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Investigation of the physical, optical, and chemical properties of 
phase segregated AlCoOx thin films from a novel hexol-type 
cluster 

Jordan D. Levine,a Meredith C. Sharps,a Elizabeth A. Cochran,a David A Marsh,a William H. Casey,b 
Darren W. Johnson a * 

The use of a novel inorganic nanoscale cluster (Al[(u-OH)2Co(NH3)4]3(NO3)6) was investigated for its utility as a precursor for 

AlCoOx films.  Mixed-metal aluminum and cobalt oxide thin films were solution deposited from the novel cluster solution 

via the spin-coating method on Si (100) and quartz substrates. The films were annealed at increasing temperatures up to 

800 °C, and characterization of these films via TEM and XRD confirms  binary Co3O4 crystalline phase present in an amorphous 

Al2O3 network. Films are relatively smooth ( Rrms < 4 nm), polycrystalline, and demonstrate a tunable optical response 

dominated by Co3O4 with two electronic transitions.  

Introduction 

Mixed-metal oxides are an extremely versatile material due to their 

attractive thermal, electronic, and optical properties, which has led 

to their extensive use in a variety of fields ranging from photovoltaics 

to thin film transistors.1-3 The recent push towards more cost 

effective and less energy intensive processing of these materials has 

led to the utilization of solution-based deposition methods that allow 

for the potential of scalable and inexpensive fabrication of high 

quality metal oxide thin films.4,5  While sol-gel techniques offer the 

benefits of solution-based fabrication, they often have the potential 

to leave behind organic contaminants which can be detrimental to 

film formation and/or properties.6 Nanoscale inorganic clusters are a 

promising alternative precursor for solution processing of thin films 

because their precondensed metal-hydroxy network and nitrate 

counterions can more readily condense to form films with fewer 

morphological defects. Upon annealing of these films, nitrate 

counterions decompose and solvent evaporates, initiating the 

formation of a metal hydroxy species M(OH)x. From here, further 

annealing can remove any remaining solvent and counterions, 

condensing the metal hydroxy network into the final metal oxide. 

Nadarajah et. al. has shown the benefits of inorganic clusters, 

utilizing heterometallic gallium and zinc nanoscale clusters to form 

high quality IGZO thin film transistors that exhibit higher channel 

mobility than analagous metal nitrate and sol gel films.7  Additional 

work by Jo et. al utilized the flat-Al13 cluster to produce aluminum 

oxide dielectrics with ultralow processing temperatures via a UV-

light activation process, showing that the use of the cluster leads to 

more dense films than analogous metal nitrate films due to the 

cluster’s high aluminum to nitrate ratio.8  These advancements in the 

field have ultimately raised the profile of inorganic clusters as thin 

film precursors for a variety of applications in electronics and roll-to-

roll processing.9,10 While processing conditions are continually being 

optimized to realize more energy efficient thin film fabrication 

techniques, it is also vitally important to continue to investigate 

potential precursor compositions for solution deposition.  

Inspired by the successful incorporation of clusters into films and 

devices, our lab previously reported a novel nanoscale cluster 

modelled after Werner’s famous hexol (Fig 1, M=Co), notable as the 

first compound to exhibit molecular chirality without the presence of 

any carbon.11,12 Due to their outer sphere nitrate counterions,  

preorganized structure, and low decomposition temperature, this 

class of clusters are a viable candidate to be investigated as 

precursors for solution deposited thin films. 
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Fig. 1.   Werner’s famous hexol (M=Co). For this work, M=Al was used as the 

thin film precursor. 
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We previously reported the synthesis and characterization of a 

series of heterometallic hexol-type clusters (M[(µ-

OH)2Co(NH3)4]3(NO3)6 M= Al, Ga, In).11  As a proof of concept for the 

use of these hexol-type clusters as thin film precursors, the 

aluminum cobalt cluster (Al[(u-OH)2Co(NH3)4]3(NO3)6, CoAl) was 

investigated. This specific cluster was chosen because of its low 

decomposition temperature (Figure S1), as well as its heterometallic 

chemical composition which would allow for a direct comparison to 

similar films fabricated from Kast et. al.4 In that work, the ”flat” Al13 

cluster was combined with Co(NO3)2∙6H2O at varying ratios in 

solution to produce a mixed metal oxide film that readily phase 

segregates into the corresponding oxides at 450 °C. This work 

highlighted the importance of studying heterometallic systems, and 

produced substantial precedent detailing the formation of mixed 

metal oxide films. In our current study we sought to investigate if the 

proposed CoAl cluster would produce similar results yielding the 

binary phase segregated oxides, or if the precondensed nature of the 

cluster would produce a homogenous distribution of cations 

throughout the film. Additionally, we sought to assess how 

temperature affects the morphological and microstructural 

properties of films made from a single source cobalt and aluminum 

precursor. 

In this study, we demonstrate through microstructural, optical, 

and elemental characterization that the novel CoAl cluster is a 

suitable precursor for solution deposited thin films. We also confirm 

that despite the precondensed nature of the cluster, a phase 

segregated binary oxide is produced. To our knowledge, fabrication 

and characterization of these types of films have not been 

attempted, and these studies suggest that future work could lead to 

other derivatives of Werner’s hexol being used for thin film 

fabrication. 

 

2     Experimental  
2.1 Preparation of precursor solution  

Cobalt aluminum hexol-type clusters (CoAl) were fabricated using a 

previously reported procedure.11 To synthesize the cluster, a 1.0 M 

aqueous solution of Al(NO3)3∙9H2O was added dropwise to a 0.5 M 

aqueous solution of [Co(NH3)4(CO3)](NO3). The reaction  was stirred 

at room temperature for 1 hour and was filtered and purified to yield 

the final CoAl cluster product. For the final precursor solution, a 0.4 

M solution of the CoAl cluster was made in dimethyl sulfoxide 

(DMSO) and filtered through a 0.45 micron filter before deposition.  

 

2.2 Film deposition and annealing 

Single-side polished Si (100) was used for XRD, AFM, and XPS studies. 

Fused-quartz substrates were used for UV-Vis and XRR studies. All 

substrates were scored with a diamond scribe on the unpolished side 

and cleaved into 2 × 2 cm squares. Substrates were loaded into a 

Teflon boat that held the samples in a vertical orientation. Substrates 

were washed in a sonicator for 10 min in a solution of 6.25% Contrad 

70, rinsed with nanopure (18.2 MΩ) water for 30 s, loaded onto a 

spin-coater, spin rinsed for 10 s, spin dried for 20 s at 2500 rpm, and 

placed on a hot plate at 100 °C for 2 min to finish drying. The 

substrates were then plasma cleaned in an O2/N2 mixture for 10 min, 

spin rinsed with nanopure water for 5 s, and spin dried for 25 s to 

remove any dust before the precursor solution was deposited. 

        Once substrates were prepared, the 0.4 M precursor solution 

was deposited dropwise from a syringe onto the substrate and spun 

for 150 s at 2500 RPM. The samples were immediately moved to a 

hot plate and annealed for 10 min at 250 °C. To fabricate 

multilayered films, as-spun samples were subjected to subsequent 

solution depositions and annealed at 250 °C on a hot plate until the 

desired number of layers was obtained.  Samples were then post-

annealed in a box furnace up to the desired temperature at a ramp 

rate of 12.5 °C/min and were annealed for 30 min at the allotted 

temperature.  

 

2.3 Film Characterization 

CoAl cluster bulk powder was analyzed using thermogravimetric 

analysis (TGA) on a TA instruments thermogravimetric analyzer, TGA 

Q500, by ramping from room temperature to 600 °C at a rate of 10 

°C per minute under N2 atmosphere. X-ray diffraction data was 

collected in a grazing incidence XRD (GIXRD) geometry on a Rigaku 

SmartLab with Cu Kα radiation (λ = 0.15418 nm). The incident angle 

of the X-ray beam was 0.5° relative to the sample plane, and the 

scintillation point detector was swept from 10° to 70° relative to the 

sample plane in 0.2° steps with an integration at each step of 30 s. 

Elemental composition was performed using a Thermo Scientific 

ESCALAB 250 X-XPS with an Al Kα monochromated source at 20 kV. 

Film thickness was determined through low-angle X-ray reflectivity 

(XRR) using a Bruker D8 Discover diffractometer, equipped with Cu 

Kα radiation and a Göbel mirror. Film thicknesses were determined 

by indexing the Kiessig fringes and using a modified version of Braggs 

law corrected for refraction. Atomic force microscopy (AFM) images 

were collected using a Bruker Dimension Icon atomic force 

microscope equipped with FastScan. Al-coated Si tapping mode 

probes were used, and images were collected over 1 μm2 areas. 

Elemental composition and surface morphology images were 

determined by scanning electron micropscopy energy dispersive X-

ray spectroscopy (SEM-EDS) using a ThermoFischer Helios Hydra 

Plasma FIB. Transmission electron microscopy (TEM) images were 

collected on an FEI Titan 80-300 equipped with a Cs image corrector 

with an accelerating voltage of 300KV. Samples were placed on a 

TEM grid using the focused ion beam on ThermoFischer Helios Hydra 

Plasma FIB. Transmittance measurements were collected on a 

PerkinElmer Lambda-1050 UV/vis/NIR spectrophotometer utilizing a 

150 mm integrating sphere. Background samples were collected in 

air and with a blank quartz substrate. Transmittance data was 

collected from 300 nm to 800 nm at 1 nm intervals.  

 

 
3   Results and discussion 

The films’ physical properties, morphology, and composition were 

studied through varying the number of deposited layers and 

annealing temperature. The spun-cast films were initially deposited 

from aqueous solutions even with significant varying of deposition 

parameters, films appeared to have undesirable surface defects and 

thus DMSO was utilized (Figure S2).  

     In order to investigate the crystal structure  of the fabricated films, 

a GI-XRD annealing study was performed. Figure 2 shows the GI-XRD 

diffraction pattern of a  CoAl-produced thin film annealed at 250 °C 

compared to films that were post-annealed at temperatures of 400 

°C, 600 °C, and 800 °C. These diffraction patterns are referenced to 

Page 2 of 6Dalton Transactions



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

the Co3O4 diffraction pattern. The diffraction peaks at 2 = 19.0°, 

31.3°, 37.0°, 44.9°, 55.6°, 59.5°, and 65.4° can be indexed to (111), 

(220), (131), (040), (224), and (440) reflections in Co3O4 spinel, 

respectively. The initial hot plate anneal of films at 250 °C  and films 

annealed at 400 °C exhibit the emergence of a crystalline phase in a 

mostly amorphous film network. By 800 °C, the crystallinity greatly 

increases and the diffraction pattern can be indexed to the Co3O4 

spinel. 13  No other diffraction peaks were detected, suggesting that 

the cobalt present from the cluster crystallizes into the Co3O4 spinel 

crystal structure. However, due to the similarity in ionic radii of Co3+ 

and Al3+ , it can be difficult to exclude the possibility of Al3+ ions 

migrating into the Co3O4 spinel to form CoAl2O4 or Al Co2O4 spinel. 

While the cobalt oxide spinel and cobalt aluminate spinels have 

extremely similar diffraction patterns, there is a distinctive 

characteristic cobalt aluminate spinel peak at 2 = 49.0° that is not 

present in our reported diffraction pattern.14  After indexing the 

diffraction peaks present in the sample annealed at 800°C, Bragg’s 

law was utilized to determine interplanar spacing and calculate 

lattice parameters.15 The lattice parameter calculated from the 

diffraction pattern was determined to be a = 8.073(8) Å, closely 

matching that of Co3O4  ( a = 8.072(3) Å ) and somewhat lower than 

that of CoAl2O4 or AlCo2O4, where a = 8.106(6) Å and 8.087(2) Å, 

respectively. These initial results suggest that the cobalt present in 

the films crystallizes and phase segregates into a binary oxide 

containing  crystalline Co3O4 present in an amorphous Al2O3 network. 

     To further understand the chemical composition of these films, 

XPS studies were performed. Figure 3 shows the  cobalt 2p, 

aluminum 2p, and sulfur 2p XPS spectra of CoAl films that were 

annealed at 400 °C, 600 °C, and 800 °C. For cobalt, the peaks at 779.8 

eV and 795.8 correlate to  Co 2p3/2 and Co1/2 respectively.16 The 

satellite peaks indicate the presence of  Co2+ and Co3+ oxiditation 

states which can be attributed to the presence of the Co3O4 spinel. 

Lastly, the modified Auger parameter (1553.1 eV), is consistent with 

previously reported Co3O4 films further suggesting the cobalt  in 

these films is composed of Co3O4.17 Additional analysis of the 

aluminum spectra supports the presence of Al2O3. The peak at 74.1 

eV correlates to the aluminum 2p line and is in agreement with 

previously reported Al2O3 thin films.18 Lastly, we investigated the 

sulfur content of these films. The films annealed at 400 °C and 600 °C 

show small amounts of sulfur (1.0 at. %) from residual DMSO 

present as sulfate in the films. However, further annealing to 800 °C 

appears to remove all residual sulfur from the film. 

    With a clearer understanding of the composition of these films, we 

sought to further investigate their physical and morphological 

Fig. 2. GI-XRD diffraction patterns of CoAl films annealed at 250 °C, 400 °C, 600 °C, and 800 °C, referenced to Co
3
O

4
. 

  

Fig. 3.  Cobalt 2p (left), aluminum 2p (middle), and sulfur 2p (right) XPS spectra of 1-layer CoAl films annealed at 400 °C, 600 °C, and 800 °C. 
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properties. XRR analysis determined single layer films films to be 

roughly 22.0 nm thick with each additional layer increasing the 

thickness by approximately 20.5 nm (Figure S3). XRR analysis 

determined single layer films to be roughly 22.0 nm thick with each 

additional layer increasing the thickness by  approximately 20.5 nm 

(Figure S3). Figure 4 shows the AFM scan of 5-layer CoAl films 

annealed at 400 °C and 800 °C.  At 400 °C, the films approach near-

atomic roughness with an Rrms of 0.517 nm. By increasing the 

annealing temperature to 800 °C, the roughness of the films is 

increased roughly 7-fold to an Rrms = 3.760 nm due to the apparent 

emergence of crystallites on the surface.  

     A scanning electron miscroppy (SEM) investigation of these films 

shows the emergence and growth of crystallites as annealing 

temperature is increased (Figure 5). Additionally, SEM-EDS analysis 

was carried out to further probe elemental distribution and  

(approximate) ratio of the cobalt and aluminum in the film. Results 

in Figure 5 indicate a uniform distribution of aluminum and cobalt 

throughout the film at each annealing temperature. This suggests 

that the Co3O4 crystallites propagate throughout the film, supported 

by an amorphous alumina matrix , and are not just present at the 

surface. EDS analysis also confirmed a final film composition of 3 

parts cobalt to 1 part aluminum, matching that of the starting CoAl 

cluster. This  was expected  due to the non-volatility of the deposited 

ions and previous work demonstrating the trend between precursor 

and final film composition in solution-processed  spin-cast films. 7,19 

     To further probe the phase segregation apparent in these films, 

TEM images were collected. Figure 6 shows high-resolution TEM 

cross section prepared by focused ion milling of a 1-layer CoAl film 

annealed at 800° C. The milling occurred in a region of the film that 

did not contain any of the larger crystallites present at the surface. 

Analysis of TEM images and electron diffraction pattern (Figure S4) 

further confirmed a polycrystalline film with a crystal structure 

matching the d-spacing of Co3O4. The TEM image also shows that the 

Co3O4 crystallites propogate throughout the entire film, supported 

by an amorphous Al2O3 matrix.  

   Analysis of SEM and TEM images suggest a variation in crystallite 

size as a function of annealing temperature.  To further evaluate the 

size of crystalline domains in each film, the Scherrer equation was 

utilized : 

  

𝑑 =
𝐾 ∙  

 ∙  𝑐𝑜𝑠𝜃
                 (1) 

 

where 𝑑 is the crystallite size, 𝐾 is the Scherrer constant,  is X-ray 

wavelength,   is the peak width (FWHM), and 𝜃 is the corresponding 

Bragg angle.20 Table 1 displays  the average crystallite size of the 

Co3O4 domains, displaying a near linear correlation between  

crystallite size and annealing temperature.  

     With a full understanding of the composition in these CoAl films, 

we sought to investigate the optical properties of the fabricated 

films. Upon annealing, the deposited films appeared pale brown and 

transparent.The absorbance properties of the hot plate annealed 

and box furnace post-annealed layered films were studied between 

300 and 800 nm. Upon the post-annealing of the films, the 

absorbance of the films decreases as shown in Figure S5. Figure 7a  

Fig. 4. 1 m2 area AFM scans of 5-layer CoAl films annealed at 400 °C (left) and 800 °C 

(right).  

 

Fig. 6. TEM image of 1-layer CoAl film annealed at 800 °C showing clear 

crystalline and amorphous domains. 

Fig. 5. (Top) SEM images of CoAl films annealed at 400 °C, 600 °C, and 800°C with corresponding EDS scans of cobalt, aluminum, and oxygen (bottom). 
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shows the absorbance spectra for the post-annealed CoAl films  

featuring 1-5 layers. A clear trend between the number of deposited 

layers and an increased absorbance can be discerned with a linear  

correlation between number of deposited layers and film 

absorbance at the max. The two regions of optical transitions in the 

 spectra correspond to the Co3+ 3d - Co2+ 3d at 685 nm and the O 2p 

– Co3+ 3d at 408 nm, consistent with previously reported Co3O4 

films.21,22 The optical response in these films is dominated by Co3O4, 

indicating that the amorphous alumina network does not contribute 

to the absorbance of these films in a significant manner. The 

observed optical data was further utilized to estimate the band gap 

energy for these films using the classical relation for optically induced 

transitions in semiconductors shown in equation 2: 

α =
𝐴(ℎ𝑣 − 𝐸𝑔)𝑛

ℎ𝑣
                 (2) 

where 𝛼 is the absorption coefficient, A is a constant, hv is the 

photon energy, Eg is optical band gap, and n is ½ for direct transitions 

and 2 for indirect transitions.23  Figure 7b shows the plots of (𝛼hv)2 

and (𝛼hv)1/2 vs hv for the 5 layer CoAl film annealed at 700 °C. Since 

the linear extrapolation of each plot appears in the domain of higher 

as well as lower energies, it indicates the presence of both direct and 

indirect optical transitions in these films.24 Extrapolation of the linear 

region of each plot to the axis gives the indirect and direct optical 

band gap energies of 1.89 eV and 2.25 eV, respectively. These results 

are slightly higher than previously reported spray pyrolysis Co3O4 

films with the minor difference being attributed to the amorphous 

alumina network present in our CoAl films.25   

     The results presented show a clear picture for the composition 

and characterization of the fabricated films. Despite the 

precondensed nature of the CoAl cluster, films annealed at 400°C 

appear to phase segregate instead of forming an alloy. This can likely 

be attributed to cobalt’s nonzero ligand field stabilization energy and 

low oxidation state indicating that the formation of an amporphous 

structure would be energetically unfavorable compared to a 

crystalline one.4 When these films are annealed to 800 °C, the phase 

segregation becomes more apparent, with TEM analysis showing a 

binary oxide containing crystalline Co3O4 present in an amorphous 

Al2O3 network. This correlates with previous reports showing that 

cations with greater crystal field stabilization energy such as Co3+ will 

readily phase segregate into the corresponding oxide rather than 

form an amorphous aluminum oxide alloy.26  We also present data 

investigating the crystallinity of these films. Annealed films are 

polycrystalline and the Co3O4 crystallite size grows almost linearly 

with temperature. This could perhaps be valuable for potential 

mixed metal oxide sytems studying capacitance where 

polycrystalline films are preffered to amorphous ones as long as 

crytallite size doesn’t exceed film thickness.27  

4. Conclusions  

In this work, polycrystalline mixed-metal cobalt aluminum oxide films 
were fabricated from a novel hexol-type cluster. Films were solution 
deposited via spin-coating and post-annealed at varying 
temperatures up to 800 °C.  By varying the number of layers 
deposited and annealing temperature, we were able to discern 
morphological, compositional, microstructural, and optical 
properties of these films. After spin coating and annealing the films 
up to 800 °C, the aluminum and cobalt phase segregate to form 
polycrystalline Co3O4 in an amorphous Al2O3 network.  As annealing 
temperature increases, the Co3O4 crystallite size increases as well. 
The optical properties of these films can be tuned by varying the 
number of layers deposited, and the Co3O4 present in these films 
dominates the optical response, exhibiting both indirect and direct 
optical transitions. These results confirm that the CoAl cluster (Al[(u-
OH)2Co(NH3)4]3(NO3)6) can be used as a precursor to produce high 
quality mixed metal oxide thin films.  The successful fabrication and 
subsequent characterization of these films warrants future studies 
into similar films fabricated from hexol-type derivatives previously 
reported in literature. 

Conflicts of interest 

Table 1. Average crystallite size in CoAl films. 

Annealing temp (°C) Crystallite size (nm) 

800 19.3 

700 14.1 

600 9.9 

500 4.0 

Fig. 7.  (a) UV-vis spectra of 1-5 layer CoAl films annealed at 700°C. (b) Band gap analyses 

of direct and indirect optical transitions for 5-layer CoAl film annealed at 700 °C 
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