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Abstract 

We investigated the atomic layer deposition (ALD) of HfS2 on atomically defined CoO(100) 

and CoO(111) surfaces under ultrahigh-vacuum (UHV) conditions. The ALD process was 

performed by sequential dosing of the precursors tetrakis(dimethylamido)hafnium (TDMAH) 

and deuterium sulfide (D2S) separated by purging periods. The growth and nucleation reactions 

were monitored by in situ infrared reflection absorption spectroscopy (IRAS). 

HfS2 films nucleate and grow on both cobalt oxide surfaces, despite the fact that CoO(100) 

lacks acidic protons and CoO(111) exposes only very few OH groups at defects. On these OH-

free or OH-lean surfaces, the nucleation step involves a Lewis acid-base reaction instead. The 

stoichiometry of the –Hf(NMe2)x nuclei changes during the first ALD half cycle. On CoO(100), 

the split-off ligands bind as –NMe2 to surface cobalt ions. The nucleation on CoO(111) is more 

complex and the split-off ligands undergo dehydrogenation to form various surface species with 

C=N double and C≡N triple bonds and surface OH. 

Our findings reveal a new nucleation mechanism for ALD in the absence of acidic protons and 

show that other factors such as Lewis acidity, surface structure, and surface reactivity must also 

be considered in the nucleation event.  

 

Keywords: cobalt oxide, infrared reflection absorption spectroscopy, atomic layer deposition, 

HfS2, Lewis acid-base reaction 

 

 

 

1. Introduction 

In recent years, Atomic Layer Deposition (ALD) has become an extremely versatile and precise 

method for producing thin layers of a wide variety of materials on surfaces.1-11 With its ability 

to conformally deposit materials of excellent quality layer-by-layer and with atomic precision12-
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17, ALD enables a wide range of applications in microelectronics, nanotechnology, and 

catalysis.18-21 In ALD, two reactive precursors are alternately dosed onto a substrate, resulting 

in self-terminating chemical reactions that lead to the formation of the desired thin film.20, 22-30 

The manufacturing of transition-metal dichalcogenides (TMDCs) semiconductors has been of 

particular interest lately due to their adjustable band gaps31-36 and unique electronic and 

optoelectronic properties.37-41 Among the TDMCs, HfS2 has emerged as an excellent alternative 

to the well-known MoS2, as it has higher mobility while preserving a high on/off ratio and 

suitable bandgap.36, 42-47 

The initial nucleation is probably the most decisive step in the production of ultrathin film of 

exceptional quality. To ensure defect-free production of miniaturized semiconductors, the 

nucleation must proceed uniformly to suppress island growth.2, 14 ALD precursors react with a 

substrate using defects or functional groups on a surface as nucleation sites.2 Typical surface 

functional groups that enable ALD growth exhibit acidic protons, e.g. –H, –OH, –COOH, –SH, 

and –NH2.
36, 48-55 In contrast, surfaces without such a functionalization have been shown to be 

ALD-inactive.2, 52, 56-59 In two recent studies we have investigated the ALD of HfS2 on 

hydroxylated Co3O4(111)53 and on Co3O4(111) covered by –OH functionalized and non-

functionalized self-assembled monolayers (SAMs).52 We could show that the presence of acidic 

protons is essential for the ALD process to proceed. 

In this work, we report on the results of a surface science model study investigating the initial 

nucleation and growth of HfS2 by ALD on pristine cobalt oxide surfaces. In particular, we 

scrutinize the formation of Hf nuclei and by-products from TDMAH on atomically defined 

CoO(100) and CoO(111) films grown on Ir(100). The structures of CoO(100) and CoO(111) 

films as well as the adsorption of water on these surfaces have been investigated in detail 

previously.60-64 Here, we present the results of an in situ IRAS study in which we explore the 

chemical reactions and surface species that appear during the initial nucleation step, i.e. during 

the first half cycle of the ALD procedure. We demonstrate that the nucleation of TDMAH on 

CoO(100) and CoO(111) does not require surface OH groups or protons but can proceed 

through a Lewis acid-base reaction as well. We further demonstrate that the nucleation process 

can also involve complex reactions on the surface, including changes in the stoichiometry of 

Hf nuclei, redox processes, and dehydrogenation reactions. These surface reactions heavily 

dependent on the structure and chemical properties of the substrate at the atomic scale. 

 

 

2. Experimental Section 
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All experiments were performed using a UHV apparatus (base pressure of 2.0 x 10-10 mbar) for 

surface science studies at the Friedrich-Alexander-Universität Erlangen-Nürnberg, Germany. 

The apparatus is equipped with an FTIR spectrometer (Bruker VERTEX 80v) and a liquid 

nitrogen-cooled mercury cadmium telluride (LN-MCT) detector. The spectrometer and detector 

are connected to the UHV chamber on opposing sides via differentially pumped KBr windows. 

The ALD experiments were conducted in a remote-controlled manner using a LabView 

(National Instruments) interface. This enables precise control of the heating, measuring, and 

dosing processes as well as their synchronization. A schematic of the setup is depicted in Figure 

1a. 

Chemicals. 

Tetrakis(dimethylamido)hafnium (TDMAH; 98+%; 99.99+% Hf; <0.2% Zr) was ordered from 

Strem. Deuterated hydrogen sulfide (D2S; 97 atom % D) was purchased from Sigma-Aldrich. 

Preparation of CoO(111)/Ir(100). 

The CoO(111) thin films were prepared on an Ir(100) surface via physical vapor deposition 

(PVD) of cobalt metal in a reactive O2 atmosphere. Prior to the deposition, the Ir(100) surface 

was cleaned by sputtering with Ar+ ions (2 x 45 min, p(Ar) = 5.0 x 10-5 mbar, Ekin(Ar+) = 1.80 

keV, Iion = 50 A; Linde, 6.0). Subsequently, the sample was annealed at 1093 K for 10 min in 

UHV. Following an adapted procedure developed by Heinz et al.60, 65, the sample was further 

annealed at 1093 K for 10 min in 5 x 10-8 mbar O2 (Linde, 5.0) and then cooled to below 423 K 

while maintaining the O2 atmosphere. This resulted in a Ir(100)-(2×1)O structure as verified by 

low energy electron diffraction (LEED). Subsequently, Co3O4(111) thin films were prepared 

by evaporating cobalt (2 mm rod, Alfa Aesar, 99.95%) onto the surface using an electron beam 

evaporator (Focus EFM3, IFil = 2.75 A, UHV = 950 V, IEm = 11 mA, Iion = 30 nA, 20 min) in 

9.5 x 10-6 mbar O2 at a sample temperature of 293 K. After deposition, the sample was post-

annealed in four consecutive steps: At 548 K (i) in 5 x 10-7 mbar O2 for 3 min and (ii) in UHV 

for 2 min, then at 693 K (iii) in 5 x 10-8 mbar O2 for 20 min and finally (iv) in UHV for 5 min. 

The quality of the resulting Co3O4(111) surface was verified using LEED. Finally, the 

Co3O4(111) film was transformed into CoO(111) by annealing at 893 K for 5 min in UHV. The 

quality of the CoO(111) film was again checked by LEED. A ball model of the surface structure 

is provided in Figure 1c. 

Preparation of CoO(100)/Co/Ir(100). 

For the preparation of CoO(100) films, Ir(100) was first cleaned and transformed into a Ir(100)-

(2×1)O structure (as described above). Afterwards, the sample was annealed in 2 x 10-7 mbar 

H2 (Linde, 5.3) at 533 K for 1 min and then at the same temperature in UHV for 1 min. This 
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resulted in a metastable Ir(100)-(1×1) reconstructed surface. Next, a thin layer of metallic cobalt 

was deposited on the surface (IFil = 2.75 A, UHV = 950 V, IEm = 11 mA, Iion = 30 nA, 6 min) in 

UHV at a sample temperature of 343 K. After cooling the sample to below 193 K, cobalt was 

then deposited in a reactive oxygen atmosphere (7 x 10-7 mbar) for 3 min. Subsequently, the 

sample was annealed at 373 K for 3 min in UHV to obtain a thin ordered CoO(100) structure. 

After cooling to below 223 K, a thicker and better-ordered CoO(100) film was prepared by 

further reactive deposition of cobalt in O2 (7 x 10-7 mbar) for 18 min. Finally, the CoO(100) 

film was annealed at 1073 K for 5 min. The quality of the resulting CoO(100) surface was 

verified by a sharp (1×1) LEED pattern. A ball model of the surface structure is depicted in 

Figure 1b. 

IRAS of ALD on CoO(100)/Co/Ir(100) and CoO(111)/Ir(100) at 400 K. 

Prior to starting the ALD procedure, a 10 min IR background spectrum was recorded. 

Subsequently, 10 ALD cycles were performed by consecutive dosing of TDMAH and D2S via 

electromagnetic valves. In every ALD cycle, TDMAH was first dosed continuously over a 

course of 5 min with a duty cycle of 0.0085 (opening time 125 ms per 15 s dosing, pressure was 

always below 5 x 10-6 mbar) (i), followed by 2 min of pumping (ii), dosing D2S (1 x 10-6 mbar) 

over a course of 10 min (iii), and finally 2 min of pumping (iv). TDMAH was dosed from the 

vapor phase above the neat compound in a glass crucible at room temperature (vapor pressure 

is 0.1 Torr at 48°C, Strem) and D2S was dosed from a gas reservoir (p(D2S) = 1 mbar). Each 

ALD cycle (steps (i) to (iv)) was completed in 19 min. Recording of IR spectra and gas dosing 

was synchronized using LabView. Accordingly, 19 spectra with an acquisition time of 1 min 

were recorded during each ALD cycle. 

IRAS of TDMAH on pristine CoO(100)/Co/Ir(100) and CoO(111)/Ir(100) at 400 K. 

For the in-situ IRAS experiments regarding the first ALD half cycle on the pristine cobalt 

oxides, we first recorded a 10 min IR background spectrum. Next, we exposed the sample to 

very small amounts of TDMAH by applying short gas pulses (opening time of the 

electromagnetic valve: 50x 10 ms, then 10x 25 ms, finally 10x 50 ms pulses on CoO(100); 50x 

15 ms pulses, then 10x 25 ms, finally 10x 50 ms pulses on CoO(111)). As a result, we obtained 

a very low TDMAH dose per pulse, which allowed us to decouple the measurement time from 

the exposure. After each pulse of TDMAH, we recorded a 1 min IR spectrum. 

 

3. Results and Discussion 

3.1. ALD of HfS2 on CoO(100) at 400 K. 
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In the first step, we performed an ALD experiment on CoO(100) at 400 K under UHV 

conditions. Previously, Heinz et al. investigated the structure and properties of cobalt oxides 

grown on Ir(100) using LEED, scanning tunneling microscopy (STM), and density functional 

theory (DFT).60-62, 65 They found that CoO(100) is non-polar and exhibits a bulk-like 

termination with oxygen and cobalt ions in the same plane.60 Water adsorbs molecularly on 

CoO(100) below 210 K, exposing only very few OH groups at defect sites that completely 

disappear from the surface above 360 K.63-64 We chose the reaction temperature at 400 K based 

on previous studies that have shown that the reactions of the ALD process are most efficient at 

this temperature.36 Additionally, at 400 K, the CoO(100) surface does not exhibit acidic 

protons.63-64 In total, we performed 10 full ALD cycles, each consisting of 4 steps, i.e., (i) dosing 

TDMAH for 5 min, (ii) pumping for 2 min, (iii) dosing D2S for 10 min, and finally (iv) pumping 

for 2 min. While performing ALD, we continuously recorded IR spectra (1 min per spectrum, 

19 spectra every full ALD cycle). The recorded set of IR spectra is shown as difference spectra 

(spectrum(n) – spectrum(n−1)) in Figure 2a. By referencing against the previous spectrum, 

negative IR bands indicate the adsorption of a species, while positive IR bands indicate the loss 

or consumption of a species. 

The total set of IR spectra is shown in Figure 2a. The integrated CH area for each spectrum is 

depicted in Figure 2b. Starting with the adsorption of TDMAH, we observe negative bands 

(blue, adsorption) at 2872, 2856, 2820, 2771, 1239 and 948 cm-1. Additionally, less intense 

features appear at 1140 and 1060 cm-1, along with a broad band between 1410 and 1510 cm-1. 

The same features appear as positive bands (red, consumption) upon exposure to D2S. In later 

cycles, we observe a blueshift of several bands to 2872, 2830, 2780, between 1430 and 1485, 

1254, 1140, 1060 and 954 cm-1. The integrated differential CH area plotted against the 

deposition time in Figure 2b reflects the approximate reaction rate and density of reactants (peak 

area, indicated as number next to each peak). In the first ALD cycle, we observe a larger peak 

area upon exposure to TDMAH and D2S than in later cycles. Comparing the peak shapes, we 

find sharper, more narrow bands during TDMAH exposure and broader, less intense bands 

during D2S exposure. Between signals, the differential CH area always decreases to zero. 

The data presented is similar to previous in-situ IRAS studies investigating ALD of HfS2 on 

Co3O4(111) that some of the authors have reported on before.36, 52-53 We assign the appearance 

and loss of bands upon dosing of TDMAH and D2S, respectively, to the formation and loss of 

TDMAH-derived surface species. More specifically, the observed bands arise from surface-

bound –NMe2 ligands. For the band assignment, we refer to a study from Li et al. which 

provides a detailed description of the adsorption of TDMAH on hydrogen-terminated Si(100)55 
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using IR spectroscopy and DFT. In brief, the signals appearing at 2872, 2830 and 2780 cm-1 are 

assigned to CH stretching vibrations (CH), while the broad band appearing between 1430 and 

1485 cm-1 arises from CH deformation modes (CH). The bands at 1254, 1140, and 1060 cm-1 

are assigned to coupled Hf−N, C−N,  and C−H stretching and deformation modes. Finally, the 

signal at 954 cm-1 is associated with coupled Hf−N−C stretching modes (ν(Hf−N) and ν(N−C)). 

We conclude that the surface changes its termination reversibly during each ALD cycle. When 

exposed to TDMAH, the surface gradually becomes amine –NMe2 terminated due to the 

formation of TDMAH-derived surface species (appearance of signals). When exposed to D2S, 

surface-bound –NMe2 species are converted into volatile DNMe2 species (loss of signals) and 

a thiol (–SD) termination forms. The thiol-terminated surface can react with TDMAH again, 

enabling the next ALD cycle.  

Next, we consider the peak shape and area of the integrated CH area over the course of 10 ALD 

cycles (Figure 2b). Despite the higher dose of D2S during each cycle, the reaction with D2S is 

slower than the reaction with TDMAH as shown by the broader and less intense peaks. 

However, both reactions are fast and self-terminate in less than 3 min. Interestingly, the bands 

in the first cycle are shifted with respect to those appearing in later cycles. Furthermore, the 

peak area in the first cycle differs drastically from later cycles for which it remains virtually 

constant. Firstly, this indicates that the surface is already completely and uniformly covered 

from cycle 2 onwards. Secondly, more –NMe2 species are formed upon nucleation in the first 

half cycle and are also lost in the second half cycle than in the subsequent ones.  

In previous studies, we have investigated the nucleation of TDMAH on pristine Co3O4(111)53 

and on Co3O4(111) covered by functionalized (OH-terminated) and non-functionalized 

(hydrocarbon-terminated) self-assembled monolayers (SAMs).52 In both studies, we found that 

the presence of OH groups, or more precisely acidic protons, is essential for nucleation. On the 

hydrocarbon-terminated SAM, nucleation and, thus, ALD of HfS2 were completely suppressed 

due to the lack of reactive nucleation sites.52 Accordingly, one would expect no nucleation on 

CoO(100) due to the lack of acidic protons on the surface above 360 K.63-64 However, the ALD 

process is not suppressed, but it proceeds homogenously suggesting fast and efficient 

nucleation. In the following, we will scrutinize the first half cycle in more detail in order to 

identify how the nucleation proceeds on the CoO(100) surface. 

 

3.2. TDMAH on pristine CoO(100) at 400 K. 

To investigate the processes and kinetics during the initial nucleation in more detail, we exposed 

the surface to very small amounts of TDMAH at 400 K. After each pulse, we recorded an IR 
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spectrum and referenced it against the background spectrum of the freshly prepared, pristine 

CoO(100). The corresponding set of spectra featuring the most prominent and characteristic55 

bands is shown in Figure 3a. The evolution of the integrated peak area for signals in the CH 

region and at around 1250 and 950 cm-1 is given in Figure 3b. 

We start by considering the CH region. Upon exposure to TDMAH, we immediately observe 

the formation of bands at 2861, 2818 and 2774 cm-1. The bands increase in intensity and 

gradually shift to higher wavenumbers. The two bands at higher wavenumbers shift to 2872 

and 2830 cm-1, respectively. The band at lower wavenumber first shifts to 2767 and, finally, to 

2779 cm-1. The integrated CH peak area increases with the number of pulses and eventually 

levels off after approximately 60 pulses. The signals at 1240 and 942 cm-1 are also present from 

the first pulse onwards. Similar to the behavior in the CH region, both signals increase in 

intensity and gradually blueshift to 1253 and 954 cm-1, respectively. Looking at the evolution 

of the peak area, we observe that the peak area also increases for both signals upon initial 

exposure to TDMAH. After pulse 30, the peak area for the signal at 1240 − 1253 cm-1 remains 

constant. In contrast, the peak area of the signal at 942 – 954 cm-1 increases until it reaches its 

maximum after pulse 33 and then slightly decreases until saturation at the highest dose. Upon 

closer inspection, all signals originate from two overlapping bands that change their ratio over 

the course of the nucleation experiment, which is reflected as a shift. 

As already discussed in Section 3.1, we observe the formation of TDMAH-derived surface 

species. The absence of acidic protons on CoO(100) at 400 K63-64 and the fact that nucleation 

still takes place implies that TDMAH must react with CoO(100) via a different mechanism, i.e. 

not by splitting off –NMe2 ligands as volatile HNMe2. In fact, the data suggests formation of 

two very similar but distinguishable ligand species. We propose that TDMAH reacts with 

CoO(100) in a Lewis acid-base reaction. As a result, –Hf(NMe2)x adsorbents are formed on 

surface oxygen (electron pair donor) and (4–x) –NMe2 adsorbents are formed on surface cobalt 

ions (electron pair acceptor) for each reacting TDMAH molecule. We base this hypothesis on 

two distinct observations. Firstly, we observe that the amount of TDMAH-derived surface 

species reacting in the first ALD cycle is larger than in later cycles (see Section 3.1). This is 

consistent with the idea that the –NMe2 ligands are not converted into volatile by-products but 

also bind to the surface in the first half cycle. Secondly, the described signals contain two 

overlapping bands, suggesting two very similar surface species. We tentatively assign the lower 

wavenumber components to –NMe2 ligands interacting with surface cobalt. As mentioned 

above, the –Hf(NMe2)x signals at around 1250 and 950 cm-1 contain contributions from 

ν(Hf−N) stretching modes. As a result, we expect a slight shift for –NMe2 signals containing 
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contributions from ν(Co−N) stretching modes. Interestingly, the two components of each signal 

change their ratio until saturation. At low exposures, the cobalt-bound –NMe2 signals dominate 

the spectrum. At the highest exposure, the –Hf(NMe2)x signals dominate the spectrum. This 

indicates a change in stoichiometry over the course of the nucleation. Similar to the nucleation 

of TDMAH on pristine Co3O4(111)53 and Co3O4(111) covered with 4′-hydroxy-4-

biphenylcarboxylic acid52, we suggest that TDMAH loses more ligands at the beginning of the 

nucleation than at later stages. Accordingly, the number x of Hf bound ligands increases over 

the course of the experiment. Finally, we note that the slight decrease in peak area observed for 

the signal at around 950 cm-1 indicates a reorientation of the surface species near saturation. 

 

3.3. ALD of HfS2 on CoO(111) at 400 K. 

In order to explore, whether the surface structure affects the nucleation process, we investigated 

ALD of HfS2 on a differently oriented cobalt oxide film, namely on CoO(111). CoO(111) 

switches from a rocksalt-type to wurtzite-type stacking at the surface due to polarity 

compensation.60-61 As a result, CoO(111) exhibits metallic character and is oxygen-terminated 

with cobalt ions located slightly below the surface.60 Water does not adsorb in molecular form 

on CoO(111) but dissociates at a few defect sites forming strongly bound OH groups.64 The 

ALD experiments on CoO(111) were performed under exactly the same conditions and with 

the same measurement procedures as on CoO(100) (see Section 3.1). The recorded set of IR 

spectra was again plotted in the form of difference spectra (spectrum(n) – spectrum(n−1)). The 

corresponding data is shown in Figure 4a. The integrated area of the CH region for each 

spectrum is depicted in Figure 4b. 

Upon exposure to TDMAH and D2S, we again observe the characteristic bands for the ALD 

growth of HfS2 at 2873, 2829, 2780, 1485 − 1430, 1252, 1140, 1060 and 952 cm-1. The bands 

appear in every cycle and show no shift. The differential CH area plotted against deposition 

time again features negative and positive signals upon exposure to TDMAH and D2S, 

respectively. The bands upon TDMAH exposure are again sharper and narrower while the 

bands upon D2S exposure are again less intense and broader. Interestingly, we do not observe 

the distinct difference in peak area (number of reactants) from the first to later cycles as seen 

for CoO(100). Most notably, the spectra in the first half cycle are very different from the rest. 

In particular, we observe several additional signals at 3676, 2188, 1630 – 1540, 1406, 1394, 

1370 and 1040 cm-1. 

Apparently, HfS2 nucleates and grows very efficiently on CoO(111) as well, as indicated by the 

appearance and disappearance of the characteristic signals (2873, 2829, 2780, 1485 − 1430, 
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1252, 1140, 1060 and 952 cm-1). As for ALD of HfS2 on CoO(100), the reaction with TDMAH 

is again faster than the reaction with D2S. This is to be expected as only the reaction with the 

pristine substrate in the first half cycle should show a different behavior. The data further 

indicates that the surface is fully saturated from the first cycle on, as we do not observe any 

noticeable difference in peak area between cycles (Figure 4b). This suggests a homogeneous 

growth of HfS2 which is surprising considering the structure of CoO(111). Taking into account 

that the CoO(111) is oxygen-terminated60, we would expect cobalt sites to be less accessible on 

CoO(111) than on CoO(100) which features oxygen and cobalt ions in the same plane.60 

However, we previously studied the reaction of carboxylic acids on CoO(111) and showed that 

carboxylate groups are formed and are able to bind to cobalt ions in the surface.66-71 We 

concluded that the surface cobalt ions in CoO(111) (which are located only slightly below the 

surface oxygen ions) can rearrange to bind to an adsorbate species.. This observation suggests 

that also on the CoO(111) surface, Lewis acid sites are available for a reaction with the 

precursor. 

A particularly interesting observation is the appearance of the signal at 3676 cm-1 which we 

assign to surface OH groups. In a study by Schwarz et al.,64 the interaction of water with 

atomically defined CoO(100), CoO(111) and Co3O4(111) was investigated. The authors 

showed that only very small amounts of OH groups are formed on CoO(111) at 400 K. These 

OH species were assigned to a small fraction of defect sites (for example at grain boundaries).  

Considering this information and the homogeneous growth from the first ALD cycle on, we 

exclude the possibility that the defect OH species are the primary nucleation sites for TDMAH 

in the first half cycle. Instead, we propose that the nucleation on CoO(111) again occurs in the 

form of a Lewis acid-base reaction, similar to our observation on CoO(100). The appearance of 

additional IR signals in the first half cycle that do not originate from the –NMe2 ligands (neither 

bound to Hf nor bound to Co) indicates that follow-up reactions occur on the CoO(111) surface. 

In the next section, we will investigate these processes in more detail. 

 

3.4. TDMAH on pristine CoO(111) at 400 K. 

To investigate the surface chemistry during the first half cycle, we first recorded an IR 

background spectrum and then pulsed small doses of TDMAH onto pristine CoO(111) at 400 

K. After each pulse, we recorded an IR spectrum. The recorded spectra are shown in Figure 5a 

as a waterfall plot and in Figure 5b as a color plot. The evolution of the integrated peak area for 

signals at 3676 cm-1, in the CH region, at 2188 cm-1, and between 1630 – 1540 cm-1 is plotted 

against the number of pulses in Figure 5c. 
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Upon dosing of TDMAH, we first observe the immediate formation of sharp bands at 3676, 

2188, 1470, and 1370 cm-1. In addition, broad bands appear in the CH region and at around 

1250 and 950 cm-1. From pulse 3 on, the broad bands appear as distinct signals at 2876, 2833, 

2782, 1254, 952, and 910 cm-1. Furthermore, a broad signal develops between 1630 and 1540 

cm-1. Upon further exposure to TDMAH, two low intensity bands appear at 1140 and 1060 cm-

1, while the band at 1470 cm-1 develops into a broad band. The characteristic signals (2876, 

2833, 2782, 1470, 1254, 1140, 1060, and 952 cm-1) and the band at 910 cm-1 increase in 

intensity until saturation around pulse 60. The signals at 3676, 2188, between 1630 and 1540, 

and at 1370 cm-1 first increase in intensity, reach a maximum and then decrease again. 

Simultaneously, the signal at 3676 cm-1 first shifts to 3665 cm-1 and finally transforms into a 

small, positive signal at 3676 cm-1. While the two signals at 2188 and 1370 cm-1 disappear 

completely again, the broad signal at around 1600 cm-1 only decreases in intensity and remains 

even after saturation. Interestingly, the bands at 2188 and around 1600 cm-1 also reach their 

maximum after a different number of pulses, i.e. 8 and 14 pulses, respectively. 

As discussed in the previous sections, we assign the appearance of characteristic signals to the 

formation of –Hf(NMe2)x nuclei on the surface upon exposure to TDMAH. Notably, we also 

observe the formation of OH groups ((OH) at 3676 cm-1) during the formation of these nuclei. 

This is completely unexpected, as one would rather expect a reaction of TDMAH with defect 

OH that leads to the consumption and not to formation of OH species.2, 14, 48, 52-53 Note that the 

consumption of OH species would result in a positive (OH) signal (observed only at a later 

stage of the experiment near saturation). In contrast to the nucleation experiment on CoO(100), 

we do not observe any shifts of the characteristic signals of the –NMe2 ligands. This observation 

suggests that no –NMe2 ligands are adsorbed on the CoO(111) surface. Instead, several new 

signals appear, the most prominent ones at 2188 and around 1600 cm-1.  

We note that CoO(111) exhibits metallic character60 and interpret the appearance of these new 

signals based on studies investigating the behavior of dimethylamine on Pt(111).72-74 

Dimethylamine has been found to dehydrogenate partially above 300 K to form 

methylaminocarbyne (MAC, CNHCH3).
72, 74 At 400 K, MAC further dehydrogenates leading 

to the formation of several different species, including methyl isocyanide (MISO, CNCH3) 

which exhibits a very characteristic (C≡N) vibration at around 2200 cm-1.72, 74 Other proposed 

surface species exhibit C=N double bonds, e.g. the intermediate formimidine (CHNMe) with 

(C=N) signals arising around 1600 cm-1.73  

Based on this information and our observations, we suggest that TDMAH initially reacts with 

the CoO(111) surface via a Lewis acid-base reaction. However, the –NMe2 ligand is not stable 
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on CoO(111) and immediately undergoes dehydrogenation at 400 K. The hydrogen which is 

split off then leads to the formation of surface OH groups (giving rise to the formation of  the 

(OH) band at 3676 cm-1). The partial decomposition products of the ligand species with C=N 

double and C≡N triple bonds give rise to the additional bands observed around 2200 and 1600 

cm-1. In particular, we assign the band at 2188 cm-1 to MISO binding to surface Co ions. The 

broad band between 1630 and 1540 cm-1 probably originates from several different species with 

C=N double bonds, similar to the findings on Pt(111).74 We note that we do not observe the 

characteristic (NH) vibration for MAC at around 3400 cm-1.74 This suggests that at 400 K 

either no or only a very small amount of MAC is formed on CoO(111). Similar to the 

experiment on CoO(100), we tentatively assign the band at 910 cm-1 to dehydrogenated ligands 

binding to surface Co ions. The ratio between the different dehydrogenated species changes 

over the course of the nucleation experiment as reflected by the changing ratio of the 

corresponding integrated peak areas. At the very beginning, the surface predominantly shows 

MISO species. With further exposure to TDMAH, more dehydrogenated species are formed, 

and the ratio gradually shifts towards species with C=N double bonds. Finally, the total amount 

of dehydrogenated species decreases again. Most notably, all MISO species are gradually lost, 

while some of the C=N double bond species remain on the surface even at saturation. 

Simultaneously, the previously formed OH groups on the surface are consumed again. The 

gradual shift of the (OH) band to lower wavenumbers indicates a change in the interaction 

with other surface species. Finally, all surface OH is consumed, including the defect OH that 

was present on the surface after preparation (giving rise to a small positive band at 3676 cm-1). 

We propose two possible pathways for the consumption of OH. Firstly, TDMAH can react with 

acidic protons to form nuclei on the surface and volatile by-products. Secondly, the protons can 

react with the dehydrogenated ligands. This can lead either to the formation of less 

dehydrogenated species or, potentially, to their desorption. Similar to our observation on 

CoO(100), a comparison of the evolution of the integrated peak area of the CH region as 

compared to those associated with dehydrogenated ligands reveals a change in ratio. At small 

exposures, the surface-bound dehydrogenated ligand signals dominate the spectrum. At large 

exposure, most of the surface-bound ligands are lost and the –Hf(NMe2)x signals dominate the 

spectrum. Consequently, we suggest that the stoichiometry of the –Hf(NMe2)x species varies 

over the course of the experiment, with TDMAH losing more ligands at the beginning of the 

ALD half cycle than at later stages. 

 

4. Conclusion 
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In this work, we studied ALD of HfS2 from the two precursors TDMAH and D2S on two 

atomically defined CoO surfaces, namely CoO(100) and CoO(111), under UHV conditions. In 

particular, we scrutinized the nucleation mechanism and surface chemistry in the first half 

cycle, i.e. upon reaction of the CoO surfaces with the Hf precursor. We monitored the processes 

in-situ by time-resolved IRAS. Our main findings can be summarized as follows: 

(1) ALD of HfS2 on pristine CoO(100) and CoO(111): HfS2 nucleates efficiently and can 

be grown by ALD on both surfaces in spite of the lack of acidic protons. The CoO(100) 

surface is OH-free under the growth conditions and the CoO(111) surface exposes only 

a very small amount of OH groups at defect sites. The self-terminating surface reactions 

are fast and show little change in the spectral features over several ALD cycles. During 

the ALD process, the surface termination reversibly switches back and forth between 

an amine (–NMe2) and a thiol (–SD) termination. Upon TDMAH exposure, –Hf(NMe2)x 

adsorbents form, giving rise to IR bands at 2872, 2830, 2780, between 1430 and 1485, 

1254, 1140, 1060, and 954 cm-1 for CoO(100) and at 2876, 2833, 2782, 1470, 1254, 

1140, 1060, and 952 cm-1 for CoO(111). Upon exposure to D2S, the –NMe2 ligands are 

cleaved and leave the surface as volatile HNMe2. However, the spectra during the first 

half cycle differ from those in later cycles for both ALD on CoO(100) and CoO(111), 

indicating that the surface chemistry in the nucleation steps differs from the growth 

steps. 

(2)  Nucleation mechanism on CoO(100): Due to the lack of acidic protons, the nucleation 

process occurs in the form of a Lewis acid-base reaction. As a result, –Hf(NMe2)x 

adsorbents bind to the surface oxygen ions and –NMe2 adsorbents bind to the surface 

cobalt ions. During first ALD half cycle, the stoichiometry of the Hf nuclei changes 

drastically. At the beginning of the half cycle, TDMAH loses most of its ligands during 

adsorption. As the nucleation progresses, the number of ligands per Hf center gradually 

increases until the half cycle is completed. The process is schematically depicted in 

Figure 6a. 

(3) Nucleation processes on CoO(111): The nucleation on CoO(111) involves a Lewis acid-

base reaction followed up by a complex sequence of surface reactions of the ligands. In 

contrast to the reaction on CoO(100), the cleaved ligands undergo dehydrogenation 

reactions. These reactions lead to the formation of surface OH groups and several 

surface species with C=N double or C≡N triple bonds. The C≡N triple bond species is 

primarily associated with methyl isocyanide (MISO). The C=N double bond residues 

are a mixture of several species and cannot be identified in detail. During the early stages 
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of nucleation, TDMAH loses most of its ligands. During later stages of the nucleation 

process, the stoichiometry of the Hf nuclei gradually changes and TDMAH loses fewer 

ligands. The formed OH are eventually consumed and the MISO are displaced form the 

surface, while the C=N double bond species are only lost partially. Near saturation, the 

surface is OH free (with also the defect OH groups being consumed). The process is 

schematically shown in Figure 6b, where the C=N double bond species are exemplified 

as formimidines. 
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Figure 1: a) Schematic representation of the UHV ALD experiment and in situ IRAS setup; b) 

ball models of the CoO(100) thin film as side and top view; c) ball models of the CoO(111) 

thin film as side and top view. 
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Figure 2: a) IRAS data recorded during the ALD experiment on CoO(100)/Co/Ir(100) at 400 K 

shown as 2D color plot in the form of difference spectra; b) Integrated signal area in the CH 

region as a function of deposition time, the corresponding peak area (arbitrary units) of the 

color-coded signals is indicated as a value next to the respective peak. 
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Figure 3: IR spectra recorded upon exposure of the pristine CoO(100) surface to small doses 

of TDMAH at 400 K (referenced to pristine CoO(100)); b) peak area of the signals in the CH 

region, 1240 − 1253 cm-1 and 942 – 954 cm-1 plotted as a function of pulse number. 
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Figure 4: a) IRAS data recorded during the ALD experiment on CoO(111)/Ir(100) at 400 K 

shown as 2D color plot in the form of difference spectra; b) integrated signal area in the CH 

region as a function of deposition time, the corresponding peak area of the color-coded signals 

is indicated as a number next to the respective peak. 
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Figure 5: a) Waterfall plot of IR spectra recorded upon exposure of the pristine CoO(111) 

surface to small doses of TDMAH at 400 K (referenced to pristine CoO(111)); b) IRAS data 

recorded upon exposure of the pristine CoO(111) surface to small doses of TDMAH at 400 K 

shown as 2D color plot (referenced to pristine CoO(111)); c) peak area of signals at 3676 cm-1, 

in the CH region, 2188 cm-1 and 1630 – 1540 cm-1 plotted as a function of pulse number. 
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Figure 6: Schematic of the nucleation step and appearing surface species in the first ALD half 

cycle for the deposition of TDMAH on a) CoO(100) and b) CoO(111). 
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