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Film growth on Al2O3: with and without Hacac 
 

 

Figure S1.  Film thickness as a function of number ALD cycles for the WS2 ALD process with and 
without Hacac inhibitor molecules (step A) on the Al2O3 surface, as determined from in situ SE. 
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XPS data: tungsten and sulfur peak evolution and depth profiling of the 
carbon peak 
 

 
 

Figure S2. Evolution of W (a,b) and S (c,d) raw XPS peaks with increasing number of ALD cycles on 
SiO2 (growth area) and Al2O3 (non-growth area), respectively. (e)  Carbon 1s peak was observed on the 
surface and was not visible after depth profiling with Ar ions (energy = 500 eV). The amount of carbon 
present on the surface can depend upon how long the samples are stored before performing XPS 
measurements. Post deposition plasma treatments (e.g. using H2 plasma) may be effective in removing 
carbon. It has to be noted that H2 plasma treatments can also lead to some etching (S atoms) from the 
surface, as we have observed in our previous works.1,2 
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Overlap of XPS Hf and Ti peaks with W 4f peaks 
 

 
Figure S3.  (a) W 4p3/2 peaks used for establishing the nucleation curves in Figure 3 of the main text. 
These peaks were used for establishing the nucleation curves instead of the W 4f peaks as the W 4f 
peaks overlapped with the Hf (5p3/2 and 5p1/2) and Ti (3p3/2) peaks as shown in (b). All XPS spectra 
shown here were recorded after performing 20 ABC-type ALD cycles. 
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TEM measurements: as-deposited and annealed WS2   
 

 

Figure S4. Cross-section high-resolution TEM images of WS2 films after 20 ALD cycles (2-3 layers): 
(a) as-deposited and (b) annealed at 450 °C in H2S atmosphere (pressure during annealing = 300 mTorr, 
duration = 30 min). (c) and (d) Corresponding top-view high-angle annular dark-field (HAADF) STEM 
images of the annealed WS2 layers. Image Magnification : (c) – 1000k and (d) – 5000k.  
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AFM measurements: as-deposited and annealed WS2   
 

 
Figure S5.  Atomic force microscope (AFM) images of WS2 films after 20 ALD cycles (2-3 layers): (a) 
as-deposited and (b) annealed at 450 °C in H2S atmosphere (pressure during annealing = 300 mTorr, 
duration = 30 min). The root mean square (rms) roughness was determined to be ~0.1 nm and ~0.4 nm 
for the as-deposited and annealed WS2 films, respectively.  

 

XPS W 4f core-level spectra after annealing WS2 sample   
 

 
Figure S6. XPS W 4f core-level spectra after annealing the WS2 film on SiO2 at 450 °C in H2S 
atmosphere.  
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Set temperature vs estimated substrate temperature 
 

The mismatch between the set and the estimate temperature arises from limited thermal contact 
between the table and the substrate in vacuum. Table S1 compares the set temperature (referred 
to as deposition temperature) and estimated temperatures. Set deposition temperatures are used 
for discussion in the main text. 

Table S1. Set temperature (deposition temperature) versus the estimated substrate temperature (c-
Si with 450 nm oxide on top). The substrate temperature was estimated from thermocouple 
measurements on reference samples.  
 

Set temperature or deposition temperature 
(°C) 

Estimated substrate temperature 
(°C) 

150 ~145 
200 ~170 
250 ~200 
300 ~240 
350 ~270 
450 ~350 
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Impact of processing conditions on the growth inhibition on Al2O3 surface 
The growth inhibition on Al2O3 and thereby, the selectivity of our process was observed to be 
significantly dependent on the ALD processing conditions. The impact of the processing 
conditions including H2S plasma exposure time, H2 plasma pretreatment of Al2O3, and 
deposition temperature are described here.  

 
Figure S7. (a) The XPS W peaks measured on Al2O3 for various H2S plasma exposures in step C after 
20 ALD cycles. (b) Impact of treating the starting Al2O3 surface with and without H2 plasma prior to the 
ALD process on the XPS W peak signal after 20 ALD cycles. (c) XPS C peaks on H2 plasma pretreated 
and untreated Al2O3 surface.  

The measured XPS W 4f peak counts after 20 ALD cycles on Al2O3 showed a strong 
dependence on the H2S plasma exposure in step C as shown in Figure S7a. With a 30 s H2S 
plasma exposure, W 4f peaks corresponding to both WS2 (W+4, binding energy = ~32.1 eV and 
34.2 eV) and WO3 (W+6, binding energy = ~36 eV and ~38.1 eV) were observed. The observed 
WS2 forms during the BC steps of the ALD process. WO3 can form during the ALD processing 
steps or from the oxidation of W metal traces on the Al2O3 surface upon exposure to ambient 
prior to XPS measurements. When the H2S plasma exposure was increased to 60 s, the W 4f 
peak counts dropped significantly and only W 4f peaks corresponding to WO3 (W+6) were 
observed. Further increasing the H2S plasma exposure to 90 s resulted in zero W 4f peak counts, 
suggesting better selectivity.  
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Interestingly, the measured XPS W 4f peak counts also depended on whether the Al2O3 starting 
surface was subjected to a H2 plasma treatment or not, prior to the ALD process (Figure S7b). 
Without the H2 plasma treatment, the W 4f peak counts after 20 ALD cycles were relatively 
higher and W 4f peaks corresponding to both WS2 (W+4) and WO3 (W+6) were observed. With 
the inclusion of the H2 plasma treatment before ALD, the W peak counts after 20 ALD cycles 
dropped significantly and only W 4f peaks corresponding to WO3 (W+6) were observed (Note: 
these experiments were performed with a H2S plasma exposure of 60 s). To understand the 
influence of the H2 plasma treatment on the growth inhibition, the chemical composition of 
untreated and H2 plasma treated Al2O3 samples was investigated using XPS. From XPS studies 
it was observed that the carbon (C-C) content on the H2 plasma treated Al2O3 surface was ~54% 
lower when compared to the untreated Al2O3 surface (raw XPS carbon peaks, Figure S7c). The 
H2 plasma seems to clean the Al2O3 surface of any organic contaminations and offer a cleaner 
surface on which the adsorption of Hacac appears to be enhanced. In line with this, the better 
selectivity for longer H2S plasma exposure observed earlier (Figure S7a) can be due to effective 
removal of the adsorbed Hacac molecules by the long H2S plasma exposures. Short H2S plasma 
exposures can leave behind fragments of adsorbed Hacac molecules. Such fragmented 
molecules can act as sites for precursor adsorption in step (B) in the subsequent ALD cycle, 
thereby, degrading the selectivity. We expect that adding correction steps such as a H2 plasma 
treatment after a certain number of ALD cycles or every ALD cycle can help in improving 
surface cleanliness and increase the nucleation delay.3 The plasma power did not have a 
significant impact on the selectivity in the investigated plasma power range (100-500 W). From 
XPS studies, it was observed that the Al2O3 film stoichiometry (O:Al ratio) is not altered by the 
H2S plasma exposure. Very small amount of sulfur incorporation (< 1%) was observed.  

The deposition temperature had a strong influence on the extent of the growth delay on Al2O3. 
As observed from in situ SE and ex situ XPS studies in Figure S8a-b, the longest growth delay 
is observed at 250 °C in the investigated temperature range of 150-350° C. This can be 
predominantly attributed to the temperature dependent blocking of W precursor by Hacac 
molecules on Al2O3. From in situ infrared absorption spectroscopy studies (Figure S8c,d) the 
amount of Hacac molecules adsorbed on the Al2O3 surface was determined to be highest at 250 
°C. At temperatures below 250 °C, the Hacac adsorption was observed to be relatively lower 
due to lower reactivity of Hacac molecules with the Al2O3 surface at these temperatures. At 
temperatures above 250 °C, Hacac molecules tend to start desorbing from the surface. 
Consequently, the blocking of the W precursor by Hacac would be best at 250 °C in the 
investigated temperature range as observed in Figure S8a-b. 

In situ Fourier transform infrared spectroscopy (FTIR) measurements 

In situ Fourier transform infrared spectroscopy (FTIR) was performed on an IR setup which 
was mounted on a home-built ALD reactor. The IR setup consisted of a Bruker Vector 22 FTIR 
spectrometer with a mid-infrared light source (Globar ~10 000 - 50 cm-1) and a liquid N2 cooled 
mercury cadmium tellurium (MCT) detector (Brucker D 316) with a spectral range of 4000-
700 cm-1. KBr windows with shutters were used on both the source and detector sides of the IR 
setup, connected to the ALD reactor. FTIR measurements were performed on ALD Al2O3 
coated SiO2 powder (Aerosil OX50). The SiO2 powder was pressed against a tungsten mesh 
which was heated using a simple resistive heating method. The tungsten mesh was mounted 
onto a sample manipulator (PREVAC, four axes manipulator), which allowed for a well-
controlled movement of the sample in all dimensions. The infrared absorption (A) was 
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determined using the relation A = -log (I2/I1), where I1 and I2 are the measured transmittance of 
the sample before and after Hacac adsorption. 

 

 
Figure S8.  (a) Film thickness versus number ALD cycles for the ABC-type ALD process on Al2O3 for 
various deposition temperatures, as determined from in situ SE. For reference, the corresponding data 
without the use of Hacac (step A) at 250 °C is represented by dotted red lines. (b) Integrated area of 
XPS W 4f peaks at various deposition temperatures relative to the integrated area of the XPS W 4f peaks 
observed at 250 °C. (c) In situ FTIR absorption spectra determined after Hacac dosing on Al2O3-coated 
substrate at various temperatures. The spectra shown here is referenced to the starting Al2O3 surface. (d) 
Integrated absorbance of Hacac molecules on Al2O3 determined from the spectra shown in (c). A 
relatively higher amount of Hacac adsorbs on Al2O3 at 250 °C.4 Hacac starts to decompose at 
temperatures around 250-300 °C. Hence, lower amount of Hacac is measured at higher temperature in 
(d). The FTIR measurements (c,d) were performed on a home-built ALD reactor.  
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