298 K. The spectrum at 10 K has three

prominent emission peaks. The first peak (Type I) at

3.50 eV should be bound excitonic near band edge (NBE)

emission; the second peak (Type II) is separated by

50 meV on the lower energy side (3.45 eV); and the third

peak (Type III) is located at 3.365 eV. There have been

reports of similarly distributed Type I and Type II emission

peaks in ZnO samples, which were mainly attributed to BX

(bound exciton)- and FA (free electron to acceptor)-related

transitions [5, 16, 31–33]. For example, Reynolds et al.

[16] observed an N-related acceptor activation energy of

130 meV and a FA transition at 3.317 eV, which is sepa-

rated from the BX by *50 meV in their N-doped ZnO

samples. On the other hand, recently, the *3.31 eV

emission was suggested to associate with stacking faults or

structural defects in the ZnO crystal [34–36] and assumed

to be responsible for p-type behavior [36]. Similar defects-

originated peak was reported for GaN and AlGaN, where
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Fig. 2 Square of absorption coefficient (a) at RT of the N-doped
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Fig. 3 a Variation in thermo e.m.f. with temperature and b Hall

resistance as a function of the applied magnetic field at RT of

N-doped MgxZn1-xO sample
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Fig. 4 Temperature-dependent PL spectra of N-doped MgxZn1-xO

sample
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the peak is separated by 50–60 meV from the NBE peak

[37–40]. As a matter of fact, considering the Type II peak

as FA would result in too shallow acceptor ionization

energy. Therefore, it is more probable that the Type II peak

in our N-doped MgZnO sample is related to structural

defects, rather than N-related FA emission.

Considering the p-type conductivity of the sample, the

peak at 3.5 eV (Type I) is assigned to neutral acceptor

bound excitonic emission (A0X). There is a shoulder on the

higher energy side of the Type I peak, which should be

donor bound excitonic emission (D0X) due to the com-

pensating donors present in the film. Beyond 80 K, the

A0X peak shows blue shift, which is due to thermal dis-

sociation of the acceptor binding energy leading to free

excitons.

Figure 5a shows energy positions of the three peaks

(Type I–II–III) at different temperature. The Type I peak

shows little redshift up to 80 K, which could be due to

strain-induced internal polarization [41], and beyond 80 K,

it starts dissociating from bound (A0X) to free exciton

(FX). The temperature dependence of FX peak positions

can be fitted by Varshni equation [42]

Eg Tð Þ ¼ Eg 0ð Þ � aT2

T þ b
ð1Þ

and Bose–Einstein (B–E) band gap equation [43, 44]

Eg Tð Þ ¼ Eg 0ð Þ � k

exp h=T

� �
� 1

ð2Þ

where Eg(0) is the energy position at 0 K, and a, b, (pro-

portional to Debye temperature, hD), k, and (Einstein

temperature, hE) are fitting parameters. Figure 5a also

shows the fitting curves (Varshni-orange dash-dotted line

and B–E pink dashed line). The parameters used for the

Varshni fitting are, EFX 0ð Þ = 3.5157 eV, a = 8.5 9 10-4

eV/K, b = (1,050 ± 30) K and for the B–E fitting are

EFX 0ð Þ = 3.5157 eV, k = 0.092 eV and h = (300 ± 5) K.

The ratio of h/b (&hE/hD) is close to 0.3, which is in good

agreement with the value found for ZnO [45] and AlGaN

[46]. The Type II peak shows ‘S-shaped’ temperature

dependence. It redshifts up to 80 K, then blueshifts till

120 K, and eventually redshifts due to band gap shrinkage

with further increase in temperature. This behavior has also

been observed in GaN alloys, which is attributed to alloy

potential fluctuation leading to localized excitons [39, 47–

49]. The Type III emission peak blueshifts up to 40 K, and

subsequently redshifts. This behavior is typical for donor–

acceptor pair (DAP) transitions [32]. At higher tempera-

ture, the ionization of the donors turns DAP transitions to

FA transitions. We can estimate the acceptor activation

energy (EA) from the following DAP-related emission

energy expression,

EDAP Tð Þ ¼ Eg Tð Þ � ED � EA þ e2=4p�rDA ð3Þ

where, the band gap Eg = 3.575 eV, the donor activation

energy ED is estimated to be 40 meV [50], r is the pair

separation, which can be estimated by (3/4pNA)1/3; e is the

dielectric constant of ZnO (8.6). From equation (3), EA is

calculated to be *180 meV, where NA is assumed to be

*1015 cm-3 by considering carrier compensation and

multilayer effect [27–29]. This is in good agreement with

the results (EA * 170–200 meV) reported by Look et al.

and others [5, 51, 52], where N at O site (NO) was assumed

to be the origin, although it is now believed to be from

N-related defect complex [14].

Figure 5b shows integrated intensity of the A0X emis-

sion as a function of temperature. The temperature

dependence of the integrated PL intensity is given by [53],

I Tð Þ ¼ I0=½1þ C expð�EA0X
b =kTÞ� ð4Þ
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Fig. 5 a Energy positions of the PL peaks as a function of

temperature of N-doped MgxZn1-xO sample. b Integrated intensity

of the A0X emission as a function of temperature of N-doped

MgxZn1-xO sample
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where C is a fitting parameter, I0 is the integrated PL

intensity at zero temperature, which is approximately the

same as the intensity at T = 10 K, and EA0X
b is the binding

energy between the acceptor and free exciton. From the

fitting to Eq. (4), EA0X
b = 19.1 meV is obtained. Using the

Haynes factor of 0.094 for N-doped ZnO material system

[31, 54], the acceptor binding energy EA is estimated to be

203 meV. This result is in close agreement with the value

for the acceptor level obtained using Eq. (3).

4 Conclusion

PL of N-doped p-type MgxZn1-xO nanocrystalline thin

film is investigated. Structural defect-related emission is

distinguished from the N-related emission in the low-

temperature PL spectra. Typical ‘S shape’ behavior of the

emission energy position in temperature-dependent PL is

observed due to polarization-induced internal field. The

ionization energy of N-related acceptor is found to be

*180–200 meV.
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