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Introduction

Transparent conductive oxides (TCOs) are important mat­
erials due to their ability to have controllable conductivity and 
carrier mobility, while maintaining high optical transparency 
[1]. The trade-off between optical and electrical conductiv­
ity around the plasma frequency has motivated research into 

controlled and graded porosity in materials and structures to 
offset transparency loss in conductive oxides [2–6]. Metal 
oxide TCOs lead to the use of oxide semiconductors in many 
key optoelectronic devices such as TFTs [7], photovoltaics 
[8], solar cells [9] and electrochromics [10]. In particular, zinc 
oxide (ZnO) attracted the initial attention in this area due to its 
wide, direct band gap (Eg ~ 3.3 eV at 300 K) [11] and a crystal 
lattice that can be interstitially doped [12].

Currently, the semiconducting material used most in the 
area of optoelectronics is indium tin oxide (ITO), particularly 
in flat-panel displays [13]. This is due to its wide band gap 
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Abstract
The angle-resolved reflectance of high crystalline quality, c-axis oriented ZnO and AZO single 
and periodic quasi-superlattice (QSL) spin-coated TFT channels materials are presented. The 
data is analysed using an adapted model to accurately determine the spectral region for optical 
thickness and corresponding reflectance. The optical thickness agrees very well with measured 
thickness of 1–20 layered QSL thin films determined by transmission electron microscopy if 
the reflectance from lowest interference order is used. Directional reflectance for single layers 
or homogeneous QSLs of ZnO and AZO channel materials exhibit a consistent degree of anti-
reflection characteristics from 30 to 60° (~10–12% reflection) for thickness ranging from ~40 nm 
to 500 nm. The reflectance of AZO single layer thin films is  <10% from 30 to 75° at 514.5 nm, 
and  <6% at 632.8 nm from 30–60°. The data show that ZnO and AZO with granular or periodic 
substructure behave optically as dispersive, continuous thin films of similar thickness, and 
angle-resolved spectral mapping provides a design rule for transparency or refractive index 
determination as a function of film thickness, substructure (dispersion) and viewing angle.
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(>3 eV), low electrical resistivity (⩽10–4 Ω cm) and absorption 
coefficient of 104 cm−1 in the near-UV and visible range [14]. 
However, there is an interest in developing metal oxide semi­
conductors to replace ITO, such as ZnO [15], In-doped ZnO 
(IZO), In–Ga–Zn–O (IGZO) and Al-doped ZnO (AZO) [16]. 
For AZO, the composition avoids expensive and resource-crit­
ical indium due to the higher relative abundance in the Earth’s 
crust (75 ppm for Zn opposed to 0.16 ppm for In) [17].

ZnO can be grown as a polycrystalline material at low 
temperatures or even room temperature [18] and has a larger 
exciton binding energy (~60 meV) than other wide band 
gap semiconductors [19]. ZnO is also attractive as it can be 
grown by a multitude of methods such as rf sputtering [18], 
pulsed laser deposition [20] and solution-processed methods 
[21], providing quite good TFT performance compared to pri­
mary amorphous oxide semiconductor technologies [22, 23]. 
However, on its own, ZnO does not meet the electrical perfor­
mance standards set by ITO due to a higher resistivity from a 
lower majority carrier concentration [17, 24], but important 
advances are being made in post-deposition annealing to sig­
nificantly improve and control its response [17]. In order to 
improve its electrical properties and reduce sheet resistance 
and resistivity, while also maintaining a low-cost, non-toxic 
and stable material, ZnO can be doped with trivalent elec­
tron donor metals such as Al or Ga to ensure high free-carrier 
mobility and transparency via the Burnstein–Moss shift that 
gives metal oxides their useful attributes [25]. Modulating the 
carrier concentration of a material will also affect its optical 
properties, specifically the plasma frequency, dielectric con­
stant or refractive index [26]. Introducing a dopant such as 
Al into the crystal lattice can also produce tensile stress in 
the crystal lattice. These stresses can cause band-gap widen­
ing and alter the optical properties of the material [27]. In 
solution-processing of single and multi-layered oxides, poly­
crystallinity and a degree of porosity also modify the effective 
refractive index and overall film resistivity [28–30]. Solution-
processed TCOs [31] can be doped from precursor mixtures 
and annealing protocols without significant changes to struc­
ture, allowing the alteration of the free-electron concentration 
and thus the optical properties. This makes these materials 
optically tunable while being structurally stable [32].

Optical reflectivity is a vital characteristic in optoelectron­
ics, particularly in transparent TFT devices and solar cells that 
require control in anti-reflection, absorption or directional 
reflectance. For ‘standard’ TFTs, correlating the true opti­
cal thickness to actual thickness at near-normal incidence 
helps to correlate optical conductivity to electrical resistivity 
and morphology for a range of TFT material types. In multi-
layered oxide films, or those that have porous, granular or 
QSL substructure, reflectance is subject to dispersion and var­
iation of effective refractive index. When substructure is used 
to modify or control electrical properties such as resistivity or 
sheet resistance in metal oxide channel materials for TFTs, 
accurate determination of optical thickness and reflectance is 
critical. This is especially true for superlattice or multi-layered 
films of nanoscale (subwavelength) thickness, where correla­
tion of the optical thickness to the actual thickness is required 
in tandem with defined optical conductivity.

In this work we show an adapted method to accurately 
determine the optical thickness for dispersive QSL solution 
processed ZnO and AZO thin film TFT channel materials 
directly from optical reflectance. The results demonstrate 
that dispersion caused by the multi-layered substructure 
in the periodic QSL necessitates a low interference order 
to correctly determine the optical thickness, particularly 
for quasi-superlattice or thicker films. Furthermore, we 
show that, in general, multilayered or homogeneous QSLs 
of metal oxides with a single composition for TFTs are 
dispersive materials that behave as continuous thin films 
with thickness controlled by cumulative spin-coating. The 
angle-resolved reflectance for single layers and QSLs is 
also determined for ZnO and doped AZO TFT materials, 
and provides a design rule for transparency determination 
as a function of film thickness. Importantly, the wavelength 
for optical thickness determination relates to the lowest 
interference order and not necessarily the highest transpar­
ency for oxide thin films. Angle-resolved spectral mapping 
of reflectance identifies a design rule for such materials to 
define maximum transparency and correlate it to effective 
optical thickness.

Experimental

ZnO and Al:ZnO thin film and multilayer formation

A 0.75M solution of zinc acetate dihydrate [Zn(CH3COO)2 ·  
2H2O] dissolved in 2-methoxyethanol [CH3OCH2CH2OH] 
was prepared in order to deposit ZnO thin films. A solution 
of monoethanolamine was added to this zinc acetate solution 
to act as a stabilising agent. The molar ratio of the monoeth­
anolamine solution to the zinc acetate solution was kept at 
1:1. In order to prepare Al:ZnO (AZO) films of 5 mol% Al, 
an Al-solution was prepared by dissolving 0.1407 g of alu­
minium nitrate-nonahydrate [Al(NO3)3 · 9H2O] in 10 ml of 
2-methoxyethanol. This solution was added to the 0.75 M zinc 
acetate solution and stirred for 2 h at 60 °C.

All thin films samples were deposited onto p-type silicon 
wafers cleaved to 2 cm  ×  2 cm in size. Prior to deposition, 
substrates were cleaned via sonication in acetone, IPA and DI 
water and then received a 30 min UV-ozone treatment using 
a Novascan UV ozone system. Films were deposited from 
liquid precursors using a SCS G3 desktop spin coater. The 
appropriate solution was added dropwise to the substrate and 
spun at 3000 rpm for 30 s, including a 5 s ramp time. Following 
this, samples were dried for 5 min between 250 and 270 °C in 
an open-air convection oven. This deposition process can be 
repeated as many times as desired before samples undergo a 
final annealing treatment at 300 °C for 1 h.

Electron microscopy

To investigate the thickness of prepared ZnO and AZO films, 
transmission electron microscopy (TEM) was conducted on 
cross-sectioned lamellae. TEM analysis was conducted using 
a JEOL JEM-2100 TEM operating at 200 kV. Lamella from 
samples with 1, 5, 10 and 20 layers of ZnO and AZO were 
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prepared for TEM analysis by cross-sectioning using an FEI 
Helios Nanolab Dual Beam Focused-ion Beam (FIB) System.

Optical reflectance spectroscopy

Angle-resolved optical characterisation was conducted using 
an in-house constructed cage-mounted optical reflectance/
transmission spectroscopy setup. The reflectivity was obtained 
at variable AOI using high precision 360° rotation mount and 
collection arm with constant path length. Samples were illumi­
nated with a white tungsten halogen lamp collimated to a beam 
diameter of ~1–2 mm using optical fiber with an output spectral 
range from 360 to 2400 nm. The reflected light was collected 
using focusing optics into an Oceanoptics USB2000  +  spectro­
meter (400–1000 nm range) which has an optical resolution of 
1.5 nm. The reflected light was also collected in the same man­
ner using an Oceanoptics NIRQuest512-2.5 to obtain the NIR 
reflectance spectra (1000–2500 nm range) which has an optical 
resolution of 6.3 nm. Reference spectra were acquired using 
an Au mirror (ThorLabs gold mirror PF10-03-M01) at each 
AOI investigated prior to sample data collection under identi­
cal conditions.

Both sets of thin film samples were measured at various 
angles of incidence with respect to the normal of the thin 
film surface in order to investigate the anti-reflection proper­
ties of the ZnO and AZO at various angles and wavelengths. 
Thin film samples with 1, 10 and 20 layers in both thin films 
sets were measured at three different angles of incidence, 
θ =i  30°, 60° and 75°. Full UV–NIR spectra (400–2500 nm) 
were acquired of all samples at an angle of incidence of 45°. 
Using these spectra, optical parameters for each film can be 
determined and the optical thickness calculated as a result. 
Background theory and full mathematical treatment for this 
analysis, including error analysis of optical thickness meas­
urements determined from spectral data, is provided in the 
supplementary material (stacks.iop.org/JPhysD/50/16LT01/
mmedia).

Results and discussion

ZnO and AZO thin-films and multilayered QSL films were 
spin-coated onto silicon wafers with 85 nm thermally grown 
SiO2 and sequential film deposition was carried out follow­
ing the cumulative drying and final annealing process for each 
layer (see Experimental), for both ZnO and AZO materials. 
FIB-sectioned TEM images of ZnO and AZO films are shown 
in figures 1(a) and (b), where very uniform thickness control 
is demonstrated. Further details on the chemical, structural 
and growth process for these films can be found elsewhere. All 
films exhibit very high crystal quality, and multilayered sam­
ples with 20 iterative coated layers are predominantly [0 0 0 2] 
oriented along the c-axis direction of the unit cell, shown in 
figure  1(c). Multilayered QSL ZnO and AZO films, shown 
in figure 1, comprise a periodic quasi-superlattice of appar­
ently granular and dense layers with consistent periodic thick­
ness of 35–40 nm for ZnO and 15–18 nm for AZO. Banger 
et al recently demonstrated IZO TFTs with high field-effect 

mobility [7]. Single layers of their IZO thin films look similar 
in morphology to the ZnO and AZO layers we show here, but 
their system used high In:Zn ratios to enhance carrier mobil­
ity, which also resulted in amorphous IZO via hydrolysis. In 
our case, annealing at a relatively low temperature of 300 °C 
results in highly crystalline thin films (see figure 1(c)).

The UV–vis–NIR range optical reflectance of ZnO and 
AZO thin films and multilayers were also acquired and shown 
in figure 2. The single layer thin films for both materials exhibit 
characteristic high transparency, similar to IZO and related 
transparent amorphous oxide TFTs. With iterative coating of 
5 periodic layers to the film, the reflectance increase to ~50% 
for both materials at wavelengths close to 500 nm. Thin films 
with 8 and up to 20 layers as a coherent homogeneous QSL 
of granular and dense sub-structure behaves as a coherent 
film with a measured thickness proportional to the number 
of sequential coatings. Reflectance spectra exhibit charac­
teristic wavelength dependent interference from half-wave 
(reflectance minima) and quarter-wave (reflectance maxima) 
optical thickness (QWOT) variation. Of importance in these 
observations is the evidence of dispersion in the reflectance 
spectra at longer wavelengths from thin films of both mat­
erials. At energies below the bandgap, Urbach states, defect 
absorption, processes involving multiphonon interactions and 
scattering all increase reflectivity. Urbach and defect absorp­
tion is likely, since the sub-band photoluminescence shows 
several emission features, and TEM data in figure 1 confirms 
granular features in part of the periodic structure, for films that 
exhibit a high degree of crystalline orientation as a layer. The 
broadband reflectance spectra for ZnO and AZO are similar 
as expected for multilayered systems with period control in 
layer thickness; spectra are blue-shifted by ~40 nm for AZO 
compared to ZnO.

Metal oxides used as transparent channel materials in 
TFTs can be processed by several methods, and the result­
ing composition and annealing condition influence the amor­
phous or crystalline nature, which in turn affects electrical 
properties. In parallel, the optical conductivity is critical for 
defining the energy range of optimum transparency. In multi­
layers or QSLs that can have significant influence over carrier 
mobility and conductivity, it has not yet been established if 
the transparency is a function of multilayer substructure or 
morphology. Recently, attempts to remove the dependence 
of carrier (Hall) mobility were made by developing hetero-
interfaces between dissimilar oxide semiconductors in the 
channel material. These interfaces removed the dependence 
on bulk carrier mobility of each single semiconductor layer—
the interfacial carrier mobility was higher. Quasi-superlattice 
structures [33] using In2O3–Ga2O3–ZnO–Ga2O3–In2O3, pre­
sumably without interfacial mixing, gave an electronic carrier 
mobility of µe  >  40 cm2 V−1 s−1. As the morphology of our 
ZnO and AZO materials with homo-interfaces in multilay­
ers are similar, the reflectance data shown in figure 2 confirm 
that these films behave as continuous, coherent ZnO and AZO 
films, with wavelength-dependent refractive index consistent 
with uniphasic, highly uniform thin films, and they exhibit 
considerable dispersion.

J. Phys. D: Appl. Phys. 50 (2017) 16LT01
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We adapted a method from thin film optics [34] to deter­
mine the effective thickness via examination of the reflectance 
maxima for all data in figure 2 (see supplementary material) 

accounting for refractive index contrast and wavelength-
dependence, Fresnel reflection and dispersion. For both ZnO 
and AZO films, the UV–vis–NIR reflectance spectra (between 

Figure 1.  (a) TEM cross-sectional images of 1, 5, 10 and 20 layer ZnO and (b) AZO thin films on SiO2 covered Si substrates. (c) X-ray 
diffraction patterns of 20 layer QSL ZnO and AZO samples. (d) Visual comparison of 1–20 layer deposited ZnO and (e) AZO single and 
QSL thin films highlighting thickness-dependent colour change. The number of iterative deposits is shown inset to each image.

Figure 2.  UV–vis–NIR reflectance spectra of 1–20 layer (a) ZnO and (b) AZO single and QSL thin films acquired at angle of incidence, 
θi  =  45°.

J. Phys. D: Appl. Phys. 50 (2017) 16LT01
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the band-edge absorption energy and the onset of high reflec­
tivity above the plasma wavelength via the Drude model, 

given by    λ = π ∈∗c m

q np
2 0 , where m* and q are the effective mass 

and charge of an electron, ε0 the high-frequency permittivity 
of free-space, c is the speed of light in a vacuum, and n is 
the carrier concentration) capture all phase changes (maxima 
and minima) to accurately determine the first QWOT. Briefly, 
for odd orders of reflectance (maxima), the reflectance can be 
represented as

 
( )

( )

 

 
=

−

+
λ

λ λ

λ λ

n f ns

n f ns
Rf

2 2

2 2� (1)

where λnf  is the effective refractive index at wavelength λ, λns
is the refractive index of the thin film at that wavelength, and 

 λRf  is the maximum reflectance for the odd order (maximum) 
at the same wavelength. The refractive index of thin film at the 
reflectance maxima can be calculated according to:
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At order m the phase thickness is π = π
λ

m n dm
4

m
, where λm and 

nm are the wavelength and refractive index respectively of a 
specific mth order thus, the thickness of the thin film can be 
calculated using:

λ
=

m

n
d

4
m

m
� (3)

The value of nm is calculated using equation (2), which is the 
effective refractive index of the thin film at the reflectance 
maxima that occur at consecutive odd orders. The refractive 
index of even orders was then calculated using equation (3) 
above using the film thickness (d) of the lowest odd order 
maximum.

The optical thickness determined from the reflection data 
of ZnO and AZO thin films and QSLs are shown in figure 3. 
The actual film thicknesses were accurately determined from 
the TEM data in figure 1. In figure 3(a), the variation of opti­
cal thickness was acquired for each reflectance maximum, 
and we observed that the best agreement corresponds to the 
lowest order reflectance maximum in all cases. Higher order 
reflectance maxima predict films of lower thickness, and the 
divergence from actual thickness is less accurate for thicker 
films of both materials. We quantitatively assessed the rela­
tive error in the refractive index and optical thickness via the 
functional dependence from equations (1) and (2) above, and 
in all cases (figure 3) the error does not account for the diver­
gence in optical thickness values in dispersive thin films or 
multilayers of ZnO or AZO. Very accurate optical thickness 
measurements are possible, and it should allow prediction of 
other oxide phases formed as thin films from the broadband 
reflectance spectra, and identification of the effect of thick­
ness on the transparency of TFTs separate to their electri­
cal characteristics, since carrier concentration increases can 
reduce optical transparency. We do observe that thinner films 
(single layers and thinner multilayers) for either material 

in general give better agreement with the predicted optical 
thickness for dispersive films (with defect states or scattering 
contributions) that have wide bandgaps and transparency in 
the visible region.

While the reflectance and transparency of TFT materials 
are important for display applications, the angle-dependence 
of reflectance matters for high density TFT pixel arrays for 
true colour rendering, for see-through or flexible technolo­
gies based on solution-processed TFT materials, or transpar­
ent conductive antireflection coatings. We determined the 
angle-resolved reflectance for 1, 10 and 20 layer ZnO and 
AZO films and QSL, shown in figure 4. The corresponding 
spectra are provided in the Supplementary material, figure S1. 
Reflectance measurements were compared for three common 
laser wavelengths in the green to red range of the visible spec­
trum (strong absorption occurs in the blue for wide bandgap 
materials such as ZnO and AZO).

ZnO thin film TFT materials exhibit a consistent degree 
of anti-reflection characteristics from 30–60° (~10–12%) for 
thickness ranging from ~40 nm to 500 nm. At higher angles 
away from normal incidence, transparency is reduced con­
siderably for any film thickness at 810 nm. The reflectance 

Figure 3.  Thickness of thin films measured by TEM (actual) versus 
calculated optical thickness at multiple reflectance order maxima 
for (a) ZnO and (b) AZO single layers and QSLs. Solid lines 
are guides to the eye. Dashed lines represent the margin of error 
with each calculation for each order m. Readers can refer to the 
supplementary material for error analysis calculations.

J. Phys. D: Appl. Phys. 50 (2017) 16LT01
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of AZO single layer thin films (~18 nm thickness) is  <10% 
from 30 to 75° at 514.5 nm, <6% at 632.8 nm for 30–60°, with 
greater reflectance observed at higher angles. This effect is 
also more pronounced at longer wavelengths (810 nm), where 
reflectance is minimized in thicker films closer to normal 
incidence.

Figure 5 present all optical reflectance data for all films 
and QSLs as a function of angle from normal incidence and 
wavelength. The reflectivity variation with thickness and ZnO 
versus AZO composition shows some similarity in the varia­
tion of minimum reflectance. The number of periodic layers 
relates to a particular thickness from figure 3. In figure 5, and 
from analysis in figure  3 and Supplementary materials, the 
true correlation between optical thickness and actual thickness 
is not immediately apparent—this work demonstrates that for 
all thickness for either material, shorter wavelengths are more 
accurate for thickness determination at the expense of mar­
ginally higher reflectance due to dispersion and scattering. 
However, as a design rule for homo- or hetero QSL type mul­
tilayers or thin films for TFTs, diodes, anti-reflection coatings, 
solar cells and active materials for display technologies, this 

angle-resolved spectral mapping provides a method for deter­
mining comparative angle-resolved transparency (directional 
reflectance) for thin film materials, and we see that AZO films 
demonstrate significant reflectivity at shorter wavelengths, 
that is not related to the onset of the band-edge absorption, 
but is caused by interference and dispersion in similarly thick 
films in the visible range. For AZO, this effect is pronounced 
at higher and lower angles, compared to ZnO multilayers, 
which provide better anti-reflection characteristics.

Conclusions

This work has shown an approach to determining the opti­
cal thickness and directional reflectance of metal oxide (ZnO 
and AZO thin films and QSLs on oxidized Si). The method 
is particularly useful for the IGZO, ZnO, AZO, IZO and 
related classes of crystalline or amorphous oxide semiconduc­
tor channel materials in transparent thin film transistors, and 
other display device and transistor technology applications 
where directional reflectance/transparency of the materials 
is also important. Aside from electronic conductivity and its 

Figure 4.  Angle-resolved reflectance of 1, 10 and 20 layer ZnO (top) and AZO QSLs (bottom) at 3 common laser wavelengths (514.5 nm, 
632.8 nm and 810 nm).

Figure 5.  (a) Reflectance intensity mapping as a function of angle of incidence and multilayer thickness (number of layers) in the  
UV–vis–NIR regions for full sample sets (1–20 layers) of ZnO and (b) AZO thin films. The numbers of layers can be correlated with 
accurate thickness from figure 3.

J. Phys. D: Appl. Phys. 50 (2017) 16LT01
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relationship to the film substructure and band structure, the 
(angle-resolved) reflectance (between bandgap absorption 
the plasma frequency) can be determined for single, multi 
or homogeneous QSL layers of oxide materials and used to 
define the optical thickness for dispersive or lossy thin films 
with known effective refractive index.

Of importance is the observation that thin films with inter­
nal grain structure behave as continuous films, but the true 
optical thickness is determined at lower wavelengths for all 
thickness (40–500 nm) investigated, for both ZnO or AZO. 
The reflectance or transparency is non-optimum in the trans­
parent region for such films. Angle-resolved investigation of 
reflectance variation shows that both single and QSL ZnO and 
AZO exhibit directional reflectance that is thickness depend­
ent, and the thinnest films at lower angle minimize reflec­
tance. Internal granularity and dispersion increase reflectance 
with angle considerably for such materials and homogene­
ous QSLs, which is a consideration for TFT channel material 
design as sub structure, composition as well as angle-resolved 
spectral reflectance may determine the optimum mobility, 
conductivity and transparency characteristics.
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