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ZnO/Zn1� xMgxO single quantum well (SQW) structures with well widths dW between 1.1 nm and

10.4 nm were grown by plasma-assisted molecular beam epitaxy both heteroepitaxially on c-plane

sapphire and homoepitaxially on (000�1)-oriented bulk ZnO. A significantly reduced Mg incorpora-

tion in the top barrier related to the generation of stacking faults is observed for heteroepitaxial

samples. Exciton localization is observed for both types of samples, while an enhancement of the

exciton binding energy compared to bulk ZnO is only found for homoepitaxial SQWs for 2 nm

� dW� 4 nm. Consistently, for homoepitaxial samples, the carrier dynamics are mainly governed by

radiative recombination and carrier cooling processes at temperatures below 170 K, whereas

thermally activated non-radiative recombination dominates in heteroepitaxial samples. The effects of

polarization-induced electric fields are concealed for Mg concentrations x< 0.1 due to the reduction

of the exciton binding energy, the screening by residual carriers as well as the asymmetric barrier

structure in heteroepitaxial wells. VC 2011 American Institute of Physics. [doi:10.1063/1.3658020]

I. INTRODUCTION

The ZnO/(ZnMg)O material system allows the fabrication

of type-I heterostructures with large band offsets and direct op-

tical transitions in the near ultraviolet spectral regime. By

alloying with MgO, the bandgap can be tailored between

3.3 eV for pure ZnO and 4 eV for wurtzite Zn1� xMgxO with a

Mg content of x¼ 0.37.1,2 Thereby, the in-plane lattice param-

eter a for (0001)-oriented Zn1� xMgxO changes only moder-

ately by 0.36 mÅ per percent of Mg incorporation,1 allowing

two-dimensional, pseudomorphic growth of Zn1� xMgxO thin

films on ZnO with a layer thickness up to at least 38 nm for

x¼ 0.37.3 Several groups have investigated heteroepitaxial

growth of ZnO/(ZnMg)O single heterostructures,4–6 single

quantum wells (SQWs),7–15 double quantum wells,16 and mul-

tiple quantum wells17–19 on various substrates such as c-plane,

a-plane, and r-plane sapphire, c-plane GaN/sapphire templates,

Si(111), and ScAlMgO4. However, only very few results of

homoepitaxial growth of polar ZnO/(ZnMg)O SQWs have

been reported,20 although this growth technique can lead to

improved structural, optical, and electrical properties of the

resulting ZnO films.21–23 In this paper, we compare the struc-

tural and optical properties of hetero- and homoepitaxially

grown ZnO/Zn1� xMgxO single quantum well structures and

discuss the role of exciton localization and of internal electric

fields in SQWs with low Mg content.

II. EXPERIMENTAL DETAILS

ZnO/(ZnMg)O SQWs were grown by plasma-assisted

molecular beam epitaxy (PAMBE) using double-zone Knud-

sen cells for the evaporation of Zn (6 N) and Mg (6 N), while

oxygen (6 N) radicals were provided by a radiofrequency

plasma source. ZnO template layers with a thickness of

300 nm were grown under stoichiometric growth conditions

on c-plane sapphire at a substrate temperature of 460 �C
employing an MgO/ZnO double buffer similar to the proce-

dure described in Refs. 24 and 25. The resulting layers

exhibited a root mean square (RMS) surface roughness of

0.4 nm on a 5 lm� 5 lm area. Next, two series of heteroepi-

taxial SQW samples with nominal well widths dW between

1.3 nm and 10.4 nm and nominal barrier widths of 15 nm

(20 nm) were deposited at a substrate temperature of 460 �C
(540 �C) for series I (series II). The nominal well widths dW

were calculated according to the ZnO growth rate on c-plane

sapphire for the corresponding growth conditions. Prior to

growth of the homoepitaxial SQW structures (series III),

(000�1)-oriented bulk ZnO substrates26 were annealed for

120 min at 1000 �C in O2 atmosphere.27 The SQW structures

were grown simultaneously with those of series II except

for the SQW with dW¼ 6.5 nm. The Mg depth profile was

studied by time-of-flight secondary ion mass spectroscopy

(TOF-SIMS) using a TOF.SIMS 5-100 (iONTOF Company,

Münster, Germany). The machine is equipped with a

Bi-cluster primary ion gun and Caesium-, Oxygen-, and C60

-sputter guns. The analysis was carried out with single

charged Bi-primary ions with energy of 25 keV. For thea)Electronic mail: Bernhard.Laumer@wsi.tum.de.
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sputtering, we chose 10 keV single charged C60 -ions. The

field of analysis for each sample was 60 lm� 60 lm. The

primary ion diameter determining the lateral resolution

amounts to 10 lm and the primary ion current to 1 pA. The

structural properties were analyzed with a high resolution x-

ray diffractometer (Philips X’Pert MRD) equipped with a

4�Ge(220) primary monochromator to obtain a highly

monochromatic CuKa beam (Dk/k< 1.5 � 10�4) and a

3�Ge(220) analysator with an angular resolution of 11 arc

sec in front of a Si-detector. Low-temperature continuous

wave (cw) photoluminescence measurements were carried

out using a contact gas cryostat and the 244 nm line of a

frequency-doubled Arþ laser with a power density of 100

mW/cm2 for excitation. The luminescence signal was

recorded using a single channel detector and a spectrometer

with 0.1 nm resolution. The Mg content x was determined

from the peak energy of the low-temperature Zn1� xMgxO

PL emission according to the following relation:

EPLð4KÞ ¼ ð3:360 6 0:001ÞeVþ ð1:92 6 0:04ÞeV � x (1)

established by averaging over the data given in several

publications.2,28–30 For time resolved PL measurements, a

standard streak-camera setup with a 100 fs Ti:sapphire laser

as an excitation source was used.31

III. EXPERIMENTAL RESULTS

Atomic force microscopy (AFM) reveals smooth surfaces

with an RMS roughness between 0.2 nm-0.4 nm and a terrace-

like structure with atomic steps with a height of c/2 for both

hetero- and homoepitaxial samples (Fig. 1(a)). Figure 1(b)

shows the normalized TOF-SIMS Mg profile of simultane-

ously grown hetero- and homoepitaxial SQW structures. It was

found that in heteroepitaxial SQWs, the Mg content of the top

Zn1� xMgxO barrier only amounts to approximately 65% of

the first barrier, whereas for narrow homoepitaxial SQWs, a

symmetric barrier structure is obtained. For increasing well

width, the Mg content of the top barrier decreases also for

homoepitaxial samples but to a significantly smaller extent

than for heteroepitaxial samples. The lateral averaging of the

primary ion beam with a diameter of 10 lm in combination

with the terrace-like surface morphology with peak-to-valley

z-values of typically 5 nm for 5 lm� 5 lm images (c.f. Fig.

1(a)) smears out the TOF-SIMS Mg profile. However, the

slope of the TOF-SIMS profile at the heterointerfaces is

smaller for heteroepitaxial samples, although an AFM analysis

yields a similar roughness for both types of samples. Addition-

ally, TOF-SIMS reveals a systematically larger barrier width

of the top Zn1� xMgxO barrier of about 5 nm compared to the

first barrier for heteroepitaxial samples.

To obtain a better understanding of these observations,

the structural properties of the investigated samples were

studied by high resolution x-ray diffraction (HRXRD). In

Figs. 2(a) and 2(b), the x-rocking-curves of homo- and het-

eroepitaxial samples are compared. For the symmetric 002

reflex, small full widths at half maximum (FWHMs) close to

the resolution of the experimental setup are observed, i.e.,

12–22 arc sec for heteroepitaxial and 15–30 arc sec for

homoepitaxial samples. The FWHMs of the heteroepitaxial

samples are even lower than for homoepitaxial samples

which shows that the applied MgO/ZnO double buffer leads

to an excellent alignment of the lattice planes perpendicular

to the c-axis implying a low density of pure screw-type and

mixed dislocations �2 � 106 cm�2.2,32 In contrast, the asym-

metric 101 x-rocking-curves of heteroepitaxial samples ex-

hibit large FWHMs of 1400–1700 arc sec, which according

to the relations given by Dunn and Kogh,32 corresponds to

an edge-type dislocation density on the order of �1010 cm�2.

A similar defect structure is also known from the heteroepi-

taxial growth of GaN on sapphire substrates.33 The 101

FWHMs of homoepitaxial samples of �50 arc sec are signifi-

cantly smaller, and hence, the edge-type dislocation density

can be estimated to be �107 cm�2.

In Fig. 2(c), 002 2h – x-scans of two heteroepitaxial sam-

ples of series II are depicted together with best-achieved simu-

lations obtained by using the simulation program GID_sl.34,35

Pendellösungen are observed for both samples, yet they are

more pronounced for the SQW with a well width dW of

10.4 nm. This points to a higher degree of crystallinity and

interface coherence for this sample. The multilayer structure

of the samples gives rise to a modulation of the high-

frequency oscillations whose oscillation period is mainly

FIG. 1. (Color online) AFM images (a) and TOF-SIMS Mg profiles normal-

ized to 1 (b) of simultaneously grown homo- and heteroepitaxial SQWs. The

equally long arrows in (b) illustrate the larger width of the top barrier com-

pared to the first barrier for heteroepitaxial samples.

FIG. 2. (Color online) Comparison of (a) symmetric 002 and (b) asymmet-

ric 101 HRXRD x-rocking-curves of homo- and heteroepitaxial samples, (c)

measured (upper curves) and simulated (lower curves) 2h – x-scans of two

heteroepitaxial SQW structures.
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determined by the relatively thick ZnO template layer. A rea-

sonable agreement of experiment and simulation is obtained

for the sample with dW¼ 10.4 nm assuming the following

sample structure: ZnO-template (d¼ 293 nm, cZnO

¼ 5.2052 Å) / first ZnMgO barrier (d¼ 20 nm, cZnMgO

¼ 5.1997 Å) / ZnO-well (d¼ 10 nm)/top ZnMgO-barrier

(d¼ 20 nm, cZnMgO¼ 5.2025 Å). Here, the MgO/ZnO double

buffer is neglected due to its minor thickness and low crystal

quality. The higher value of the c-lattice parameter cZnMgO

for the top ZnMgO barrier reflects its lower Mg content.

Hence, the HRXRD results confirm the expected layer struc-

ture and the TOF-SIMS results. However, the simulation

shows deviations from the experimental results particularly

on the low-angle side of the 002 diffraction peak. Simula-

tions with an underlying sample structure similar to the one

used above completely fail to reproduce the measured dif-

fraction pattern for the sample with a well width dW of

2.6 nm since this sample exhibits a pronounced shoulder on

the low-angle side of the diffraction peak. In order to achieve

a good fitting to the measured curve, the top ZnMgO

barrier has to be replaced by two layers with the c -lattice

parameter larger than cZnO: c1¼ 5.2245 Å and d1¼ 10 nm/

c2¼ 5.2199 Å and d2¼ 15 nm. Based on similar observations

made for II-VI ZnSe/CdSe quantum wells grown heteroepi-

taxially on GaAs (Ref. 36), this is interpreted as an indication

for a high density of stacking faults created during the

growth of the ZnO well or ZnMgO top barrier.

The optical properties of the three sample series are sum-

marized in Fig. 3 comparing the low-temperature PL spectra

of all samples under investigation. All samples exhibit sharp

bound exciton emission lines that originate from the ZnO tem-

plate or the bulk ZnO substrate. For heteroepitaxial samples,

both the I6 (3.3608 eV) and the I9 emission (3.3567 eV) are

identified.37 In contrast, for homoepitaxial samples, the I9

emission prevails, whose first and second order phonon repli-

cas appear at 3.289 eV and at 3.214 eV, respectively. Addition-

ally, a broad emission from the Zn1� xMgxO barrier is

observed at higher photon energies (3.45 eV-3.55 eV). The Mg

concentration in the lower barrier is determined to x¼ 0.085

(x¼ 0.07) for the heteroepitaxial samples grown at 460 �C
(540 �C) and to x¼ 0.06 for the homoepitaxial samples,

according to Eq. (1). The emission lines marked by the arrows

are attributed to excitonic recombination in the SQW. For

wide wells, the SQW emission coincides with the ZnO emis-

sion of the template or bulk ZnO substrate. Power-dependent

measurements do not reveal any blueshift of the emission

energy, and even for large well widths of 9.2 and 10.4 nm, the

SQW emission does not drop below the ZnO emission energy,

i.e., no indication for the quantum-confined Stark effect

(QCSE) was found. For decreasing well width, the SQW emis-

sion shifts to higher energies due to quantum confinement. In

contrast to homoepitaxial samples, emission lines related to

structural defects are observed in the PL spectra of heteroepi-

taxial samples; the emission line at 3.333 eV found for SQW

structures grown at 460 �C (labeled with DBX) is attributed to

the recombination of exciton complexes localized at extended

defects such as dislocations, dislocation loops, twins, or stack-

ing faults.37–39 Heteroepitaxial samples grown at 540 �C show

a strongly phonon-replicated emission band in the range from

3.31 eV to 3.33 eV. A similar band was observed by Makino

et al.17 in single heterostructures and was labeled D-band. We

have observed a blueshift of the D-band emission with increas-

ing excitation power, characteristic for a donor-acceptor-pair

(DAP) recombination. Temperature-dependent PL measure-

ments reveal pronounced thermal quenching of this emission

with an activation energy of 20 meV (Fig. 5(a)), which is

explained by the thermal ionization of shallow donors. Due to

these properties and the HRXRD results presented above, we

assign the D-band to a DAP recombination involving acceptor-

like defects confined to basal plane stacking faults, according to

Ref. 40. It should be noted that the sample of series II with

dW¼ 2.6 nm, for which the HRXRD 2h�x-scan indicates a

high density of stacking faults, features a prominent defect-

related D-band emission, while the D-band emission of the

sample with dW¼ 10.4 nm is much less pronounced. Further-

more, the sample with dW¼ 2.6 nm exhibits a more pronounced

blueshift and a larger FWHM of the SQW emission than the

sample with dW¼ 2.0 nm, which also features a relatively weak

D-band emission. This points to an enhanced Mg diffusion into

the quantum well due to the higher density of stacking faults

for the sample with dW¼ 2.6 nm and agrees with the recently

reported result that stacking faults act as efficient diffusion

FIG. 3. PL spectra measured at T¼ 4.2 K

for SQWs of various well widths heteroe-

pitaxially grown at TSubst¼ 460 �C (series

I) and at TSubst¼ 540 �C (series II), as

well as homoepitaxially grown at

TSubst¼ 540 �C (series III). The SQW

emission is marked by arrows. The maxi-

mum of the Zn1� xMgxO emission was

used to determine the Mg concentration x

according to Eq. (1). In contrast to homo-

epitaxial SQWs, emission lines related to

extended defects (DBX, D) are observed

for heteroepitaxial samples.
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paths for impurities in ZnMgO.41 Accordingly, Mg diffusion

most probably inhibits the formation of a bound state for the

sample with the smallest nominal well width within series I.

In the following, hetero- and homoepitaxial SQW struc-

tures grown at 540 �C are compared. The results of time-

resolved PL experiments for SQWs of both types with a well

width of 2.0 nm are shown in Fig. 4. Here, the 1/e decay time

is shown as a function of temperature, and the corresponding

integrated PL intensities are plotted in the inset. The decay

times for the homo- and heteroepitaxial sample at 4.2 K are

similar to literature values of SQWs with comparable well

width.10,42 The simultaneous decrease of the carrier lifetime

and PL intensity with increasing temperature in the heteroe-

pitaxial SQW indicates a strong contribution of thermally

activated non-radiative recombination channels. In contrast,

the homoepitaxial SQW exhibits an almost linearly increas-

ing decay time and constant PL intensity when the lattice

temperature is increased. The PL dynamics in the tempera-

ture regime below 170 K are, therefore, mainly governed by

radiative recombination and carrier cooling processes.43

Temperature-dependent cw-PL spectra for the homo-

and heteroepitaxial SQW with a dW of 2.0 nm are shown in

Fig. 5. The Zn1� xMgxO barrier emission shows a S-shape

with temperature typically assigned to alloy disorder.2,7,31,44

The SQW emission consists of two different peaks, labeled

localized excitons (LX) and free excitons (FX). We attribute

the FX peak to the recombination of free excitons and the

LX peak to the recombination of excitons localized to well

width and barrier height fluctuations or extrinsic impurities.

While for the heteroepitaxial SQW the FX peak becomes

dominant for temperatures above 160 K, for the homoepitax-

ial sample, the LX peak prevails up to room temperature and

the FX peak appears only as a shoulder on its high-energy

side. This observation applies also to the homoepitaxial

SQWs with a well width of 2.6 nm and 3.9 nm. The tempera-

ture dependence of the integrated SQW emission intensity in

Fig. 5 is fitted using a two-step dissociation model45

IðTÞ ¼ I0 � 1þ C1 exp
�E1

kT

� �
þ C2 exp

�E2

kT

� �� ��1

; (2)

with the fitting coefficients I0, C1, and C2 and the activation

energies E1 and E2. This is exemplarily shown for two

SQWs samples in Fig. 6(b). The fitting results for all samples

are summarized in Table I. E1 represents the dominant non-

radiative process for the low-temperature regime and ranges

between 5 meV and 16 meV except for the thinnest homoepi-

taxial SQW, for which an activation energy of 35 meV is

derived. In that case, no value for E2 can be determined as

the corresponding non-radiative process prevails up to room

temperature. The activation energy E2 is associated with the

dominant non-radiative recombination process above 160 K.

For heteroepitaxial samples, the values obtained are close to

the exciton binding energy in bulk ZnO, for which a value of

59 meV has been reported.46 Significantly higher values of

E2 are obtained for homoepitaxial samples with 2 nm

� dW� 4 nm, which is approximately twice the exciton Bohr

radius of 1.8 nm.17 The enhanced thermal stability of exci-

tons in homo- compared to heteroepitaxial SQWs is also

reflected by an almost five times higher room temperature lu-

minescence intensity of the former.

IV. DISCUSSION

The HRXRD and PL results demonstrate the improved

structural quality of homo- compared to heteroepitaxial SQW

structures. Especially, a suppression of non-radiative proc-

esses below 170 K is observed in the time-resolved PL meas-

urements. Additionally, for homoepitaxial samples, both the

symmetric 002 and the asymmetric 101 x-rocking-curves ex-

hibit narrow FWHMs. In contrast, defect-related PL emission

lines like the DBX-line and the D-band are observed in low-

temperature PL spectra of heteroepitaxial samples. Since the

intensity of the D-band is commonly significantly lower in

FIG. 5. (Color online) Temperature-dependent PL spectra of a heteroepitax-

ial (a) and a homoepitaxial SQW (b) with well width dW¼ 2.0 nm. The

SQW emission consists of a contribution from the recombination of LX and

from FX, whose peak variation for increasing temperature is represented by

the dashed lines (guide for the eye). In the homoepitaxial case, the LX peak

prevails up to room temperature. For the heteroepitaxial sample, the D-band

disappears for T> 60 K.

FIG. 4. (Color online) Temperature-dependent PL decay times for the

homo- (full circles) and heteroepitaxial SQW (full squares) with a well

width of 2.0 nm. The corresponding normalized PL intensities are shown in

the inset by the open symbols.
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single heterostructures than in SQWs and based on the analy-

sis of the 2h�x-scans presented above, it can be concluded

that stacking faults are predominantly generated during the

growth of the ZnO quantum well and the top ZnMgO barrier.

Due to their low formation energy, stacking faults are com-

mon defects in ZnO,47 often induced by biaxial strain41 or

generated by the precipitation of interstitial atoms under non-

stoichiometric growth conditions48,49 or during incorporation

of dopants.50 When growing ZnMgO on ZnO, a phase transi-

tion from wurtzite to rock-salt occurs when increasing the Mg

content above a critical value, that depends on the actual

growth conditions and the employed substrate. As the Mg

content of the samples investigated here are close to this criti-

cal value, we surmise that the generation of stacking faults

can be regarded as a first indication for the onset of the wurt-

zite-to-cubic phase-transition and that the stacking fault den-

sity critically depends on the exact Mg content. Furthermore,

we suspect that the higher density of edge-type dislocations as

well as other extended defects (DBX-line) in heteroepitaxial

samples facilitates the formation of stacking faults since grain

boundaries between neighboring columnar grains are known

to be one origin for the formation of stacking faults51 and

since the formation energy of accompanying partial disloca-

tions is lowered.50,51 A TOF-SIMS analysis suggests that the

formation of stacking faults leads to a lower Mg content and a

larger width of the top Zn1� xMgxO barrier. This is explained

by defect-enhanced interdiffusion of quantum well and top

barrier and by a higher growth rate due to an improved Zn

incorporation. The latter effect can be attributed to the precipi-

tation of interstitial Zn atoms often reported to be a plausible

mechanism for the generation of stacking faults.49–51 The

resulting reduction of the top barrier height weakens the quan-

tum confinement in heteroepitaxial SQWs, and consequently,

no enhancement of the exciton binding energy is observed.

Mg diffusion from the barriers into the well facilitated by

structural defects is assumed to inhibit the formation of a

bound state in narrow SQWs (series I) or to cause a significant

blueshift (dW¼ 2.6 nm, series II).

In Fig. 6(a), the SQW FX emission energies of homoepi-

taxial SQWs as a function of the well width are compared to

the results of numerical simulations performed using next-

nano3 with the material parameters given in Refs. 53, 62,

and 63. Simulations were performed for the absence of an in-

ternal electric field and assuming a constant exciton binding

energy of 59 meV (red continuous line). The role of internal

electric fields for SQWs with a low Mg concentration

x� 0.1 is still under debate: Park and Ahn54 and Tsukazaki

et al.55 argue that spontaneous and piezoelectric polarization

almost compensate for low Mg concentrations and that due

to bowing of the a-lattice parameter polarization-induced

electric fields only become relevant for Mg concentrations

FIG. 6. (Color online) (a) FX transition energy of homoepitaxial SQWs at 4.2 K (full circles). The experimental values are compared to simulations performed

using nextnano3 without internal electric field and with a constant exciton binding energy (continuous line), for an internal field of 40 kV/cm (dotted line) and

150 kV/cm (short-dashed line) including a well width dependent correction of the exciton binding energy as well as for a field of 150 kV/cm with a residual

charge carrier concentration of n¼ 5 � 1018 cm�3 (long-dashed line). (b) Determination of the activation energies E1 and E2 for two homoepitaxial SQWs with

well widths dW of 2.0 nm and 6.5 nm by fitting the integrated PL intensity with Eq. (2). (c) Exciton binding energy calculated according to Ref. 52 (line style as

in (a)) and plotted alongside the activation energies E2. The continuous line marks the exciton binding energy in bulk ZnO.

TABLE I. Activation energies E1 and E2 obtained by fitting the temperature

dependence of the integrated PL intensity of simultaneously grown homo-

and heteroepitaxial SQWs with Eq. (2).

Well width Heteroepitaxial Homoepitaxial

(nm) E1(meV) E2(meV) E1(meV) E2(meV)

1.3 8.0 6 2.0 60 6 7 35 6 1.0 –

2.0 16.0 6 0.4 58 6 8 11.7 6 0.4 100 6 12

2.6 – – 8.0 6 1.0 87 6 12

3.9 10.4 6 0.9 63 6 7 10.0 6 1.4 88 6 10

6.5 – – 4.0 6 0.8 61 6 10
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x> 0.1. According to these authors, the internal field for an

Mg concentration x¼ 0.06 is estimated to�40 kV/cm. In con-

trast, in Refs. 12 and 18, a linear increase of the overall polar-

ization with Mg content is suggested, giving rise to

considerably larger built-in electric fields for x¼ 0.06. There-

fore, simulations for various internal electric fields Eint were

performed to explain our experimental data. Figure 6 displays

the results for Eint¼ 40 kV/cm (green dotted line) and for

Eint¼ 150 kV/cm (blue short-dashed line). In the calculation

of the transition energies, the variation of the exciton binding

energy for different well widths according to the method pro-

posed in Ref. 52 (c.f. Fig. 6(c)) was included. This leads to a

significantly better agreement with the experimental data for

well widths 2 nm � dW� 6 nm, as otherwise, the simulation

systematically overestimates the experimental transition ener-

gies.17,56 Moreover, Fig. 6(a) reveals that built-in fields up to

150 kV/cm have only little impact on the transition energies

for well widths dW� 5 nm. In the case of a small internal elec-

tric field of 40 kV/cm, the apparent decrease of the exciton

binding energy due to the charge separation prevails over the

field-induced redshift. Therefore, the transition energy slightly

increases for larger well widths. This does not apply for fields

>150 kV/cm, and thus, a decrease of the transition energy for

wider wells is obtained. A distinct effect of internal electric

fields on the optical transition energies of the samples under

investigation here is only expected for well widths dW� 5 nm.

Therefore, in Fig. 6(c), their influence on the exciton binding

energy is shown and compared to the activation energies E2

obtained by fitting the integrated PL intensity according to

Eq. (2) (Fig. 6(b)). For small internal electric fields, the

increase of E2 with well width 2 nm � dW� 4 nm for the

homoepitaxial samples is partially explained by quantum con-

finement. Yet, an increase of the transition energies for larger

wells is not observed in the experiments. A good agreement

of the experimental and calculated transition energies is

obtained for an internal electric field of 150 kV/cm, however,

the calculated values for the exciton binding energy are

smaller than the activation energies E2. The best agreement of

calculations and experimental data is achieved by including a

background charge carrier concentration, which screens inter-

nal electric fields. The simulations show that for a built-in

field of 150 kV/cm, a residual doping concentration of

n ¼ 5 � 1018cm�3 is necessary. In Refs. 57 and 58, it is shown

that, due to the segregation of group-III impurities acting as

shallow donors in ZnO, charge carriers accumulate near the

surface. The observation of the I6 and I9 lines associated to Al

and In impurities37 and the small thickness of the

Zn1� xMgxO top barrier of 20 nm, therefore, suggest that in-

ternal electric fields are partially screened by unintentional

doping. Based on these results, we conclude that up to now

the QCSE in ZnO/Zn1� xMgxO SQWs with x� 0.12 (Refs.

7,10,19,59) could not be observed due to screening by unin-

tentional doping and the reduction of the exciton binding

energy by the charge separation in the well. In heteroepitaxial

SQWs, the influence of built-in fields is additionally con-

cealed by an asymmetric barrier structure and possible defect-

induced Mg indiffusion. The bowing of the a-lattice parameter

observed by Park and Ahn54 and Tsukazaki et al.55, and that

was proposed to be the reason for spontaneous and piezoelec-

tric polarization to compensate for Mg concentrations x� 0.1,

is most likely an effect of the growth on a-plane sapphire

applied in that work. Since the quadruple of the a-lattice

parameter of ZnO is almost identical to the c-lattice parameter

of sapphire csapphire	 4 � aZnO,60 for low Mg concentrations,

Zn1� xMgxO forms a coincidence lattice with the a-plane

sapphire substrate. By increasing the Mg concentration, the a-

lattice parameter increases, and therefore, a transition from

strained to relaxed growth occurs giving rise to the observed

bowing.

According to Fig. 6(c), the calculated increase of the

exciton binding energy due to an enhanced overlap of elec-

tron and hole wave functions cannot fully explain the large

values of the activation energies E2 for well widths 2 nm

� dW� 4 nm. We attribute this to the localization of exci-

tons to potential fluctuations which plays an important role

in ZnO due to the small exciton Bohr radius. In SQWs with

pronounced confinement, the energetic splitting of the LX

and the FX peaks increases and hence gives rise to exciton

localization up to room temperature. Therefore, E2 involves

both the exciton binding energy and the localization energy

for homoepitaxial samples. The linearly increasing decay

time for T� 170 K points towards exciton localization at

well width or barrier height fluctuations, because in that

case, wave vector conservation is not completely relaxed.

However, localization to extrinsic impurities cannot be ruled

out since it is difficult in time-resolved PL experiments to

spectrally separate between LX and FX. Also in thermal

equilibrium, the FX recombination is a decay channel for

chemically bound excitons. Therefore, the increase of the

FX radiative life time due to the extension of occupied states

in momentum space for higher temperatures entails an

increase of the decay time of bound excitons in case the

radiative recombination prevails.61

V. SUMMARY

A comprehensive comparison of structural and optical

properties of hetero- and homoepitaxial ZnO/Zn1� xMgxO

SQWs demonstrates the benefits of homoepitaxial growth.

HRXRD and low-temperature PL measurements indicate a sig-

nificantly higher density of extended structural defects, espe-

cially the generation of stacking faults during the SQW growth

in the heteroepitaxial case. In contrast, for homoepitaxial sam-

ples, symmetric Zn1� xMgxO barriers are obtained, effectively

confining excitons in the quantum well. This leads to a sup-

pression of non-radiative recombination below 170 K and to an

enhanced temperature stability of the SQW emission for

homoepitaxially grown samples due to the enhanced overlap

of electron and hole wave functions and due to exciton

localization up to room temperature. The influence of

polarization-induced electric fields was studied in detail com-

paring experimental transition and activation energies to simu-

lations. Thereby, several influencing factors were identified

which inhibit the observation of the QCSE effect for low Mg

concentrations: the decrease of the exciton binding energy

counteracting the field-induced redshift, screening by uninten-

tional doping as well as reduced Mg incorporation in the top

barrier, and Mg diffusion into heteroepitaxial SQWs.
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