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In this paper, we investigate the structural and photoluminescence properties of agueous solution-
processed ZnO/GaAs and ZnO/porous GaAs films. According to X-ray diffraction (XRD) analysis, a ZnO
film deposited on porous GaAs shows a monocrystalline structure with a-axis orientation, which is
desirable for light emitting applications. The results obtained from atomic force microscopy (AFM) data
confirm that a porous GaAs substrate is beneficial to deposit a uniform array of ZnO nanostructures with
sizes down to 12 nm and a relatively low surface roughness (2.6 nm). Under excitation wavelength A¢xc =

375 nm, ZnO/GaAs and ZnO/porous GaAs films showed emissions in most of the visible spectral region

Received 18th June 2019 . o - .
Accepted 30th July 2019 (450-750 nm). Our study reveals that changing the wavelength of the excitation UV radiation makes it
possible to control the photoluminescence (PL) properties of ZnO films. Enhancement of the PL intensity

DOI: 10.1039/c9ra04539b was noticed in the UV and visible spectral regions when ZnO is deposited on porous GaAs, which is
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1. Introduction

Over the last decade, there has been a significantly growing
interest in semiconducting metal oxide nanomaterials because
of their noticeable optical and electric properties, but also for
their technological applications in the future. In particular, ZnO
has emerged as one of the most favorable candidates because it
exhibits a wide band gap (3.3 eV) and a high binding energy of
excitons (60 meV)." Further, it can be developed into new
nanostructures with various shapes, such as nanosprings and
nanobelts.>

Nanosized ZnO can be synthesized by different techniques
such as hydrothermal,®> chemical vapour deposition (CVD),*
sputtering deposition,® RF magnetron sputtering,® and solution
growth.”® Among those techniques, solution-based deposition
processes attracted great interest mainly for the low cost
production and the possibility of obtaining uniform films over
a large-area. So far, attempts have been made to develop solu-
tion processed thin film transistors and ultraviolet photode-
tectors with competetive performances.”’ For flexible
electronic devices, Meyers et al. developed ammine hydroxo
zinc complex as a new precursor for solution processed thin
films applicable at low temperatures (T < 300 °C).**
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promising for optoelectronic device applications.

Thin films of ZnO developed on different substrates show
different structural, optical and electrical properties. In partic-
ular, white light emission from ZnO/porous silicon nano-
composites was reported by many authors.””** Naddaf et al.
reported room temperature photoluminescence properties of
Al-doped ZnO film grown on porous GaAs by radio frequency
magnetron sputtering technique. The authors demonstrate the
contribution of porous GaAs to the enhancement of photo-
luminescence intensity of the ZnO film in the visible spectral
region, which makes ZnO/porous GaAs structure a promising
candidate for light emitting devices."®* To the best of our
knowledge, only this work has been published on ZnO/porous
GaAs and more research are needed for advanced devices
such as photodetectors.

In this work, a low cost and facile approach was used to
deposit ZnO thin films onto GaAs and porous GaAs substrates
by spincoating aqueous ammine-hydroxo zinc complex
precursor-solution. The investigation of ZnO films was per-
formed by XRD, AFM, reflectance and room temperature PL
spectroscopy techniques.

2. Experimental details

GaAs substrates with dimensions about 1 x 1 em” were used to
fabricate porous GaAs layers by electrochemical anodization.
GaAs substrates are heavily p-doped (p = 2 x 10"® cm?) with
(100) crystallographic orientation. The electrolyte was
composed of hydrofluoric acid (HF) and ethanol (C,Hs;OH) in
a ratio of 1: 1, respectively. The anodizing process was carried
out under a constant current density of 8 mA cm™? at room
temperature. The porosity is defined in the GaAs substrate over
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a surface of 0.286 cm®. The porosity P (%) of the anodized GaAs
layer was calculated by weight measurements: P (%) = (M — m,)/
(M — my). M and m, denote the mass of the flat and the anodized
GaAs substrates, respectively. m, is the mass of the etched GaAs,
where the selective removal of the porous GaAs layer without
reacting with the bulk crystalline GaAs is made through a dip
for 10 s in H;PO,-H,0, solution.

ZnO powder was synthesized using 30 mg of zinc acetate
dehydrate dissolved in 25 ml of 1,3-propanediol and then
heated at 160 °C for 1 h. The precipitate formed at the end of the
reaction was collected and rinsed with ethanol and acetone,
respectively. The washed precipitate was dried to obtain the
ZnO powder. Then, a ZnO solution was prepared by dissolving
ZnO powder into 24 ml of aqueous ammonia. A microdrop was
used to poor 20 pL of the as-prepared precursor solution on the
flat and the porous GaAs substrates with 3000 rpm within 60
seconds. To form ZnO films, the zinc ammonia complex films
were annealed at 300 °C on a hot plate for 30 min. Scheme 1
describes the reactions that took place during the overall
preparation process. The thickness of the ZnO films as esti-
mated by a mechanical stylus profilometer is about 300 nm.

The structural properties of the samples were investigated by
X-ray diffraction using CuKa radiation (A = 1.5406 A). We used
scanning electron microscopy (SEM) and atomic force micros-
copy (AFM) for surface morphology imaging. Photo-
luminescence (PL) spectra were recorded at 266 nm and 375 nm
excitation wavelengths. Time-resolved photoluminescence
(TRPL) measurements were carried out using a pulsed diode
laser (375 nm) with an excitation power of 35 mW. The diode
laser exhibits laser pulse durations of 80 ps and a repetition rate
of 90 MHz. Reflectance measurements were measured with
a spectrophotometer equipped with an integrating sphere. The
integrating sphere collects all the reflected light (both specular
and diffuse reflectance) over a wavelength range of 200-800 nm.

3. Results and discussions

Prior to ZnO film deposition, the surface of the freshly etched
porous GaAs substrate was treated in 1 M sodium carbonate
solution (Na,CO3) for 12 s. We previously reported that Na,COj3
remove any oxide layer formed during anodization process.'”'?
The porosity of the layer, as determined by weight measure-
ments, is 58%. Fig. 1 shows SEM images in both cross-section
(Fig. 1a) and plan (Fig. 1b) views of the cleaned porous GaAs
layer. As we can see, pores with sizes in range of about 10-40 nm
were obtained over the porous GaAs surface. The process of
etching in (100) GaAs formed pores oriented along (111)B
crystallographic direction.**

View Article Online
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Fig. 1 SEM micrographs showing the morphology of porous GaAs
layer in both (a) cross-section and (b) plane views of the porous GaAs.

The crystalline quality of the porous layer is of major
importance for ZnO films deposition. Fig. 2 shows XRD w-scan
profiles for the flat GaAs substrate (Fig. 2a), the porous GaAs
layer (Fig. 2b) and the porous layer treated with Na,CO;
(Fig. 2c). The XRD rocking curve measurements were performed
for the (400) reflections. The XRD spectrum of the flat GaAs
shows a sharp peak at w = 33.02°. The porous GaAs peak shifts
to higher angle due to a compressive out-of-plane strain in the
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Fig. 2 XRD rocking curve measurements for the (400) reflections of
GaAs (a), porous GaAs (b), and the cleaned porous GaAs by Na,COs (c).
The inset shows the zoom of spectra corresponding to samples (a) and
(c), plotted in linear scale.

1) ZnO (s) + 4NHs(aq) + 2H'(aq) —» Zn(NH3),** (aq) + H,O(l)
2) Zn(NH3):*" (aq) + nOH  (aq) — [Zn(NH3)4.n(OH),]*" + nNH;

3) [Zn(NH3)4(OH),]*™ + nNH;

Annealing

ZnO (s)+ (4-n) NH3(g)+H,0(g)

Scheme 1 Reaction mechanism for the formation of ZnO semiconductor film.
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porous layer. Upon cleaning treatment, the relative peak shift is
clearly reduced and the compressive strain decreased from
—2.33 x 107> to —2.68 x 10 * resulting in an enhanced crys-
talline property of the porous GaAs substrate, which is desired
for ZnO film deposition.

The PL spectrum of the anodized GaAs after chemical
cleaning is presented in Fig. 3. For comparison, the PL spec-
trum of the flat GaAs substrate is also shown in the inset of
Fig. 3. The PL spectra of GaAs and porous GaAs are peaked at
810 nm (1.53 eV) and 543 nm (2.28 eV), respectively. The peak
position of the heavily doped GaAs substrate (p = 2 x 10'®
cm?) is higher than that of the undoped GaAs (1.424 eV) due to
band filling effect.”” Visible PL emissions from porous GaAs
were previously observed by many authors and assigned to
arsenic and gallium oxides micro-crystals*® or to quantum
confinement effect in GaAs nanocrystallites.> As we have
removed oxides from the porous GaAs surface, we ascribed the
visible PL to a quantum size effect in GaAs nanocrystallites. The
broad PL band of porous GaAs layer was deconvoluted into
individual Gaussian contributions and the result is shown in
Fig. 3. We have identified a cyan, green, and orange emission
bands peaked at 517 nm, 545 nm and 588 nm, respectively.

For structural characterization of ZnO/porous GaAs, an XRD
analysis was carried out in the 10°-80° range of 26. Fig. 4 shows
the diffraction spectra of ZnO/porous GaAs and porous GaAs for
comparison. The porous GaAs substrate exhibit an XRD spec-
trum peaked at 66.1° characteristic of (400) diffraction of
monocrystalline GaAs. The XRD spectrum of ZnO/porous GaAs
shows two diffraction peaks having a strong asymmetry. The
insets in the Fig. 4 show the zoomed part of the scan around 26
= 31.4° and 66°. The XRD spectra were fitted with Gaussian
functions using four peaks at 26 = 31.43°, 34.5°, 65.85°, and
66.03°. Based on the analytical results, the diffraction peaks at
26 = 31.5° and 61.03° were identified to be the (200) and (400)
diffraction peaks of GaAs. The diffraction peak corresponding
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Fig. 3 Room temperature PL spectrum and deconvoluted PL spectra
(gray solid lines) for porous GaAs. In the inset, the PL spectrum of the
heavily doped GaAs substrate is shown for comparison.
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to (200) was not observed for porous GaAs layer and appear after
deposition of ZnO film. The (400) porous GaAs diffraction peak
shifts to lower angle after ZnO deposition. This result reveals
a tensile out-of-plane strain due to lattice parameter increase in
the porous layer growth direction. The diffraction peaks at 26 =
31.43° and 65.85° are identified as (100) and (200) planes of the
ZnO wurtzite (hexagonal) structure. From the XRD patterns, we
notice that the ZnO film have monocrystalline structure with a-
axis orientation. Generally, ZnO crystallizes in a wurtzite type
structure in polar (c-oriented) and non-polar (a-oriented)
planes.**” In this work, ZnO deposited on porous GaAs
substrate shows no diffraction peak related to the orientation of
the ¢(002) polar axis, which is beneficial for efficient optoelec-
tronics applications.?® It has been revealed that ZnO growth in
a non-polar direction allows the fabrication of electrostatic
field-free structures, which improves quantum efficiency.> Very
few reports were found on the growth of ZnO films directed at
the a-axis.** This work confirms a-axis oriented ZnO/porous
GaAs film using the spin-coating process which is cost-effective.

According to the Bragg equation, the lattice constant a for
the ZnO film, oriented along (100) crystallographic direction,

can be calculated:*
1 2
=13 = 1
“ \/; sin 6 (1)

The lattice strain (¢) in ZnO/porous GaAs can be calculated
using the tangent formula:*?

B
= Tl ®)

where 1 is the X-ray wavelength of the X-ray, 8 is the FWHM (full
width at half maximum) of diffraction peak, and 6 is the Bragg
diffraction angle of a-axis peak. The calculated lattice parameter
according to (100) plane is a = 3.28 A. For the bulk ZnO, the
pure lattice a reported in JCPDS data base (card 00-036-1451) is
3.22498 A.** The increase in lattice parameter as compared to
the standard value can be explained by the lattice strain ¢ of the
ZnO film estimated from eqn (2) to be equal to 1.05 x 10>,

Fig. 5 presents 3D AFM images for scanning square area of 2
x 2 um? as well as the respective plots of the height distribution
histograms of ZnO films. Fig. 5b shows that porous GaAs
substrate is beneficial to deposit uniform array of ZnO nano-
structures having nanotips-like morphology. Most of the peaks
show very narrow height distribution around the mean height
(h = 0). However, ZnO/GaAs (Fig. 5a) exhibit considerable
dispersion of peak heights, ranging between —40 to 40 nm,
which is due to the presence of occasional high peaks on the
surface caused by the formation of larger-sized ZnO clusters.
Fig. 6 shows 2D AFM images and cross-sectional profiles. The
results compared to those formed on GaAs substrate reveal that
the average size of ZnO nano-crystallites is about 12 nm on
porous GaAs and ranges from 49 nm to 411 nm on GaAs,
approximately.

The roughness parameters that directly control many phys-
ical and chemical properties of ZnO films were also determined.
We found that GaAs substrate is beneficial to decrease the

RSC Adv., 2019, 9, 25133-25141 | 25135
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Fig. 4 X-ray diffraction spectra of porous GaAs (a) and ZnO/porous GaAs (b). The insets in (a) show the zoomed part of the scan around 26 =

31.4° and 66°, plotted in linear scale.

average roughness (R,) from 26 nm to 2 nm. The root mean
square of roughness (R,) of the surface decreases from 34 nm to
2.6 nm. R, averages the five highest peaks and the five deepest
valleys relative to the reference plane. The lowest R, value of
12 nm measured for ZnO/porous GaAs indicates a smooth ZnO
surface having less occasional extremes. However, the absence
of substrate porosity results in R, = 126 nm for ZnO/GaAs due to
extreme peaks and valleys that are present on the surface.

The total reflectance spectra of ZnO/GaAs and ZnO/porous
GaAs surfaces are shown in Fig. 7 over a wavelength range of
200-800 nm. The reflectance spectra of GaAs and porous GaAs
substrates are also shown for comparison. ZnO films show
significantly lower refectance compared with GaAs and porous
GaAs substrates. This indicates that ZnO films exhibit anti-
reflection behavior. Better anti-reflection performance is ob-
tained when the ZnO is deposited on the porous GaAs substrate.
This behaviour can be attributed to differences in the ZnO
surface morphology discussed above. As reported by Y. C.
Chang,* the morphology of ZnO nanostructures with sharp tip
exhibit a gradual decrease of refractive index from the surface,
resulting in superior antireflection property.

Fig. 8 shows the PL spectra of ZnO/GaAs and ZnO/porous GaAs
measured at room temperature using an excitation wavelength Aex.
= 375 nm. The as-deposited ZnO films show broadband emission
covering most of the visible spectral region (450-750 nm). For
deeper investigation, we deconvoluted the PL spectra into individual
Gaussian contributions. The results illustrated in Fig. 8 prove that
the PL spectra are composed of green and orange emissions peaked
at 545 nm (2.27 eV) and 597 (2.07) for ZnO/porous GaAs, and at

25136 | RSC Adv., 2019, 9, 25133-25141

547 nm (2.26 €V) and 608 nm (2.04 eV) for ZnO/GaAs. For ZnO/GaAs,
there is no contribution from GaAs substrate to the visible-band, but
only from the ZnO related emission. The contribution of porous
GaAs luminescence to the PL spectrum of ZnO/porous GaAs cannot
be neglected since green and orange emissions peaked at 545 nm
and 588 nm were also observed for porous GaAs substrate. Thus, the
visible emission observed for ZnO/porous GaAs could be explained
by considering two contributions: ZnO and porous GaAs PL
responses. In an effort to quantify the PL spectra, we calculated the
peak intensity ratio R of ZnO/porous GaAs to ZnO/GaAs for the
green and the orange emissions. The R value is equal to 13 and 7 for
the green and orange emissions, respectively. These results reveal
that the porosity of GaAs substrate is beneficial to enhance the
visible PL intensity of ZnO.

A number of studies on the optical properties of ZnO nano-
structures have reported that the green and orange emissions
can be assigned to oxygen vacancies (Vp), oxygen interstitials
(0;) and zinc interstitials (Zn;).**** According to L. S. Vlasenko
et al.,*® electron paramagnetic-resonance analysis proved that
the green emission is composed of two transitions, with elec-
tron-hole recombinations from conduction band to oxygen
vacancy level and from zinc interstitial level to oxygen vacancy
level. The Zn; and Vg, levels are located at 0.22 eV and 2.47 eV
slightly below the conduction band as previously determined
experimentally by E. G. Bylander* and J. Cizek et al.,”” respec-
tively. Therefore, it is expected that the energy interval between
the Zn; level and the Vg level is approximately 2.25 eV. This is
well consistent with the green peaks that are centered at 2.26
(547 nm) and 2.27 eV (545 nm). Using full-potential linear

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 3D AFM images and height distribution histograms for ZnO/GaAs (a) and ZnO/porous GaAs (b).

muffin-tin orbital method,*® the position of the O; level is
located at 2.28 eV below the conduction band. Therefore, the
calculated band transition from Zn; to O; level is approximately
2.06 eV. This value is close to the orange peaks centered at
2.07 eV (597 nm) and 2.04 eV (608 nm), as shown in Fig. 11.

Fig. 8 shows a weak UV response peaked at 390 nm for ZnO/
GaAs and at 381 nm for ZnO/porous GaAs. According to
reviewed papers, the PL peak of ZnO varying from 373 to 390 nm
have been assigned to near band gap emission in ZnO nano-
structures.**~** To further clarify the origin of the UV emissions,
time resolved photoluminescence (TRPL) experiments were
performed in the picoseconds time scale. TRPL spectra are
presented in Fig. 9 for ZnO/GaAs and ZnO/porous GaAs. The PL
time decay for the two samples can be fitted by:

t t
I = A4, exp <—T—) + 4, exp<—f—> (3)
1 2

where 7, and 7, are the fast and the slow decay time constants.
A, and A, denote the fractions of the two components at ¢t = 0.
The emissions follow a biexponential decay behavior and the
recombination lifetimes 7, and 1, are attributed to fast and slow
processes.**** The fast PL decay 7, = 0.6 ns for ZnO/porous GaAs
is in agreement with that (t; = 0.66 ns) reported by W. Chebil
et al.* for ZnO film spincoated on porous silicon substrate by

This journal is © The Royal Society of Chemistry 2019

sol-gel method and assigned to exciton life time in the near
band-gap. The exciton life time for ZnO/GaAs is 7; = 0.4 ns,
which is smaller than that for ZnO/porous GaAs (t; = 0.6 ns).
According to S. Yamamoto et al.,” the radiative lifetime of an
exciton in ZnO semiconductor depends on the degree of
confinement in ZnO nanocrystals. As revealed by AFM data, the
nanocrystallite size range that we measured is much higher
than the exciton Bohr radius ag of the ZnO, which is about
1.8 nm.” In the case of weak confinement regime, the nano-
crystal size is bigger than ag, the quantum confinement effect
predicts a decreased radiative lifetime as the size increases.*®
This prediction is in accordance with the obtained results. The
slow PL decays measured for ZnO/GaAs (t, = 10 ns) and for
ZnO/porous GaAs (1, = 8 ns) are of several nanoseconds and
may be attributed to surface-related emission of ZnO nano-
structures.***® The ratio A,/A; estimated by biexponential fitting
is 1.85 and 4 for ZnO/GaAs and ZnO/porous GaAs, respectively.
As a result, the surface-related emission in ZnO/porous GaAs
film is the dominant process. This is very likely because of the
higher surface-to-volume ratio in ZnO/porous GaAs compared
to that of ZnO/GaAs.

It is worth noting that UV emissions observed for ZnO/GaAs
and ZnO/porous GaAs exhibit very low intensities, compared to
visible emissions. The ratio of intensities of ultraviolet and

RSC Adv., 2019, 9, 25133-25141 | 25137
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Fig. 6 2D AFM images and height profiles for ZnO/GaAs (a) and ZnO/porous GaAs (b).

visible emission (Iyv/lvisible) iS considered as an important
factor used to compare the optical properties of materials.
According to I. B. Olenych et al.,* the decrease in wavelength of
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Fig.7 Total reflectance spectra for GaAs, porous GaAs, ZnO/GaAs and
ZnO/porous GaAs measured using an integrating sphere.
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UV excitation radiation of ZnO film induces enhancement of
short-wavelength photoluminescence intensity. For deeper
investigations, the photoluminescence of ZnO films were
measured using .. = 266 nm, as shown in Fig. 10. The PL
spectra of ZnO films using A = 375 nm are also shown for
comparison. We observe UV peaks at 363 nm for both ZnO/GaAs
and for ZnO/porous GaAs that we attribute to band-band
transition due to free electrons. Therefore, the porosity of GaAs
substrate introduces no change on the ZnO band gap because
confinement effects could not be considered due to very small
Bohr radius of ZnO. The violet emission observed at 412-
415 nm (~3 eV) for ZnO/GaAs and ZnO/porous GaAs is attrib-
uted to the electron transition from the bottom of the conduc-
tion band to the Zn vacancy level. According to P. S. Xu et al.,*®
the calculated energy interval from the bottom of the conduc-
tion band to the Zn vacancy (Vy,) level is 3.06 eV. This value
agrees well with the energies 2.98-3 eV of the violet emissions
peaked at 412-415 nm in this study. In addition to violet
emission, blue emission has been observed at 475 nm (2.61 eV)
in both the samples. Recently, D. Das et al*® observed blue
luminescence from ZnO nanoparticles peaked at 467 nm (2.66
eV). This transition was assigned to electron transition from the
conduction band to oxygen antisite (Oz,) level. The blue

This journal is © The Royal Society of Chemistry 2019
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emission observed at 475 nm (2.61 eV) for ZnO/GaAs and ZnO/
porous GaAs is very close to 2.66 eV and a possible mechanism
related with oxygen antisite defect level as final state can be
suggested.

From the experimental results, we propose two mechanisms
leading to PL emissions (illustrated in Fig. 11): the typical
exciton emission or near-band-edge emission and the defect
related deep level emissions in the visible region. The PL spectra
of ZnO films recorded at 266 nm excitation wavelength exhibit
a shift in PL maxima to smaller wavelengths (blue shift) with
a broad emission peak, while the green and orange band edge
emissions are strongly quenched. We suggest that, when ZnO
film is excited using A = 375 nm, only a few electrons get to
near-conduction band and may recombine directly or through
interface states, while most of them are trapped at defect states.
As a result, emissions in the visible spectral region are observed
and the reduced UV luminescence could be explained by the
limited recombination process of electron-hole pairs from the
near-conduction band. For the A, = 266 nm, the intensity of
band-band emission increase significantly as compared to the
green and orange emissions, which are quenched to the noise
level.

The UV emission peak at 363 nm observed for ZnO/porous
GaAs has fourfold increase as compared to that of ZnO/GaAs.
As discussed above, the porosity of GaAs substrate is

This journal is © The Royal Society of Chemistry 2019
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Fig.9 Time-resolved PL decay curves of ZnO/GaAs and ZnO/porous,
respectively, measured at 375 nm. The solid lines represent fitting
curve.

beneficial to enhance the visible PL intensity of ZnO as well.
Naddaf et al.*® have reported an increase of visible PL intensity
of ZnO films grown by RF magnetron sputtering when porous
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Fig. 10 PL spectra measured using Aexc = 266 nm and A¢xc = 375 nm
for ZnO/GaAs (a) and ZnO/porous GaAs (b).
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Fig. 11 Schematic band diagrams showing two mechanisms leading to PL emissions: the typical exciton (B—B) or near-band-edge (NBE)
emissions and the defect related deep level emissions based on the reported data as described in ref. 35-39 and 50. The schematic band
diagrams are shown for two excitation wavelengths (Aexc = 375 hm and for Aexc = 266 nm). OE: orange emission, GE: green emission, VE: violet

emission and BE: blue emission.

GaAs is used as a substrate. The authors demonstrated a strong
relationship with the change in the content of zinc and oxygen
related defects in the film. In this work, we have shown that the
surface morphology of ZnO/porous GaAs has the ability to
minimize light reflection in the UV-Vis spectral range. This lets
us to conclude that ZnO/porous GaAs has the advantage to
absorb more light, resulting in an efficient photoluminescence.

4. Conclusion

A low cost and facile approach was adapted to deposit ZnO thin
films onto GaAs and porous GaAs substrates. XRD analysis
confirms the monocrystalline structure of ZnO/porous GaAs
with a-axis-preferred orientation. Atomic force microscopy
studies reveal that the porosity of GaAs is beneficial to grow ZnO
nanostructures with sizes down to 12 nm and a surface rough-
ness as low as 2.6 nm. The photoluminescence measurements
prove that ZnO films exhibit typical excitation wavelength
dependence. Enhancement in photoluminescence intensity in
UV-visible regions was also observed for ZnO/porous GaAs
compared to ZnO/GaAs. As a result, ZnO nanostructures grown
on porous GaAs have high potential for advanced devices such
as photodetectors.
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