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Abstract

Multiple quantum wells (MQWSs) have enabled a myriad of technological applications;
however, their optical emission is currently severely constrained by the presence of undesirable
defects, which limit their performance in advanced photonic devices. Here we present a new
route to achieve highly luminescent oxide-based MQW:s by rapid remote plasma annealing
(RRPA) in hydrogen. We demonstrate that the optical emission from the MgZnO/ZnO MQW:s
can be enhanced substantially by this plasma method, with its emission intensity increased by
more than 10 times after being treated for 40 seconds. Concurrently, the emissions associated
with both basal stacking faults and point defects are completely quenched. Based on
temperature- and excitation density-dependent luminescence results, the enhancement of the
MQW emission is attributed to the passivation of competitive recombination channels.
Additionally, the exciton-optical phonon coupling strength, deduced from the temperature-
dependent MQW spectral linewidth, shows clear evidence for significantly enhanced phonon
coupling as a result of exciton screening effects. This rapid plasma procedure presents a
versatile method to enhance the optical quality of oxide-based MQW structures and could open

the door to high-efficiency photonic devices.
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Introduction

There has been considerable recent interest in developing optical devices based on zinc
oxide (ZnO), such as light emitting diodes, optically pumped ultraviolet lasers, nanoelectronic
and spintronic devices, because of its attractive properties spanning from high exciton binding
energy to radiation hardness.:®> Among the variety of ZnO-based materials, multiple quantum
wells (MQWs) are of great interest because their emission wavelength can be fine-tuned for
specific purposes by adjusting structural parameters.* MQWs, facilitated by the development
of advanced growth techniques that allow for the precise control of 2D layer’s stoichiometry
and thickness, enable a myriad of existing and emerging technological applications. However,
the optical emission efficiency of nitride- and oxide-based MQWSs is currently severely
constrained by the presence of undesirable point and extended defects that act as competitive
recombination channels, which lead to non-radiative areas, loss in light output and shortened
device lifetimes.>’ To eradicate these unwanted recombination mechanisms and enhance the
MQW optical emission, different approaches have been applied to the oxide-based MQWs,
such as high-temperature (> 500 °C) thermal annealing or hydrogenation.®® Due to its high
chemical reactivity, hydrogen can interact with and passivate defect centres and dangling bonds
at extended defects, as well as forms shallow donors in Zn0.*° Hydrogen plasma treatment
has been utilised to enhance the optical emission in InGaAs/AlGaAs, InGaN/GaN and
CdZn0O/ZnO MQWs.% 112 Here, we demonstrate a new route to achieve highly luminescent
MQWs by rapid remote plasma annealing (RRPA), with the emission from the MgZnO/ZnO

MQWs being enhanced by more than 10 times. Importantly, our post-growth treatment



procedure could open the door for new opportunities and directions for high-efficiency oxide-

based photonics devices.

Previous optical spectroscopy studies have shown that the near-band-edge (NBE)
emission in bulk and nanostructured ZnO can be significantly enhanced via atomic H
incorporation.*® This increase in the NBE emission intensity has been attributed to (i) an
additional radiative NBE channel at low temperatures due to the formation of H-donor-bound
excitons, which are readily created due to the low formation energy of H donors in ZnO and
(ii) due to the high diffusivity of H in ZnO, and (iii) the passivation of competitive non-radiative
recombination pathways in addition to radiative centres responsible for deep-level emissions.'*
14,16 For example, H has been reported to form a stable complex consisting zinc vacancy (Vzn)
and two H atoms,’ leading to the quenching of green luminescence at 2.3 eV.2° In this work,
a new method for producing stable and highly luminescent MgZnO/ZnO MQWs via low-
temperature hydrogen RRPA is investigated. A significant advantage of the RRPA method
over traditional longer high-temperature thermal annealing is that H acts as an ultrafast
diffusing species in ZnO even at low temperatures (diffusion speed > 10 nm/s at 200 °C),6 8
thus this method could be utilised to eliminate defects and improve the quality of optically
active layers in MQWs without compromising the MQW structural integrity. We report here
results from comprehensive characterization and theoretical modelling of RRPA-treated
MgZnO/ZnO MQWs by employing temperature-, power density- and depth-dependent

cathodoluminescence (CL) microanalysis.

Experimental details

The MgZnO/ZnO MQWs were grown on a-plane sapphire substrates by molecular
beam epitaxy (MBE) at 500 °C, starting with 75 nm thick ZnO buffer layer and finishing with

25 nm MgZnO capping layer. The structure consists of 12 periods of ZnO (3 nm) / MgZnO



(6 nm) MQWSs. The Mg composition in the barriers was ~ 15 at. %. RRPA was carried out via
a post-growth annealing treatment at 200 °C in atomic H environment using a remote hydrogen
plasma source (150 W power, 0.1 mbar hydrogen pressure). After the RRPA, the sample was
left to cool down to room temperature in H> gas. High resolution transmission electron
microscopy (HRTEM) was performed to investigate the MQW:s interfaces using a JEOL 2010F
TEM at 200 kV. CL was performed using a FEI Quanta scanning electron microscope (SEM)
equipped with a custom-built CL spectroscopy and imaging system, which consists of a
parabolic mirror, an Oriel MS257 monochromator and a Hamamatsu S7021 CCD sensor. This
configuration provides a sub 0.1 nm spectral resolution. To probe the emission from different
quantum wells, CL spectra were acquired over a range of acceleration voltages from 2 to 7 kV,
corresponding to an excitation depth of 60 — 350 nm in ZnO. The electron beam current was
measured using a Faraday cup. All CL spectra of the pristine and RRPA-treated MQWs were
acquired under identical conditions and corrected for the wavelength-dependent detection

sensitivity of the system.

Results and discussion




Fig. 1: Cross-sectional HRTEM image of the pristine MQW structure together with
corresponding elemental energy-dispersive X-rays (EDX) maps of the Mg, Al and Zn spatial

distribution. The structure remains unchanged after the RRPA treatment.

Figure 1 shows a cross-sectional TEM image of the MQW structure with corresponding
elemental EDX maps of the Mg, Al and Zn spatial distribution. These results show that the
interfaces between the well and barrier are flat and abrupt. The TEM analysis also confirms
that the remote H plasma annealing has no effect on the MQW interfaces because of the low
temperature employed in the RRPA. Figure 2(a) shows typical CL spectra measured at 80 K
for the MQW structure, which was annealed in H remote plasma at 200 °C (denoted H:MQWs)
and in Ar gas at the same temperature for 30 mins (denoted pristine MQWS). As H is known
to exhibit rapid diffusion in ZnO at 200 °C, H can easily migrate through the entire MQW
structure to the ZnO buffer layer.’® Several types of radiative transitions can be clearly
distinguished in the CL spectra shown in Figure 2: band-edge emission from the ZnO MQWs
at 3.423 eV, basal stack fault (BSF) peak at 3.389 eV and NBE emission from the ZnO buffer
layer at 3.367 eV.1%2! The BSF luminescence band, located at 34 meV below the MQW
emission energy, bears a strong resemblance to the luminescence originated from embedded
zinc-blende structure within the wurtzite MQWs.2% 22 Excitation-power and depth-resolved CL
analysis of the pristine and RRPA-treated MQWs further confirms that the MQW and NBE
emissions are of excitonic nature and not related to a lattice coupled defect (See Figs S1 and
S2 in Supporting Information). Upon the RRPA, the MQW emission increases rapidly with the
H plasma exposure time, reaching an 11-fold intensity enhancement after a 40 sec treatment.
At Vg = 2 kV, e-h pairs are injected with a maximum depth range of 60 nm in the MQW
structure, which is well above the ZnO buffer layer, thus none of the injected carriers can
physically reach the buffer layer to radiatively recombine. Accordingly, the ZnO NBE emission

is attributed to the buffer layer being excited by the forward generated MQW CL emission; this



reabsorption process within the MQW structure leads to these two bands to vary in proportion
to each other. Conversely, the BSF emission, as well as the defect-related green luminescence
band at 2.3 eV (inset of Fig. 2b), are completely quenched. Our previous studies have shown
that the elimination of this defect-related luminescence is consistent with the passivation of
acceptor-like defects, mostly likely Vzn, by H atoms'® and confirms that H is incorporated into
all the QWs and the buffer layer after the RRPA treatment. Previous studies on BSF-related
luminescence have shown that the BSF emission could be ascribed as an acceptor-like free-to-
bound transition, though the exact nature of the acceptor is unknown.? Such an acceptor would
interact strongly with H* donors, leading to the BSF emission being completely eliminated by
the RRPA. It was found that that the low-temperature RRPA method is far superior in
enhancing the MQW emission to high-temperature annealing in hydrogen, presumably due to
the high reactivity of ZnO to hydrogen radicals produced by the remote plasma [Figures S3(a)].
Furthermore, the luminescence emission in the RRPA-treated MQWSs is completely stable in
ambient conditions for over 6 months and reduces only slightly after annealing at 400 °C for 1
hour [Figure S3(b)]. The high thermal stability of the RRPA-treated MQWSs, compared with
H-doped ZnO bulk,?* suggests that hydrogen radicals incorporated into the MQW structure by
the RRPA are mainly trapped at defect sites, which possess a much higher diffusion activation
energy than interstitial sites.?>° Fig. 2b shows the integrated MQW emission versus H plasma
time, revealing a rapid rise in intensity followed by a relatively slower decline after reaching a
maximum at a plasma exposure time of 40 seconds. The reduction in the MQW emission with
longer H-plasma exposure time is attributed to a surface degradation effect (see the AFM
images of the MQW structure before and after RRPA in Fig. S4). The formation of near-surface
structural defects in prolonged plasma treatments lowers the MQW intensity as they act as

competitive recombination channels.
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Fig. 2: (a) CL spectra of pristine and RRPA-treated MgZn0O/ZnO MQWs (Ve =2 kV, Iz = 3.8
nA, T = 80 K), showing a substantial increase in the MQW emission and complete elimination
of the BSF emission upon the H introduction. The emergence of the NBE ZnO emission at
3.367 eV is due to the formation of H donor-bound excitons in bulk ZnO. (b) Enhancement
factor (defined as the MQW intensity ratio of the RRPA-treated MQW structure to the pristine
structure) as a function of plasma time, showing a rapid rise in intensity to reach an 11-fold
enhancement after 40 sec plasma treatment. The decrease in the MQW emission after
prolonged plasma treatments is due to surface damage. Inset: CL spectra of the defect-related

green emission at 2.3 eV from the pristine MQWSs, which is completely quenched after the

RRPA treatment for 40 seconds or longer.
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Fig. 3: Temperature-resolved CL spectra of the pristine (a) and 40 sec plasma treated MQW
structures (b) (Vs = 2 kV, Ig = 3.8 nA) at various temperatures from 80 K. (c) Example of a
fitted CL spectrum, allowing extraction of the BSF and MQW integrated intensities and
FWHMs as a function of temperature. (d) Arrhenius plots using integrated intensities, yielding
Ea =29.9 + 1.7 meV for the BSF emission, Ea = 33.1 + 1.5 meV and 46.2 + 2.2 meV for the

pristine and RRPA-treated MQWSs, respectively.

The evolution of the CL spectra with temperature for the pristine and RRPA-treated
MQWs is displayed in Figure 3(a, b). Voigt fitting of the CL spectra provides the integrated
intensities of the ZnO NBE, BSF and MQW emission bands; an example of the fitting
deconvolution is displayed in Figure 3(c). Thermal quenching of these luminescence bands
with increasing temperature follows an Arrhenius behaviour with activation energies of Ea =

33.1+1.5. 46.2 £2.2 meV for the MQW emission in the pristine and RRPA-treated MQW



structure, respectively [see Figure 3(d)]. The Ea (29.9 £ 1.7 meV) of the BSF emission is
consistent with the reported value for non-polar MgZnO/ZnO MQWSs.?° Furthermore, this E,
value is notably similar to that of the MQW band in the pristine MQWs, suggesting that the
thermal activation of carriers is controlled by the thermal activation of competitive non-
radiative centres, which is expected for MQW structures prior to the H passivation of defects.
The activation energy of the RRPA-treated MQW emission is identical to the binding energy
of H donors in ZnO,?” pointing towards the activation of a dominant recombination channel
related to the ionization of H donors. It can be seen in Fig. 3(a, b) that the MQW emission peak
becomes broader after the RRPA, which can be attributed to an increase in the exciton-phonon
interaction strength. Figure 4 shows the temperature dependence of the FWHM of the MQW
emission for the pristine and RRPA-treated MQW structures. Based on Segall’s expression for

the temperature-dependent linewidth of excitonic emission, the FWHM can be described by:2®

— BLo
B(T) - ﬁmh + ﬁphT + exp(tho/kBT)—l [1]

where B, is the temperature-independent term describing the inhomogeneous linewidth
accounting for the scattering of impurities, defects and well width fluctuations. The second
term is associated with the acoustic phonon scattering, which is vanishingly small compared
with the LO scattering and can be safely ignored at T > 80 K.?® The third term is the linewidth
due to the LO phonon scattering, which dominates the phonon scattering at T > 80 K (5, and
hw, are the phonon coupling strength and LO phonon energy, respectively). As the energy
hw; o has been shown to be unchanged with the MQW well width,*® we used hw,;, = 72 meV
in the curve fitting procedure for temperature-dependent MQW linewidths. The curves in
Figure 4 represent the best fit to the FWHM data based on Eq. [1], yielding S;,,= 17 meV and
Bro = 130 meV for the pristine MQWSs, and B;,,= 25 meV and S, = 371 meV for the

40 second RRPA-treated MQWSs. As expected, the S;,, value becomes larger after the RRPA



due to additional scattering by H impurities and H-defect complexes. The notable increase in
BLo in the MQWs after the RRPA indicates a much stronger exciton-LO phonon coupling
process in the optical emission of the RRPA-treated MQW structure. For comparison, S, is ~
250 meV for MBE-grown undoped MQWs with a similar well width on the lattice-matched
substrate.” Previous studies by other workers have shown that as the QW well thickness
becomes larger, B, increases due to lowered exciton binding energy.?° The exceptionally high
BLo In the RRPA-treated MQWSs can be attributed to a reduction in the exciton binding energy
due to the enhanced screening of excitons by free electrons that are produced by H donors in
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Fig. 4: FWHM of the MQW emission from the pristine and RRPA-treated MQW structures.
The solid line represent the fit to the experimental data according to Eq. [1]. The larger FWHM

in the RRPA-treated MQW structure is due to enhanced exciton-phonon coupling strength.

To probe the spatial distribution of emission in the QWSs, depth-resolved CL was
conducted in the pristine and RRPA-treated MQW structures. In this measurement the electron
beam power and hence the injected electron-hole (e-h) pair rate in the sample was kept constant

by adjusting the electron beam current as the accelerating voltage was raised to increase the
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CL excitation depth. Monte Carlo modelling was carried out using the CASINO simulation
package to determine the spatial distribution of the injected electron hole pairs in the MQWs
for the acceleration voltages between 2 and 7 kV (Figure 5a).3! The depth profiles reveal that
at Vs = 2 kV the measured MQW emission is generated only from the top four QWs, with the
upper QWs contributing a stronger MQW signal compared with the bottom QWs. At Vg =4 —
5 kV the MQW optical emission is contributed fairly evenly by all 12 QWs, while Vg > 6 kV
an increasing number of e-h pairs are generated within the ZnO buffer layer. Figure 5(b) shows
the measured luminescence enhancement factor, which is defined as the ratio of the MQW
emission intensities from the RRPA-treated MQWs to the pristine MQWs, as a function of Ve.
A second x-axis (top) is also shown to display the CL excitation depth. The enhancement factor
increases with Vg up to 4 kV, which is then followed by a slow decline after reaching a
maximum value of 17-fold enhancement. The highest MQW enhancement factor achieved at
Ve = 4-5 kV confirms that H diffuses into all the QWSs. The surface degradation caused by
hydrogen plasma could contribute to low enhancement factors in the top four QWSs. Another
consideration is that H could diffuse out from top QWSs, which cannot be ruled out. The decline
in the enhancement factor at Ve > 5 kV could be due to self-absorption effects as photons from

deep QWs are absorbed by upper QWs.
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Fig. 5: (a) Simulated electron energy loss curves generated in the MQWs for Vg =2 — 7 kV,
showing the e-beam reaches all 12 QWs at 4 kV. Inset shows the schematic diagram of the
valence and conduction bands for the MQWs. (b) Enhancement factor as functions of
acceleration voltage and CL excitation depth. The maximum enhancement is achieved at Vg =

4 — 5 kV when the optical emission is contributed fairly evenly by all 12 QWs.

Conclusion

We have studied effects of the incorporation of H via rapid remote plasma annealing
treatment on the optical properties and defect emissions in MgZnO/ZnO MQWs.
Comprehensive cathodoluminescence analysis reveals the plasma method can lead to a
substantial improvement (over 10 times) in the emission intensity of the MQW:s after being

treated for 40 seconds. Based on the CL kinetics and temperature-dependent measurements,
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the enhancement is attributed to the passivation of competitive recombination channels, in
particular point defects and stacking faults in the MQW structure. Theoretical modelling of the
MQW spectral linewidth indicates that the exciton and longitudinal optical phonon coupling
process is much stronger in the plasma-treated MQWSs, which is attributed to exciton screening
effects. This rapid plasma annealing presents a facile, effective method to enhance the optical

quality of oxide-based MQW structures.
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