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Abstract
Vertically aligned ZnO nanorod arrays are used as antireflection and light-extraction layers on
optoelectronic devices, but their alignment in hydrothermal synthesis is usually controlled through
strongly coupled chemical parameters. In this study, the effect of the loading direction of the seeded
substrate in the autoclave was isolated by growing upward- and downward-facing substrates side by
side in a single run, so that all chemical parameters were identical. On both SiO₂/Si and GaN-based light-
emitting diode (LED) substrates, the downward-facing configuration produced dense arrays of c-axis-
aligned rods, 100–200 nm wide and terminated by hexagonal (0001) facets, whereas the upward-facing
configuration produced randomly inclined needles a few tens of nanometers wide, accompanied by
sedimented ZnO agglomerates. A Stokes-law estimate showed that particulates formed in solution
settle over centimeter distances within the growth time, supporting gravitational sedimentation as the
origin of this difference. On the LED substrate, the aligned array showed a resolved near-band-edge
emission at 380 nm, a weaker deep-level emission, and a clearly transmitted 450 nm LED emission,
which was not detected through the randomly oriented array. Its transmittance at 450 nm was 1.95 times
higher, and the nearly wavelength-independent difference in extinction indicated that the gain originated
mainly from reduced Mie scattering rather than from index matching. These results show that the
substrate loading direction is a significant growth parameter that should be controlled and reported in
the hydrothermal synthesis of ZnO nanorod arrays.

1 Introduction
Zinc oxide (ZnO) is one of the most extensively studied wide-bandgap semiconductors. Its direct
bandgap of 3.37 eV and its unusually large exciton binding energy of 60 meV enable excitonic processes
to occur at room temperature [1, 2]. Its transparency across the visible spectrum, as well as its chemical
and thermal stability, piezoelectric response, and low toxicity, makes ZnO attractive for use in practical
devices [3–6]. These properties have been exploited in ultraviolet photodetectors, light-emitting diodes,
transparent conducting layers, gas sensors, and piezoelectric energy harvesters [7–9]. Among the
various ZnO morphologies, vertically aligned one-dimensional nanorod arrays are of particular interest
[10–12]. These arrays combine a large surface-to-volume ratio with continuous, defect-tolerant transport
paths along their axes. Their effective refractive index is intermediate between those of typical device
materials and that of air. Thus, a vertically aligned array placed on a light-emitting structure can
simultaneously act as an antireflection layer and a light-extraction layer [13–15]. A wide range of
techniques has been used to prepare ZnO nanostructures, including chemical vapor deposition,
molecular beam epitaxy, sputtering, sol-gel processing, and electrodeposition. Among these methods,
hydrothermal synthesis occupies a distinct position because it proceeds in an aqueous solution at
temperatures typically below 150°C [16–18]. This method requires no vacuum equipment and can be
scaled to large areas at a low cost. This low thermal budget is especially valuable when integrating ZnO
onto completed devices, such as finished GaN-based light-emitting diodes, flexible substrates, or
structures containing metal contacts, which can tolerate a 120°C aqueous process but not high-
temperature vapor-phase growth. Thus, hydrothermal growth is the preferred method for adding
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functional ZnO nanorod layers to existing optoelectronic devices. The primary challenge of this approach
is controlling the alignment and crystalline quality of the resulting rods. Vertical alignment is influenced
by the texture of the seed layer, precursor concentration, solution pH, reaction temperature and time, and
choice of structure-directing additives, such as hexamethylenetetramine or polyethyleneimine [18, 19].
These variables are strongly coupled; a change in one generally requires re-optimization of the others.
Modest deviations in pH or concentration can shift the product from well-aligned rods to inclined
needles to disordered aggregates [20, 21]. Optimizations obtained for one substrate often do not transfer
to another because nucleation density depends on the substrate itself [22, 23]. Additionally, structure-
directing additives can leave residual impurities that act as recombination centers [24, 25]. This is a
significant drawback when the layer is intended for optical use. A further factor is usually addressed only
implicitly. In a sealed autoclave, heterogeneous nucleation on the seeded substrate and homogeneous
nucleation in the bulk solution occur simultaneously, and the ZnO formed in solution can itself
participate in growth at the substrate. Suspended particulates can reach the growth surface and act as
randomly oriented secondary nuclei. This contribution is usually suppressed indirectly by diluting the
solution, shortening the reaction time, or adding capping agents. Each of these measures alters the
growth kinetics simultaneously. A purely geometric precaution has also been adopted: in several
solution-growth protocols the substrate is suspended or floated face-down so that precipitates cannot
fall onto it [26, 27], and longer rods have been reported on the downward-facing side of immersed
substrates [28]. In these reports, however, the face-down geometry was used as a practical precaution or
observed incidentally, and its effect on alignment, facet development, and optical properties has not
been isolated in a comparison in which the loading direction is the only variable. What has been lacking
is therefore a controlled, quantitative assessment of how much this geometric variable alone contributes
to the alignment and optical quality of the array.

In this study, the effect of this geometric variable, the direction in which the seeded substrate is loaded
into the reactor, was isolated and quantified. Because ZnO formed in solution is denser than the medium
and settles under gravity, the orientation of the growth surface is expected to determine whether these
particulates accumulate on the seed layer or are transported away from it. The novelty of this work over
previous reports on hydrothermal ZnO nanorod arrays is threefold. First, the loading direction was
treated as the sole experimental variable: upward- and downward-facing substrates were grown side by
side in the same reactor during a single run, which excludes run-to-run variation, whereas earlier studies
adopted face-down loading only as a practical precaution without isolating its effect [26, 27]. Second, the
comparison was carried out on both an amorphous SiO₂/Si substrate and a device-relevant GaN-based
light-emitting diode (LED) substrate. Third, the structural difference was linked quantitatively to the
optical function of the array, namely the transmission of the underlying LED emission, and the underlying
loss mechanism and growth mechanism were analyzed with simple physical models of light scattering
and particle sedimentation.

2 Experimental Methods
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2.1 Materials and substrates
Zinc acetate dihydrate (Zn(CH3COO)2·2H2O, M = 219.51 g mol− 1), high-purity ethanol, and ammonia

solution were used as received without further purification. Deionized (DI) water was used throughout.
Double-side-polished fused quartz slides, thermally oxidized SiO2/Si wafers, and commercial GaN-based
LED wafers with a peak emission wavelength of approximately 450 nm were used as substrates. Prior to
seeding, the substrates were cleaned by sequential ultrasonication in acetone, ethanol, and DI water, and
were then dried under a stream of dry air.

2.2 Hydrothermal synthesis of ZnO nanorods
The ZnO seed solution was prepared by dissolving 0.219 g of Zn(CH3COO)2·2H2O in 200 mL of high-
purity ethanol (0.005 M), followed by 5 min of manual shaking and 20 min of ultrasonication. The seed
solution was drop-coated onto the cleaned substrate, held for 20 s, rinsed with ethanol, and dried with an
air gun; this cycle was repeated five times. The seeded substrate was then baked on a hot plate at 300°C
for 20 min to thermally decompose the deposited precursor into crystalline ZnO seeds. The growth
solution was prepared by dissolving 2.19 g of Zn(CH3COO)2·2H2O in 200 mL of DI water (0.05 M) in a
beaker sealed with Parafilm and stirred at 500 rpm for 20 min. Its pH was raised to 9 by adding ammonia
solution dropwise under stirring while monitoring with a pH meter. The seeded substrate was fixed on a
holder and placed in a Teflon reactor, which was then completely filled with the growth solution to
minimize the free volume. The reactor was sealed in a stainless-steel autoclave and held in a preheated
oven at 120°C for 1 h. After the reaction, the sample was rinsed with ethanol and dried with an air gun.
Two sets of samples were prepared under otherwise identical conditions and differed only in the
orientation of the substrate inside the reactor: the seed layer was loaded facing upward for one and
facing downward for the other. The two substrates were mounted side by side at the same height on a
single Teflon holder, separated by approximately 2 cm, and were grown simultaneously in one run, so
that they shared a single growth solution and a single temperature history. Mounting them at the same
height ensures that any vertical gradient in supersaturation or in particulate concentration within the
reactor acted equally on both, leaving the direction of the growth surface as the only difference between
them, and no comparison in this work relies on reproducibility between separate runs. The experiment
was repeated more than ten times under these conditions with consistent results. The same procedure
was applied to both the SiO2/Si and the GaN-based LED substrates.

2.3 Characterization
The surface morphology of the ZnO nanorods was examined by field-emission scanning electron
microscopy (FE-SEM; Hitachi S-4800). Both top-view and perspective-view images were acquired at an
accelerating voltage of 15 kV. Photoluminescence (PL) measurements were performed at room
temperature. A continuous-wave He–Cd laser operating at 325 nm was used as the excitation source
and was focused onto the sample surface with an excitation power of 5 mW. The emitted light was
collected in a backscattering configuration, dispersed by a monochromator with a focal length of 30 cm,
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and detected with a Si charge-coupled device (CCD) detector (PIXIS 100, Teledyne Princeton
Instruments). A long-pass filter was placed in front of the entrance slit to reject the scattered laser line.
The reference spectrum of the bare GaN-based LED structure was recorded under identical excitation
and collection conditions, and all spectra are presented in arbitrary units without normalization. Raman
scattering measurements were carried out at room temperature using a confocal Raman spectrometer
(NTEGRA Spectra, NT-MDT) with a 532 nm laser as the excitation source in a backscattering geometry.
The laser was focused onto the sample surface through a ×20 objective lens, and the excitation power
was kept below 0.1 mW to avoid laser-induced heating. The spectral resolution was better than 0.1 cm − 
1, and the spectrometer was calibrated using the first-order Raman peak of a Si reference at 520.5 cm− 1.
The two samples were measured under identical conditions so that their spectra could be compared
directly. Optical absorption spectra were recorded at room temperature over the 200–800 nm range
using a UV–visible/NIR spectrophotometer (JASCO) in a straight-through transmission geometry,
without an integrating sphere. These measurements were performed on companion nanorod arrays
grown on double-side-polished fused quartz, since neither the SiO2/Si nor the GaN-based LED substrate
transmits over this range, and a bare quartz slide was used as the reference. Because no integrating
sphere was used, light scattered out of the collection direction is recorded together with true absorption.
The reported absorbance is therefore an extinction that includes scattering losses rather than a pure
absorption coefficient. This is the quantity of interest here, since the array is intended to transmit light
emitted from an underlying device into a defined collection direction.

3 Results and Discussion

3.1 Effect of the seed-layer loading direction on ZnO
nanorod growth
Figure 1 compares ZnO nanorods that were hydrothermally grown on SiO₂/Si substrates using two
different loading geometries of the seed-layer substrate inside the autoclave. Figures 1(a) and 1(d) show
schematic cross-sections of the reaction vessel consisting of a stainless-steel autoclave and a Teflon
reactor liner. In these figures, the seed layer is oriented facing upward and downward, respectively. The
two substrates were mounted in the same reactor and grown in a single run, so that the composition and
concentration of the precursor, the solution pH, and the temperature and time histories were necessarily
identical rather than merely nominally matched; the loading direction was the only variable. When the
seed layer faced upward, the resulting nanorods showed no preferential orientation with respect to the
normal of the substrate, as illustrated schematically in Fig. 1(b). The corresponding perspective-view
field emission scanning electron microscopy (FE-SEM) image (Fig. 1(c)) reveals needle-like rods with
tapered tips, lateral dimensions of a few tens of nanometers, and a broad distribution of inclination
angles. The areal density of rods emerging from the surface is comparatively low, and sedimented
agglomerates of solution-grown ZnO are present between them. This morphology is representative of
the entire substrate, as shown by the lower-magnification images in Figs. S1(a) and S1(b) of Online
Resource 1 and by the additional high-magnification images in Figs. S1(c) and S1(d). In contrast, the
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sample with the seed layer facing downward (Fig. 1(e)) consists of a dense array of rods aligned close to
the substrate normal. The corresponding top-view FE-SEM image (Fig. 1(f)) shows uniform, well-defined,
hexagonal top facets with lateral dimensions of approximately 100–200 nm. This indicates that the rods
are terminated by (0001) planes and that the c-axis lies close to the substrate normal (Figs. S2(a) and
S2(c)). The degree of out-of-plane alignment was assessed from the FE-SEM images, that is, from the
development of hexagonal (0001) top facets and from the spread of rod inclinations visible in the
perspective views. These images probe the emergent rods directly. Conventional θ–2θ X-ray diffraction
was not used for this purpose, because the ZnO (002) reflection (2θ ≈ 34.4°) coincides with the GaN
(0002) reflection (2θ ≈ 34.6°) of the LED wafer, so that on the device-relevant substrate the texture of the
array cannot be separated from that of the substrate, and because a θ–2θ scan of the upward-grown
sample would average over the aligned seed-layer rods and the sedimented agglomerates alike. The
wurtzite phase of both arrays was instead confirmed by Raman spectroscopy (Section 3.3). These
morphological differences can be explained by the relative contributions of heterogeneous nucleation on
the seed layer and homogeneous nucleation in the growth solution [29, 30]. During the hydrothermal
decomposition of the zinc precursor, ZnO forms on the seeded surface and as suspended particulates
within the solution. Since these two configurations differ only in the orientation of the growth surface
relative to gravity, the loading direction determines whether the homogeneously nucleated species can
reach the growth front. In the case of upward-facing geometry, the precipitates settle onto the substrate.
There, they act as randomly oriented secondary nuclei and simultaneously mask the underlying seed
layer (Figs. S1(a) and S1(b)); the masking accounts for the lower areal density of rods emerging from the
upward-grown surface despite the additional nucleation sites. Consequently, growth proceeds from a
mixture of textured and randomly oriented nuclei, and the crystallographic registry provided by the seed
layer is largely lost. In the downward-facing geometry, sedimentation transports particulates away from
the growth surface. This results in growth dominated by heterogeneous nucleation on the seed layer,
preserving the initial out-of-plane texture throughout the reaction. This interpretation aligns with the
observation that the growth habit remains unchanged; both samples consist of wurtzite rods elongated
along the c-axis. Only the degree of alignment, rod density, and facet development differ. Buoyancy-
driven convection during the initial heating transient is expected to partially redistribute the suspended
particulates; the description above applies to the subsequent isothermal period, which accounts for
most of the reaction time.

This interpretation can be checked against the settling behavior of the particulates. For a sphere of
radius r, the Stokes settling velocity is v = 2(ρZnO − ρw)gr²/9µ. Taking ρZnO = 5.61 g cm⁻³ and, for water
at 120°C, ρw ≈ 0.94 g cm⁻³ and µ ≈ 0.23 mPa s, a particle with r = 0.5 µm settles at about 11 µm s⁻¹, that
is, about 4 cm during the 1 h growth, whereas its Brownian displacement over the same period is only
about 0.2 mm. The micrometer-scale agglomerates in Fig. S1 settle more than an order of magnitude
faster. Sedimentation therefore dominates the transport of all but the smallest particulates over
distances comparable to the reactor dimensions: particulates formed above an upward-facing substrate
are deposited on it, whereas a downward-facing growth surface is shielded from them. This picture is
consistent with the practice of suspending or floating substrates face-down to keep precipitates off the
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growth surface [26, 27] and with two direct observations in the present samples: sedimented
agglomerates that are not crystallographically connected to the seed layer were found only on the
upward-facing surfaces (Figs. S1 and S2), and the growth habit of the individual rods was unchanged
between the two configurations.

3.2 ZnO nanorod growth on GaN-based LED substrates
To determine whether the same behavior occurs on a device-relevant substrate, the two loading
geometries were applied to GaN-based LED wafers under identical synthesis conditions (see Figs. 2(a)
and 2(d)). For the upward-facing configuration, the top-view and perspective-view FE-SEM images in
Figs. 2(b) and 2(c) show randomly inclined rods with tapered tips that closely resemble the morphology
obtained on SiO₂. The corresponding images in Figs. 2(e) and 2(f) show rods aligned along the substrate
normal with hexagonal top facets for the downward-facing configuration. Because Figs. 2(b) and 2(e)
were both recorded in top view and Figs. 2(c) and 2(f) in perspective view at the same magnification,
Fig. 2 also provides a same-geometry comparison of the two configurations, complementing the
overview images in Fig. 1. Another difference is observed in the downward-grown sample on GaN.
Neighboring rods partially coalesce to form laterally merged domains with flat top surfaces, which are
separated by residual voids (Figs. S2(b) and S2(d)), in contrast to the discrete rods obtained on SiO₂
(Figs. S2(a) and S2(c)). This is attributed to the structural similarity between the two wurtzite materials,
ZnO and GaN. ZnO and GaN have the same crystal structure and in-plane lattice constants of a = 3.25 Å
and a = 3.19 Å, respectively. This corresponds to a mismatch of approximately 1.8% [2, 31]. This small
mismatch promotes a high density of nuclei aligned not only along the c-axis, but also azimuthally with
respect to the GaN lattice [15]. This allows adjacent rods to merge laterally as they thicken without
forming high-angle grain boundaries. Thus, the substrate governs the extent of lateral coalescence, while
the loading direction determines whether the array is vertically aligned.

3.3 Photoluminescence and Raman characterization
The optical and vibrational properties of the ZnO nanorods grown on the GaN-based LED substrates are
summarized in Fig. 3. Figure 3(a) compares the photoluminescence (PL) spectra of the two samples
with the reference spectrum of the bare GaN-based LED structure. The same spectra are shown
individually on a logarithmic scale in Fig. 3(b). In this geometry, the ~ 450 nm emission of the LED
structure is generated beneath the nanorod layer and must propagate through it before detection.
Therefore, the measured spectra contain information on both the intrinsic luminescence of the ZnO
nanorods and their optical transparency at the LED emission wavelength. The upward-grown sample
exhibits two broad bands centered at approximately 410 and 570 nm. The latter is more than 100 nm
wide, so its center is quoted only to within about 10 nm. Meanwhile, the near-band-edge (NBE) emission
of ZnO at around 380 nm remains unresolved. These broad bands are attributed to deep-level emissions
associated with intrinsic point defects in ZnO, which are typically observed in hydrothermally grown
materials [32, 33]. Additionally, the 450 nm band of the underlying LED structure is not discernible in this
spectrum, indicating that the LED's emission is strongly attenuated within the randomly oriented nanorod
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layer. The downward-grown sample shows a markedly different spectrum. A distinct NBE peak appears
at approximately 380 nm, the deep-level band near 570 nm is comparatively weak, and the 450 nm band
of the LED structure is clearly resolved and dominates the spectrum. The larger NBE-to-deep-level
intensity ratio indicates a lower concentration of optically active defects, suggesting improved crystal
quality in the downward-grown nanorods. It should be noted that the denser aligned array absorbs a
larger fraction of the 325 nm excitation before it reaches the underlying LED, so the observed
enhancement of the 450 nm band represents a lower bound on the improvement in extraction efficiency.
Note that the spectra in Fig. 3(a) are plotted in arbitrary units without normalization so that comparisons
can be made between the intensities of different spectral features rather than between the absolute
intensities of different samples. Raman spectra of the same samples are compared in Fig. 3(c). The
spectra are shown individually in Fig. 3(d). Both spectra exhibit the E2

high mode of ZnO at approximately

438 cm− 1, as well as weak features near 380 and 410 cm− 1. These features are consistent with the
A1(TO) and E1(TO) modes of wurtzite ZnO. This confirms the formation of the wurtzite phase in both

samples [34]. The E2
high and A1(LO) modes of the GaN substrate are also observed at approximately 568

and 734 cm− 1, respectively. Since the intensity of the GaN-related modes is essentially identical for the
two samples, these peaks serve as an internal reference for the excitation and collection conditions [35].
The ZnO signal can therefore be normalized to this reference as

1

so that ρ isolates the response of the nanorod layer from variations in excitation and collection
efficiency. Based on this, the higher E2

high (ZnO) intensity measured for the downward-grown sample is

attributable to the nanorod layer itself. The E2
high mode is a non-polar phonon mode, and its intensity and

linewidth are sensitive to crystalline order [36]. In backscattering geometry, its intensity additionally
depends on the orientation of the c-axis relative to the incident polarization, although this dependence is
strongly diluted in a rod array because scattering from the rod sidewalls contributes to the collected
signal in either configuration [37]. The enhanced E2

high signal is consistent with a higher density of c-

axis-aligned ZnO probed in this geometry, which is in agreement with the FE-SEM results. Because the
aligned array also contains more ZnO within the probe volume, the integrated intensity alone does not
distinguish crystalline quality from the amount of probed material. The linewidth of this mode, which is
insensitive to the probed volume, provides an independent measure: full widths at half maximum of 8.12
and 8.40 cm− 1 were obtained for the upward- and downward-grown samples, respectively. The two
values are closely similar, differing by 3.4%, and the peak positions coincide. Within the sensitivity of this
measurement the short-range crystalline order and the residual strain state of the two arrays are
therefore comparable. The enhanced E2

high intensity of the downward-grown sample is therefore

attributed to the larger amount of c-axis-aligned ZnO probed in the backscattering geometry rather than

ρ =
I
high

E2
(ZnO)

I
high

E2
(GaN)
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to a difference in lattice quality. Consistent with this, the weak A₁(TO) and E₁(TO) features near 380 and
410 cm− 1, which are formally forbidden in backscattering from a c-plane surface, appear with
comparable relative intensity in the two samples: after baseline subtraction their combined intensity
amounts to 0.26 and 0.29 of the E2

high intensity for the downward- and upward-grown arrays,

respectively. The slightly lower value for the aligned array is in the expected direction but is not
significant. The Raman response of these arrays therefore reports on the local crystal structure rather
than on the out-of-plane texture, and the assessment of alignment rests on the electron microscopy
data. No measurable shift in the position of the E2

high peak was observed between the two samples,
indicating that their residual strain states are also comparable. Taken together, the identical linewidths
and peak positions show that the short-range crystalline order of the two arrays is equivalent. This is not
in conflict with the photoluminescence data in Fig. 3(a): the phonon linewidth probes lattice order and
phonon lifetime, whereas the deep-level emission probes the concentration of optically active point
defects, and the two need not correlate.

3.4 Optical extinction and light propagation through the
nanorod array
The optical response of the two nanorod arrays was examined further by measuring their absorbance
over the 200–800 nm range on companion samples grown on fused quartz (Fig. 4). The measurement
was made in a straight-through transmission geometry, so that light scattered out of the collection
direction contributes to the measured absorbance together with true absorption. Figure 4(a) shows that
the upward-grown sample has an absorbance that decreases monotonically from about 1.17 at 200 nm
to about 1.11 at 800 nm. In contrast, the downward-grown sample has the same overall spectral shape,
but the values are lower, ranging from about 0.87 to about 0.83. Thus, the two spectra are nearly parallel
and differ by an offset of about 0.29, which is almost wavelength-independent. Neither spectrum
displays a pronounced absorption edge near the ZnO band gap (3.37 eV, corresponding to 368 nm) [2].
This indicates that the measured extinction is dominated by scattering and reflection losses within the
nanorod array rather than by interband absorption of ZnO; at the extinction levels recorded here the
additional above-gap absorption of the rods produces no resolvable step on top of the scattering
background. Accordingly, the difference between the two samples reflects a difference in optical
scattering associated with morphology and alignment rather than a change in the intrinsic absorption of
the material. For the same reason, a Tauc analysis of these straight-through spectra would not yield a
meaningful optical bandgap. The bandgap is, moreover, not expected to depend on the loading direction:
the near-band-edge emission of the aligned array at approximately 380 nm (3.26 eV) is typical of ZnO at
room temperature [2, 32], and the identical E₂�ⁱᵍ� peak positions and linewidths of the two arrays
(Section 3.3) indicate the same crystal phase and strain state. Figure 4(b) shows magnified spectra in
the LED emission region. The absorbance is approximately 1.14 at 450 nm for the upward-grown sample
and 0.85 for the downward-grown sample. Writing the measured absorbance as A = − log10T, the ratio of
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transmitted intensities at the LED emission wavelength follows directly from the offset between the two
spectra,

2

so that the vertically aligned array transmits almost twice the intensity of the randomly oriented one at
450 nm. This is consistent with the PL data in Fig. 3, in which the 450 nm emission of the underlying LED
structure is resolved for the downward-grown sample but not for the upward-grown one. The near-
parallel offset between the two spectra can also be used to identify the loss mechanism. Decomposing
the extinction into absorptive and scattering contributions over an array thickness d [38],

3

where AR accounts for reflection at the array boundaries. Since neither spectrum shows a band-edge
feature at 368 nm, αabs is negligible below the gap, and the difference between the two samples is
governed by Δαsca. For scatterers much smaller than the wavelength, the Rayleigh limit gives αsca ∝
Na6λ−4, which would make ΔA vary by a factor of (800/200)4 = 256 across the measured range. The
observed values, ΔA = 0.30 at 200 nm and 0.28 at 800 nm, differ by less than 10%. The excess extinction
of the upward-grown sample is therefore achromatic, as expected once the size parameter [38]

4

approaches unity (x ≈ 1.4 for a = 100 nm at λ = 450 nm, where nm is the refractive index of the
surrounding medium), placing the rods and the sedimented agglomerates in the Mie rather than the
Rayleigh regime. Schematic representations of light propagation through the two arrays are shown in
Figs. 4(c) and 4(d). In the randomly oriented array (Fig. 4(c)), the rods are inclined at various angles,
which results in a wide range of scattering cross-sections and interfaces with the light emitted from the
underlying LED. Consequently, a significant portion of the emission is scattered laterally or redirected
back toward the substrate, where it can be reabsorbed. In contrast, the vertically aligned array (Fig. 4(d))
forms a quasi-continuous, periodic-in-height medium whose refractive index gradually varies between
that of GaN and air. The axes of this medium are parallel to the direction of light extraction. This
configuration reduces reflection at the interface and lateral scattering. Consequently, a larger fraction of
the emitted light propagates through the array. This graded-index behavior can be quantified. For light

= 10Aup−Adown = 100.29 = 1.95
Tdown

Tup

A (λ ) = [α abs (λ ) + α sca (λ )] + AR

d

ln10

x =
2π anm

λ
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propagating along the rod axis through a subwavelength array of fill factor fV, the zeroth-order effective
index is [39, 40]

5

Reflection at the GaN/air interface is minimized when neff = (nGaN·nair)1/2. Taking nGaN = 2.45 [41] and

nZnO = 2.03 [42] at 450 nm gives an optimum effective index of 1.57 and a corresponding fill factor of fV
≈ 0.46. Evaluating the Fresnel reflectance R = [(n1 − n2)/(n1 + n2)]2 at the two interfaces, the direct GaN/air
reflectance of 17.7% is reduced to 9.3%, corresponding to a transmission gain of only about 1.10. The
rod pitch, estimated from the FE-SEM images to be 200–300 nm, is comparable to λ/nGaN ≈ 184 nm, so

that Eq. (5) is an approximation at the boundary of the subwavelength regime [43]. It also assumes an
idealized array of uniform, discrete rods; the partial lateral coalescence observed on GaN (Fig. 2(e))
makes fV an effective rather than a geometrically exact quantity. In addition, the rod length exceeds the
wavelength, so the array acts as an incoherent graded medium rather than a quarter-wave coating.
Within these limits, index matching accounts for only a small part of the factor of 1.95 obtained in
Eq. (2), and the remainder must originate from the suppression of lateral scattering and back-redirection
described above. The correspondence between the reduced extinction in Figs. 4(a) and 4(b), the clear
transmission of the LED band in Fig. 3, and the structural differences observed in Figs. 1 and 2 indicates
that the alignment of the nanorods rather than a change in the composition or phase of the material
governs the optical behavior of these structures. Taken together, these results show that the orientation
of the seed-layer substrate during hydrothermal synthesis is sufficient to control the vertical alignment,
facet development, optically active defect density, and optical transmission of ZnO nanorod arrays
without altering any chemical growth parameters. This behavior was reproduced on both amorphous
SiO₂/Si and single-crystalline GaN-based LED substrates, indicating that the effect originates from the
growth configuration rather than the substrate type.

3.5 Implications for device applications
The two morphologies obtained here are suited to different applications. The vertically aligned, faceted
array formed on the downward-facing substrate transmitted nearly twice as much of the 450 nm LED
emission and showed a weaker deep-level emission. It is therefore the appropriate choice for
antireflection and light-extraction layers on LEDs [15] and for devices that rely on carrier transport or light
guiding along the rod axis, such as vertically integrated ultraviolet photodetectors [11]. The randomly
inclined, needle-like array formed on the upward-facing substrate scatters light strongly and almost
independently of wavelength over the 200–800 nm range (Fig. 4(a)) and has an open, disordered
structure with tapered tips. These properties are disadvantageous for light extraction but can be useful
where diffuse scattering or an exposed surface is required, for example in light-trapping layers, gas

neff = √fV n
2
ZnO

+ (1 − fV )n2
air
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sensors, and photocatalytic surfaces [1, 9]. The loading direction therefore provides a simple means of
selecting between the two morphologies from the same growth solution.

4 Conclusion
The loading direction of the seeded substrate in the autoclave was identified as a decisive parameter in
the hydrothermal growth of ZnO nanorod arrays. Under identical chemical conditions in a single run,
downward-facing loading produced c-axis-aligned arrays terminated by (0001) facets on both SiO₂/Si
and GaN-based LED substrates, whereas upward-facing loading produced randomly inclined needles
accompanied by sedimented ZnO agglomerates, in line with the gravitational settling of particulates
formed in solution. On the LED substrate, the aligned array exhibited a weaker deep-level emission and a
1.95-fold higher transmittance at the 450 nm emission wavelength, which was attributed mainly to
reduced Mie scattering. The orientation of the growth surface relative to gravity should therefore be
controlled and reported in hydrothermal syntheses of ZnO nanorod arrays.
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Figures

Figure 1

Synthesis and surface morphology of ZnO nanorods grown on SiO2 substrates. (a) Schematic illustration
of the hydrothermal synthesis with the seed layer facing upward inside the autoclave. (b) Schematic
representation of randomly oriented ZnO nanorods on the SiO2 substrate. (c) Perspective-view FE-SEM
image of the ZnO nanorods synthesized with the seed layer facing upward. (d) Schematic illustration of
the hydrothermal synthesis with the seed layer facing downward. (e) Schematic representation of
vertically aligned ZnO nanorods on the SiO2 substrate. (f) Top-view FE-SEM image of the ZnO nanorods
synthesized with the seed layer facing downward. Scale bars, 500 nm
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Figure 2

Growth and surface morphology of ZnO nanorods on a GaN-based LED substrate. (a) Schematic
illustration of randomly oriented ZnO nanorods grown with the seed layer facing upward. (b) Top-view
and (c) perspective-view FE-SEM images of the randomly oriented ZnO nanorods. (d) Schematic
illustration of vertically aligned ZnO nanorods grown with the seed layer facing downward. (e) Top-view
and (f) perspective-view FE-SEM images of the vertically aligned ZnO nanorods. Scale bars, 500 nm
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Figure 3

Optical and structural characterization of ZnO nanorods grown on a GaN-based LED substrate. (a) PL
spectra of ZnO nanorods synthesized with different seed-layer loading directions, compared with the
emission spectrum of the bare GaN-based LED. (b) Individual PL spectra of the upward-grown and
downward-grown ZnO nanorods together with the GaN-based LED emission. (c) Raman spectra of the
ZnO nanorods synthesized with different seed-layer loading directions. (d) Individual Raman spectra of
the upward-grown and downward-grown ZnO nanorods
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Figure 4

Optical absorption characteristics of ZnO nanorods synthesized with different seed-layer loading
directions. (a) Absorbance spectra of the upward-grown and downward-grown ZnO nanorods over the
200–800 nm range. The dashed line indicates the emission wavelength of the GaN-based LED. (b)
Magnified absorbance spectra around the LED emission wavelength. (c) Schematic illustration of light
propagation through randomly oriented ZnO nanorods. (d) Schematic illustration of light propagation
through vertically aligned ZnO nanorods
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