
 

 

 

 

 

 

Development of a Post-CMOS Compatible Nanoporous Thin 

Film layer Based on Al2O3  

Ö Dogan
1
, A Buschhausen

2
, C Walk

1
, W Mokwa

3
 and H Vogt

4
 

 
1
 Fraunhofer Institute for Microelectronic Circuits and Systems, 47057 Duisburg, 

Germany  
2
 Department of Microelectronics, University of Applied Sciences, 40476 Düsseldorf, 

Germany 
3
 Department of Materials in Electrical Engineering 1, RWTH Aachen University, 

52074 Aachen, Germany 
4
 Department of Electronic Components and Circuits, University of Duisburg-Essen, 

47057 Duisburg, Germany  

E-mail: oezgue.dogan@ims.fraunhofer.de 
 

Abstract. Porous alumina is a popular material with numerous application fields. A post-

CMOS compatible process chain for the fabrication of nanoporous surface based on Al2O3 by 

atomic layer deposition (ALD) is presented. By alternately applying small numbers of ALD 

cycles for Al2O3 and ZnO, a homogenous composite was accomplished, for which the principle 

of island growth of ALD materials at few deposition cycle numbers was utilised. By selective 

texture-etching of ZnO content via hydrofluoric acid (HF) in vaporous phase at 40 °C and 

10.67 mbar, a porous surface of the etch resistant Al2O3 could be achieved. TOF-SIMS 

investigations verified the composition of ALD composite, whereas AFM and high resolution 

SEM images characterised the topographies of pre- and post-etched samples. Pores with 

opening diameters of up to 15 nm could be detected on the surface after vaporous HF treatment 

for 2 minutes. The amount of pores increased after an etching time of 5 minutes. 

1. Introduction 

Porous alumina provides numerous applications in several domains of nanotechnology due to its 

relatively high strength and an improved thermal and chemical stability [1, 2]. It has been established 

in membrane technology [3 - 5], where pore size and pores amount play a significant role by 

modulating membrane properties, as a support for heterogeneous catalysts [6, 7] or also as evaporation 

masks [8]. Especially in the field of medical engineering and biotechnologies porous alumina 

functions as biocompatible coating for implantable devices, membranes and, especially the porous 

surfaces, as suitable cell interfaces [9 - 11]. Porous alumina is also well established in the field of 

resistive or capacitive measurement of relative humidity [12], in which pore size [13] and degree of 

porosity of the transducing material influence sensor sensitivity significantly by enlarging the surface 

for interaction with more water molecules [14]. The most common methods for synthetisation of 

porous Al2O3 are annealing at temperatures above 1000 °C [15, 16], anodization in liquid electrolytes 

[17, 18] or processing by sol-gel method with an additional annealing step [19, 20]. These methods 

have been well established in the past decades and show sufficient results. Nevertheless, they are 

aggressive for sensitive substrate materials, may result in inhomogeneous film thickness on complex 

surfaces and, thus, are not suitable for CMOS post-processing.  



 

 

 

 

 

 

In order to avoid the above mentioned disadvantages of synthetisation methods, lower processing 

temperatures and a more isotropic deposition of the alumina can be applied by using atomic layer 

deposition (ALD). ALD is a special type of chemical vapour deposition (CVD) processes and ensures 

a highly conformal and dense thin film coating, even on non-planar, three-dimensional substrate 

surfaces with high aspect ratios [21]. Additionally, the deposition of Al2O3 by an ALD process is 

possible at temperatures below 300°C [22]. Unlike CVD processes, ALD utilizes an alternating 

exposure of two precursors. Thus, the substrate surface can be saturated with respective chemicals in 

each deposition cycle, so that film growth is self-limiting. This enables well-controlled film growth, 

with a specific growth rate, and layer thicknesses.  

Based on mentioned properties of ALD layers; production of porous ALD ceramics cannot be 

implemented without additional process steps. A known method for generating porosity in an ALD 

layer is the deposition of a hybrid material by alternately applying an organic and inorganic precursor 

in terms of a molecular layer deposition (MLD). By post-deposition annealing or wet-etching 

procedures, the organic part of the ALD/MLD material can be removed so that a porous, inorganic 

oxide backbone is left [23, 24]. Nevertheless, the reproducibility of ALD processes is more 

manageable than MLD processes [25]. This is why inorganic precursors are considered in this paper, 

only. ALD of ceramics are well tested and established processes. Especially the deposition of Al2O3 

with trimethylaluminum and water (AlME3/H2O) can be considered as the most typical and studied 

ALD process. 

Therefore, a composite of Al2O3 and ZnO by ALD has been developed which shall be textured by 

treatment with vaporous hydrofluoric acid (vHF). Regarding [26, 27], a selective etching of the ZnO 

grain boundaries is expected, whereas the etch-resistant Al2O3 content shall remain. Furthermore, 

etching could occur at weak chemical bonds between Al2O3 and ZnO grain boundaries. Both 

mechanisms would lead to texturing of the composite and, thus, to a nanoporous composite layer (see 

figure 1).  

 

 

Figure 1. Schematic view of fabrication process of a nanoporous composite layer by ALD. (a) 

Al2O3-ZnO composite, (b) exposure to vaporous HF, (c) resulting nanoporous composite layer. 

 

For a homogenous composite of both oxides, the principle of island growth at small numbers of 

deposition cycles has been utilised. If the growth of a metal oxide is substrate-inhibited, growth rate in 

the first deposition cycles can be much smaller than growth rates on ALD grown materials. 

Considering steric hindrances from precursor molecules and localised distribution of active sites on 

the substrate surface, island growth of respective materials can be achieved, if the amount of 

deposition cycles is small enough to prevent touching of neighbouring islands, which continuously 

grow with each additional deposition cycle [28].  

In this paper, three ALD recipes have been investigated with TOF-SIMS to find a homogeneous 

Al2O3-ZnO composite. Most promising layers have been etched in vHF. AFM measurement and high-

resolution SEM pictures compare pre- and post-etched results to verify the best route to fabricate a 

nanoporous surface. 



 

 

 

 

 

 

2. Experimental details 

In this work, three Al2O3-ZnO composite depositions were accomplished on silicon substrates with a 

thermal ALD equipment type “R200” from “Picosun Oy” which is a single-wafer reactor with vertical 

gas flow. Nitrogen (N2) was used as carrier and purging gas. The deposition temperature was 270 °C. 

According to [28], Al2O3 islands grow starts at active defects within the substrate surface during the 

first ALD cycle. Islands grow laterally with each additional deposition cycles and start to touch each 

other after a certain number of cycles. Thus, island coalescence begins and results into a continuous 

film, if this certain cycle number is exceeded. Since this number is 16 in [28], smaller numbers of 

deposition cycles were chosen in this work. Used precursors were trimethylaluminum (AlME3) and 

water (H2O) for Al2O3 and diethylzinc (DEZ) and H2O for ZnO. Every composite film was deposited 

using 0.1 s AlME3 and 0.1 s H2O pulses for Al2O3 with 6 s and 10 s purging steps, respectively. ZnO 

was deposited using 0.1 s DEZ and 0.2 s H2O pulses with purging times of 6 s and 10 s. In order to 

define the upper limit of cycle numbers for a homogenous composition instead of a nanolaminate, 

different cycle numbers (x for alumina, y for zinc oxide) and oxide ratios were applied. One deposition 

period of Al2O3 first and ZnO second was defined as one super-cycle. Detailed process parameters are 

listed in table 1. 

 

Table 1. Deposition cycle numbers, mixture ratio and super cycle numbers. 
     

Sample # x y Ratio x:y Super cycle 

1 8 8 1.00 35 

2 12 10 1.20 25 

3 15 12 1.25 21 

 

Distribution of different oxide clusters within the composite was investigated by time-of-flight 

secondary ion mass spectrometry (“TOF.SIMS
5
-100”

 
from “ION-TOF” GmbH) which allows depth 

profiling with resolutions of < 1 nm per sputter step. An area of 10000 µm² was monitored and an 

average of intensity was calculated for detected fragments. Intensity trends with respect to sputter 

depth reveal information about the composition of Al2O3 and ZnO in the deposited ALD composites. 

The isotropic and selective texture-etching of the composite contents via vHF is performed in the 

"Sacrificial Layer Release System" from "memsstar". This system comprises load lock, transfer 

module and process modules, of which one is capable of applying gaseous hydrofluoric acid (HF). In 

this process module, the pressure is controlled by the opening angle of the valve on the tube to the 

vacuum pump. For first experiments, the temperature, the pressure and total gas flows were hold 

constant at 40 °C. Higher pressures or lower process temperatures promote the condensation of water 

vapour. Thus, the catalytic effect of liquid water and total etching process is promoted as well [29]. 

Before the as described depositions were treated with HF in vapour phase (HF concentration 40 %), 

the texture-etching for ALD deposited ZnO was successfully tested at 10.67 mbar. On the contrary, 

Al2O3 did not exhibit any indications for successful etching at the same process pressure. ALD 

composite samples were treated with vHF for 2 and 5 minutes at 40 °C process temperature and 

10.67 mbar process pressure.  

Roughness of etched and not etched samples are compared by atomic force microscope (AFM) 

measurements (“D5000V” from “Veeco”) recorded in taping mode. Scanning electron microscope 

(SEM) images of sample topographies were recorded with ultra-high resolution field emission SEM 

(“JSM-7500F” from “JEOL”).  

3. Results and discussion 

3.1. TOF-SIMS 

Composition of Al2O3 and ZnO contents is investigated by TOF-SIMS. Measured intensity signals of 

detected Al2O3 and ZnO fragments are presented in figure 2 – 5. As shown in figure 2, intensities of 

composite materials of sample 1 significantly decrease at the interface to the bulk material, where the 



 

 

 

 

 

 

intensity of detected bulk silicon increases at the same sputter depth. Figure 3 shows the enlarged 

depth within the range of ALD composite thickness (100 nm). Intensities of Al2O3 and ZnO are 

constant which results into a constant ratio, as well. This indicates that the amount of Al2O3 and ZnO 

clusters are constant at every sputter step through the whole oxide composite. 

As shown in figure 4, the interface between ALD composite and bulk material of sample 3 is at about 

166 nm. Detected intensities are obviously alternating during the whole sputter depth, which can be 

seen in the magnified range of composite thickness (figure 5). Based on period lengths of phase 

shifted intensities, a nanolaminate (or at least layers with significant predominant content of single 

materials) with Al2O3 layers of up to 5 nm thickness and ZnO layers of up to 3 nm thickness is 

extracted. SIMS results of sample 2 also showed phase-shifted intensities of Al2O3 and ZnO with 

smaller period lengths, which indicate thinner laminate-layers (approx. 2 nm). Since the intensity 

trends are very similar to the intensity trends of sample 3, they are not presented additionally. 

Composites with 12 and 10 or 15 and 12 deposition cycles for Al2O3 and ZnO, respectively, showed 

nanolaminate properties. A vHF treatment would only lead to a texture-etching at the grain boundaries 

of the top ZnO film, whereas the underlying alumina film serves as an etch stop. Thus, a required 

porosity might not be achieved. Therefore, sample 2 and 3 are not further considered for etching steps 

and characterisations. Sample 1 showed continuously unchanged intensity signals over the whole ALD 

composite film which means that 8 deposition cycles of Al2O3 and ZnO, each, are suitable for 

achievement of island growth. 

 

 
Figure 2. Sample 1 with each 8 deposition cycles, composite-bulk interface at 100 nm. 
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Figure 3. Sample 1 - magnified area with unchanged intensities of Al2O3 / ZnO and constant ratio 

thereof. 

 
Figure 4. Sample 3 with 15 cycles Al2O3 and 12 cycles ZnO, composite-bulk interface at about 

166 nm. 

 

 
Figure 5. Sample 3 – magnified area with continuously phase-shifted intensities of Al2O3 / ZnO and 

alternating ratio. 

 

3.2. AFM 

AFM measurements were accomplished at tapping mode with a velocity of 0.3 µm per second and 256 

measured lines (256 measurement points per line). Hill-like elevations of up to 6 nm were measured 

due to alternately applied ALD of two oxides and their different growth rate and behaviour. Figure 6 

(a) presents the topography of the not etched ALD composite. Measured roughness was 1.15. This 

value is comparable with a roughness of 1.08 of the composite which was etched by vHF for 5 

minutes (shown in figure 6 (b)). Even though roughness results are very similar, differences in 

granularity are obvious. The not etched sample showed a smaller granularity whereas the etched 

sample revealed bigger grain sizes. A reason for smaller grain sizes for the as-deposited composite is 

different growth behaviours of Al2O3 and ZnO. Both oxides have various growth rates as well on 

foreign substrate materials as on same ALD-grown materials. A mixture of both oxides with few 

deposition cycles leads to a composite with a granular topography due to continuous island growth 

while an increased number of deposition cycles allows the current material to grow more conformal. 
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Figure 6. Topographies as measured by AFM of sample 1 (a) before etching and (b) after etching 

with vHF for 5 minutes at 10.67 mbar and 20 °C. 

 

AFM images of sample 2 and 3 showed the same trend in granularity on the composite surface. The 

bigger the number of deposition cycles the bigger the hill-like elevations on the sample’s surface. By 

applying vHF, the surface was texture-etched and the granularity seemed to increase. Porosity cannot 

be determined with the images of figure 6, since AFM cannot reveal information about a deepening, 

whose inner diameter is bigger than the opening diameter. 

3.3. Ultra-High Resolution SEM 

Uneven surfaces of not etched samples can be seen on high-resolution SEM images with a 

magnification factor of 200 k (figure 7). Granular surface of the untreated ALD composite can be seen 

on figure 7 (a), whereas (b) and (c) show vHF treated composites after 2 minutes and 5 minutes of 

etching, respectively. Already after 2 minutes (the shortest etching time used) pores could be seen. The 

number of pores seems to increase with increased etching time. Measured pore diameters varied from 

approximately 3 nm to 15 nm for 2 minutes and 5 minutes etched composites. 

 

 



 

 

 

 

 

 

  

Figure 7. SEM images with magnification factor 200 k of (a) sample 1 (b) sample 1 after vHF 

treatment for 2 minutes and (c) sample 1 after vHF treatment for 5 minutes. 

4. Summary and conclusion 

Preliminary experiments verified a novel process for fabrication of porous ALD thin film layer based 

on alumina, which is deposited by a special ALD process, in this work. To reach this, a homogenous 

ALD composite with Al2O3 and ZnO was needed. By TOF-SIMS investigations of three different 

ALD recipes with various deposition cycle numbers, an upper limit of deposition cycle number could 

be defined for prevention of a nanolaminate. By applying 8 cycles of Al2O3 and 8 cycles of ZnO 

alternately, only island growth could be achieved, so that selective texture-etching of the ZnO content 

could lead to porosity on the surface of the ALD composite. Granularity and roughness were 

compared by AFM results. Even though roughness didn’t change after vHF treatment, grain sizes on 

the etched surface seem to increase after texture-etching. High-resolution SEM images showed 

topographies of pre- and post-etched composites. Pores with diameters of up to 15 nm could be 

detected after a vHF treatment of 2 minutes. By applying a longer etching time, the amount of pores 

on the surface of the composite increased.  

This work shows a process chain with only two fabrication steps for the development of a porous thin 

film layer which is based on alumina. Considering the application of humidity measurement, pores 

with diameters of approximately 2 - 10 nm are desired for detection of low relative humidity values 

since they promote trapping of gaseous water molecules (of the same size) more effectively [13]. 

Pores with diameters up to 15 nm could be processed by vHF treatment of an ALD composite with, 

alternately applied, 8 deposition cycles for each Al2O3 and ZnO. The amount of pores on the surface of 

the composite could be increased by increasing the etching time. As future work, the tailoring of pore 

size and degree of porosity of vHF treated ALD composites with smaller numbers of Al2O3 and ZnO 

deposition cycles and ratios, and various etching times will be investigated. It is assumed that a 

customised porous layer based on Al2O3 could be fabricated for humidity measurement, for example.  

The presented process steps are compatible to CMOS by fulfilling temperature limits and choice of 

materials. The etching medium vHF can be applied as well if an appropriate etching barrier layer is 

used in order to protect the CMOS substrate [30]. Thus, this process chain is suitable for post-

processing of all kind of CMOS chips.  
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