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ABSTRACT

Routes to area- and especially site-selective atomic layer deposition (ALD) remain an enticing 

challenge in precision surface science, despite the potentially game-changing capability for many 

energy applications. An unparalleled level of surface reaction control is required to direct ALD to 

select sites on the same nominal material, for example, targeted growth on distinct phases, facets, 

step-edges, and/or defects.  However, as a sequential surface synthesis method ALD is uniquely 

suited to these challenges, including the possibility of selective deposition at defective surface 

atom arrangements. We computationally identify conditions for site-selective ALD through 

hydration of surface defects, including oxygen vacancies and titanium interstitials on low-index 

rutile TiO2 facets. First-principles computation is used to predict, as a function of temperature, the 

hydroxylation of defects that are targeted by proton-exchange meditated ALD processes. In situ 

ellipsometric measurements of ALD Al2O3 nucleation on TiO2 (110) single crystals prepared with 

and without abundant oxygen vacancies demonstrates striking contrast, corroborating 

computational predictions and revealing a mechanistically clear path to site-selective ALD.
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INTRODUCTION

In the field of microfabrication, atomic layer deposition (ALD) has been a pivotal technology 

for nanoscale growth of metal oxides1, 2. Since it was first proposed in the 1960-1970s, the 

technique has enabled thin film growth with exquisite conformality and thickness control for an 

ever growing list of materials3. The unique capabilities of ALD arise from the self-limiting and 

sequential surface reactions4. The most ubiquitous of these reactions is the synthesis of Al2O3 via 

alternating reaction of trimethylaluminum (TMA) with a hydroxylated surface and subsequent 

reaction of water with the resulting aluminum-methylated surface in order to regenerate a freshly 

hydroxylated surface5, 6. Alternating these complementary TMA and H2O surface reactions allows 

for thin film growth with sub-monolayer thickness control. Myriad complementary surface 

chemistries have been identified that enable the ALD of elemental metal, oxide, sulfide, and 

fluoride films across the periodic table2, 7. Recent efforts have focused on area-selective ALD in 

which the chemical specificity of volatile precursor reactivity can be leveraged to strongly favor 

nucleation on one material surface over another8-10. Area-selective ALD patterning allows for 

bottom-up synthesis of multiple materials without the need for mask alignment and with less 

material waste. An even greater level of surface reaction control is required to direct ALD to select 

sites on the same nominal material, for example, targeted growth on distinct phases, facets, step-

edges, and/or defects. While uniquely challenging, site-selective ALD may allow exquisite control 

of surface passivation, defect amelioration, or facet-specific catalysis. The first challenge of site-

selective ALD is to identify a strategy by which selective surface chemical control may be exerted 

over the heterogeneous surface. We recently identified a site-selective hydration strategy that 

leverages computationally predicted differences in the thermodynamic stability of water and 

surface hydroxyl at some step edge sites vs terraces of low-index rutile TiO2 and In2O3.11,12 
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Exposure of a selectively hydrated surface to a volatile metalorganic precursor that is reactive only 

through proton exchange should result in nucleation specific to hydrated/hydroxylated sites. The 

selective hydration approach offers a straightforward method to direct ALD reactions to specific 

sites if sufficiently large differences in the site-dependent hydration process conditions exist 

among the surface sites of interest. 

Rutile TiO2 surfaces are known to exhibit point defects, including oxygen vacancies13-23 

and titanium interstitials20-22, 24-27, the concentration of which depends on the surface preparation 

conditions. As point defects exhibit significantly different coordination environments relative to 

pristine terrace sites, these sites may also offer distinct hydration behavior. Therefore, we 

hypothesize that while the distinct atomic arrangements of point defects produce heterogeneous 

electronic states that may obscure strict structure-function relationships, their unique surface 

chemistry may offer the opportunity to selectively address and ameliorate these defects via site-

selective ALD.

The presence of point defects in rutile TiO2 has been studied with computation and 

simulations through direct calculation of the formation energy for both bulk21, 28 and surface 

configurations29, 30. These studies predict which vacancies and interstitials are expected to occur 

at distinct experimental conditions, including temperature, partial pressure of oxygen gas, and 

electrochemical bias. Rutile TiO2 surface oxygen vacancy ( ) and Ti interstitial ( ) point 𝑣′′𝑂 𝑇𝑖′′′′𝑖  

defects have been examined with both computation and experimental investigations for a variety 

of adsorbate chemistries17. Previous reports have predicted the electronic structure of point defects 

with multiple levels of theory18, 22. Others have examined CO oxidation by incorporating both 

oxygen vacancies and titanium interstitials in order to demonstrate the pivotal role that defects 

play in catalytic applications20. For example, the presence of titanium interstitials assists with the 
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dissociation of adsorbed O2 species on the rutile TiO2 surface. Investigations into H2O adsorption 

behavior have also been carried out with both experiment26, 27 and simulation31, 32. However, 

despite the prevalence of previous research in this area, the information required to evaluate 

selective hydration is notably missing. 

We use first principles simulation methods to accurately determine the water adsorption free 

energies on the (110), (100), (101) and (001) facets in order to identify conditions under which 

oxygen vacancies and titanium interstitials can be selectively targeted with ALD via a selective 

hydration strategy. The computational predictions guide experiments that reveal dramatically 

different nucleation rates on TiO2 (110) facets with disparate surface point defect populations, 

consistent with the computational prediction of site-selective ALD.

METHODS

First-principles computational simulations in the form of density functional theory (DFT) must 

be carried out for comparisons to the previous work. However, “plain” DFT such as a general 

gradient approximation (GGA) functional used in our previous work to study non-defective 

surfaces is known to have shortcomings for simulating systems with d or f electrons such as rutile 

TiO2 with defects18, 33. Specifically, this method is known to overestimate electronic delocalization 

and thus metallic behavior due to not appropriately canceling the coulombic self-interaction34-37. 

This has the effect of underestimating bandgaps, and potentially modifying energetics as well as 

other results in the system38. The tendency of GGA-DFT to favor delocalization is an assumption 

that introduces some errors but is considered to be acceptable in many systems. For the study of 

metal oxides such as TiO2, the effect may be pronounced due to the d orbitals in the valence of the 

system33. Additionally, defects have a localized electron cloud that can be delocalized by GGA-

DFT18, 39, 40. 
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One straightforward approach to mitigating this problem is to incorporate some degree of exact 

exchange via hybrid DFT functionals such as B3LYP or B3PW9141-43. These methods, which are 

also popular for simulating molecules, do not suffer the same delocalization of electron density 

but are significantly more computationally expensive in a plane wave basis. Inherently, DFT does 

not contain exact exchange since the mathematical description of the exchange energy is within 

the exchange-correlation functional (which is not known exactly)44. Hybrid DFT uses a 

wavefunction approach in addition to the electron density approach so that the exchange may be 

calculated exactly. Unfortunately, this takes away the computational speed advantage of DFT 

versus other methods and makes larger simulations at this level of theory impracticable for most 

studies45. Another approach is the DFT+U method which is much less computationally expensive 

but requires an empirical parameter that must be closely fit for every unique system36. In DFT+U 

an additional term is added to the functional, which incorporates an on-site Coulomb repulsion on 

particular orbitals and atoms46. This allows for a simple scheme by which the self-interaction error 

and delocalization of orbitals are corrected for without losing the computational efficiency and 

performance of GGA-DFT47. The U parameter is determined by fitting the U to a certain electronic 

behavior in a material48. 

Both hybrid functional and DFT+U have been utilized various times for simulating the defects 

within rutile TiO2.18, 49, 50 Kowalski et al. offer a detailed look into simulations of defect formation 

energy on the (110) facet while rigorously comparing the differences between GGA-DFT, hybrid 

DFT and DFT+U.32 They conclude that the differences in formation energy of vacancies among 

the methods are small, within ~0.3 eV in the largest difference. The same conclusions is echoed 

by Shi et al. where they found that “results indicate that the values of adsorption energy are not 

obviously changed whether or not the U parameter is set” in their study on bridging-oxygen 
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vacancies50. This surprising result demonstrates that despite the problems with GGA-DFT, this 

method is still able to accurately estimate the thermodynamics and equilibrium behavior of 

systems. Similar studies have been carried out for the titanium interstitial point defect as well both 

with and without the use of DFT+U19, 51.  Kremer et al found that “the energetics of the system is 

not qualitatively modified by the choice of U” which shows that in both point defects that we have 

examined, DFT+U has been shown to have a minimal effect on the energetics. In addition to this 

vital conclusion, it is important to note that the energetics calculated within one level of theory are 

not comparable with another. By using hybrid DFT or DFT+U, the calculation method changes in 

a way that makes it not possible (or at least very inaccurate) to compare absolute energies. For 

these two reasons, we decided to utilize GGA-DFT for comparison to our previous study and in 

order to evaluate selective hydration.

GGA-DFT simulations were implemented within VASP utilizing the Perdew-Burke-Ernzerhof 

(PBE) exchange-correlation function with projector augmented wave pseudopotentials52-56. 

Consistent with our previous study, in all calculations, an electronic convergence energy of 1e-6 

eV was used in addition to the Gaussian smearing parameter of 0.5 eV. Based on calculations done 

in previous work, the cutoff energy was selected to be 400 eV with a Gamma Centered K-point 

grid of 3x3x311. Both the oxygen vacancy and titanium interstitial systems were created based on 

the literature discussed previously building on our previous asymmetric slab models where the 

bottom several layers of the slab are frozen to create a more surface like description. Similar 

construction methods, sizes and structures were utilized28, 30. All snapshots of structures in this 

work were obtained with OVITO.57

Single-side polished rutile TiO2 single crystals with (110) orientation were obtained from MTI 

Corp and cleaned with an HF dip followed by DI water rinse. In order to remove organic 
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contaminants, improve terracing, and minimize ’s the crystals were heated to 900 °C in air with 𝑣′′𝑂

a 5 °C/min ramp rate held at the set point temperature for 1 hr before cutting heating power to 

allow sample cooling at the natural rate of the tube furnace in a 1” quartz tube furnace 

(Lindberg/Blue M Mini-Mite). ALD processing and high vacuum annealing to produce ’s was 𝑣′′𝑂

performed in a custom-built ALD tool, see SI for details. A dosing schedule of 1 s 

dimethylaluminum isopropoxide (DMAI), 120 s purge, 0.2 s H2O, followed by 300 s purge was 

repeated for each cycle. The dosing schedule was optimized to provide a nearly saturating surface 

reaction that maximized the aluminum oxide growth rate/cycle when grown on itself, see Figure 

S35 and S36. The thickness of the aluminum oxide deposition was characterized in situ via 

spectroscopic ellipsometry (JA Woollam Co, M-2000, 245 to 1000 nm). 

RESULTS & DISCUSSION

Oxygen Vacancies
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Figure 1. Oxygen vacancies for rutile TiO2 for respective facets snapshots of A) whole system 

B) top-down view. Dotted circle shows location of .𝑣′′𝑂

Surface models, shown in Figure 1, were constructed based on the rutile TiO2 models used 𝑣′′𝑂 

in our previous publication and in following previous studies on TiO2 point defects28, 30. In each 

case, only one possible oxygen atom was considered for vacancy formation in each facet because 

there is only one symmetrically unique undercoordinated oxygen atom for each. Though it is 

possible that a fully coordinated but still exposed oxygen atom may also form vacancies, previous 

studies have identified these as energetically less favorable and therefore less likely to form. 

Depending on the surface preparation conditions, the defect surface concentration in the model 

may be higher than experimental values. However, achieving a small concentration in the model 

would require an impractically large simulation. For most experimental conditions, the 

experimental concentration will be lower than what is reasonably achievable in a DFT model. As 

long as the model is large enough that the defect is not interacting with itself across the periodic 

boundary conditions, then the energetics are representative of smaller concentrations. After the 

target oxygen atom is removed, the surface is optimized, resulting in structural rearrangement in 

every case. For the (110) facet, there is a mild perturbation in the Ti atoms where the vacancy is 

located but no significant rearrangement. On the (100) surface, an oxygen atom that was previously 

bonded to a subsurface Ti atom moves to a new position equidistant between its old position and 

that of the . on (101) and (001) facets exhibit only mild perturbations similar to the (110) 𝑣′′𝑂 𝑣′′𝑂 

surface. 

With the structures of surface oxygen vacancies obtained, molecular and dissociated water 

molecules were added to the surface to characterize their adsorption strength. There are multiple 

possible sites where water could adsorb on the surface, including on Ti atoms next to the oxygen 
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vacancy as well as Ti atoms far from the defect. We have assumed that Ti atoms far from the defect 

will provide nearly the same result as a pristine terrace, so H2O molecules were only placed near 

the defect. A comparison of the molecular and dissociated H2O absorption energy on a pristine 

terrace versus site for the (110) facet as a function of temperature reveals dramatically different 𝑣′′𝑂 

thermodynamics, Figure 2. 

Figure 2. A) Free energy of molecular and dissociative H2O adsorption at pristine terrace and 
surface  sites of TiO2 (110) at 10 mTorr. B) top-down view of molecularly adsorbed H2O near 𝑣′′𝑂

 . C) top-down view of dissociated H2O near former . Dotted circle shows location of 𝑣′′𝑂  𝑣′′𝑂

former .𝑣′′𝑂
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The red curves representing the molecular and dissociated H2O configurations on a pristine 

terrace are nearly overlapped and have a desorption temperature of ~ 250 K which were calculated 

in our previous work11. The solid yellow line represents the structure shown in Figure 2B, which 

had the initial structure of a molecular water adsorbed on the Ti atoms proximal to the  site. 𝑣′′𝑂

However, the final structure does not represent this; instead, the water molecule is adsorbed to a 

nearby Ti atom. This movement occurred during the simulation’s optimization to obtain the lowest 

(and therefore equilibrium) structure, indicating that the system found a lower energy 

configuration by moving the water away from the vacancy as shown in Figure 2B. Despite the 

system’s resistance to creating the molecular H2O adsorption on the  , this offers insight into the 𝑣′′𝑂

extent to which the  influences adsorption on other sites. Since the lines essentially overlap, it 𝑣′′𝑂

is clear that the Ti atoms that are not directly adjacent to the  are not significantly influenced. In 𝑣′′𝑂

contrast to the previous three water binding sites and modes, H2O readily adsorbs at the  site 𝑣′′𝑂

and replaces the missing oxygen atom in the surface structure. Dissociated H2O adsorption exhibits 

a much larger adsorption strength with desorption temperature over 700 K. As discussed in our 

previous work, the interaction between H2O and the (110) surface of r-TiO2 is a well-studied 

system11. However, the exact conditions of each study make it difficult to compare results readily 

especially when considering the free energy which is not as commonly reported and other variables 

such as pressure, surface coverage and other geometries such as oxygen vacancies near steps and 

etc. For the surface coverage in particular, we expect that higher coverages will introduce favorable 

interactions between adsorbed water molecules on the surface. However, for evaluating selective 

hydration we are concerned with the limited case which represents when the first/last molecule 

adsorbed to the surface. In addition the results shown in Figure 2 are in line with previous studies 
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of H2O adsorbing on oxygen vacancies due to the increased strength of adsorption relative to the 

pristine terrace32.

The remaining low-index facets exhibit hydration energies that are distinct from the (110) 
facet, Figure 3.

Figure 3. Free energy of molecular and dissociative H2O adsorption at pristine terrace and 

surface VO and top-down view of most favorable adsorbed H2O near  for A) (100) B) (101) 𝑣′′𝑂

C) (001) facets at 10 mTorr. Dotted circle shows former location of 𝑣′′𝑂

On the (100) facet, the dissociated case is favored at the  and the OH fragment replaces the 𝑣′′𝑂

vacancy in the structure just as in the (110). However, this configuration does not offer a large 
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increase in adsorption strength over the pristine terrace. In the pristine terrace model, the 

desorption temperature for dissociated water is ~300 K versus ~325 K for the  model, which 𝑣′′𝑂

demonstrates a much smaller difference compared to the (110) facet. In the (101) model, the 

dissociated configuration was also favored, however, the resulting free energy of adsorption is 

nearly identical to that on a pristine terrace surface. On rutile TiO2 (001), the molecular input 

configuration was also energetically favorable but the resulting structure is clearly dissociated. 

This is another example of the configuration changing more than expected, similar to the (110) 

molecular water adsorption moving away from the  . Whether the initial structure was molecular 𝑣′′𝑂

or not, the outcome of the simulation favored dissociation and with a significant increase in 

adsorption strength relative to the adsorption strength of H2O in the most stable pristine terrace 

configuration. 

In all low-index facets, the dissociative adsorption of H2O is favored, which is not the case 

for pristine terraced facets. We hypothesize that dissociative adsorption is favored due to the ability 

of an OH fragment to fill the vacant oxygen site on the surface, while in the molecular 

configurations, the H2O molecules are never located in place of the vacancy but only adjacent to 

it. As for the variety of adsorption free energies, there is no clear pattern in atom arrangement that 

can be tied to a particular feature, in the same way that step edge atom arrangements on different 

facets do not exhibit the same H2O adsorption free energies, as noted in the previous study11.

Though we do not evaluate the interaction of a metalorganic precursor such as TMA with the 

hydroxylated surface, the reaction between TMA and adsorbed H2O or OH species is known to be 

highly exothermic58-60. This indicates that as long as the surface is hydrated, then the subsequent 

reaction will occur because of the large downhill move in overall energy from the favorable 

reaction. 
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 The selective hydration strategy for site-selectivity ALD requires that proton-exchange 

reactions are the only viable surface reaction. For example, the direct reaction of the metalorganic 

ALD precursors with pristine terrace sites could provide a route to unselective growth. This is an 

important but challenging caveat, as every metalorganic ALD precursor of interest needs be 

individually screened for potential reaction at every distinct surface site of interest for every facet. 

We previously predicted the absorption of TMA to be favorable at temperatures below 275 C for 

all low-index rutile TiO2 facet terraces with the exception of (100), indicating that less reactive 

metalorganic ALD precursors should be considered11. However, the direct reaction of a 

metalorganic ALD precursor exclusively with defect sites could also provide an alternative 

pathway to site selectivity. We investigate one such case here where TMA is chosen as a highly 

reactive and ubiquitous ALD precursor, Figure 4.  
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Figure 4. A) Free energy of adsorption of TMA on  at 10 mTorr. B) Snapshots of optimized 𝑣′′𝑂

structures. 

Thermodynamically favorable adsorption is predicted at for the (101) and (001) facets at 𝑣′′𝑂 

typical ALD temperatures below ~270 °C. However, TMA absorption on (110) and (100) is 

unfavorable for all temperatures greater than room temperature. The main difference between the 

optimized TMA absorption structures is the distance between the TMA and the surface. In the 

(110) and (100) models, the TMA approaches the surface to weakly interact with the , while in 𝑣′′𝑂

the case of the (101) and (001) facets the TMA is chemisorbed to a surface oxygen atom. The 

combination of surface configuration as well as the energetics of the system cause the TMA to 
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have closer interaction with those facets, which is reflected in the free energy of adsorption. 

Therefore, we predict the opportunity for site-selective growth at absorption on both (001) and 𝑣′′𝑂 

(101) facets through direct metalorganic reactions. As with the hydrated surface, if an adsorbed 

TMA species is exposed to gas phase H2O, the species are expected to react due to their highly 

exothermic reaction chemistry58. Even if the interaction energy of TMA on the surface is not very 

low, it will be energetically favorable for the reaction to occur.. 

Titanium Interstitials 

Models for  were constructed with a procedure similar to that described for the oxygen 𝑇𝑖′′′′𝑖  

vacancies. There are few symmetrically unique locations for a  to occur on the surface, which 𝑇𝑖′′′′𝑖  

greatly reduces the state space of configurations for each facet. In the (110), (101), and (001) 

models, Figure 5, the resulting  atom has a coordination of 3 with oxygen atoms and causes 𝑇𝑖′′′′𝑖  

minimal rearrangement to the surface. On the (100) facet, the Ti on the surface has a coordination 

of 4 because one of the undercoordinated oxygen atoms on the surface rearranges to coordinate 

with the addition of the Ti atom. 
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Figure 5.  for rutile TiO2 for respective facet snapshots of A) whole system B) top-down 𝑇𝑖′′′′𝑖  

view. Dotted circle shows location of iTi.

Titanium interstitial models were constructed with a procedure similar to that described for the 

oxygen vacancies. There are few symmetrically unique locations for a Ti interstitial to occur on 

the surface, which greatly reduces the state space of configurations for each facet. Each model that 

was used for further simulations is displayed in Figure 5. In the (110), (101), and (001) models, 

the resulting interstitial Ti atom has a coordination of 3 with oxygen atoms and causes minimal 

rearrangement to the surface. On the (100) facet, the Ti on the surface has a coordination of 4 

because one of the undercoordinated oxygen atoms on the surface rearranges to coordinate with 

the addition of the Ti atom. 

As in the VO simulation, the potential for selective hydration was tested by adding water 

molecules to the point defect in both the molecular and dissociated configurations. In the (110), 
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(100), and (101) facets, the dissociative H2O adsorption is energetically favorable relative to 

pristine surface sites, Figure 6. In all models, the molecular configuration is located on the 𝑇𝑖′′′′𝑖  

and the dissociated cases have an OH on the defect with a nearby H atom. 

Figure 6. Adsorption of H2O on Ti interstitial compared to pristine terrace for facets A) (110) B) 

(100) C) (101) D) (001) at 10 mTorr. and E)snapshots of most favorable H2O adsorption on 𝑇𝑖′′′′𝑖

Molecular absorption configurations exhibit either similar energetics to the pristine surface or 

are less stable, demonstrating the unique electronic environment on/near the  Interestingly, 𝑇𝑖′′′′𝑖  .

the (001) surface shows a significantly different behavior where H2O adsorption on the is less 𝑇𝑖′′′′𝑖  

stable than on the pristine surface. After examining the adsorption structures of the (001) versus 

the other facets, we find no clear difference that would indicate a change in trend. This suggests 
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that the explanations for the differences between facets arise from the subtle energetics of the  𝑇𝑖′′′′𝑖  

and surface in each configuration as opposed to a more general, intuitive trend. The adsorption of 

TMA was not considered for the Ti interstitial defect because metalorganic precursors typically 

interact with oxygen sites as opposed to metal atoms. While there may be some small effect on the 

other oxygen sites due to the defect, the effect is likely small based on the earlier analysis of 

molecular H2O adsorption on the (110) facet. 

Selective Hydration

In the scheme for selective hydration, the selectivity arises from the favorability of the H2O 

adsorption, which may be tuned with experimental conditions via selecting the growth 

temperature. If there is a sufficiently large difference between point defect and pristine terrace 

H2O desorption temperatures, one may aim to hold the experimental condition at an intermediate 

temperature in order to selectively hydrate the site that requires greater desorption temperature. In 

the limit of exclusively proton-mediated surface reactions with the metalorganic ALD precursor, 

we hypothesize that metal deposition may be limited to only those sites favored to remain hydrated 

at the selected experimental conditions. With sufficiently unique hydration thermodynamics, 

temperature-controlled hydration may allow for selectivity among multiple unique sites on a single 

facet. In our previous work, we focused on selectivity for common step edges over the pristine 

terrace11, 12. With the additional consideration of point defects, we can now consider multiple 

temperature ranges over which various sites may be selectively hydrated. For example, the 

thermodynamic tipping points for (110) terrace, step, interstitial and vacancy hydration spans more 

than 600 degrees, Figure 7.
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Figure 7. A) Free energy of adsorption comparison for (110) facet considering all sites examined 

in this work and previous. B) Illustration of how selectivity changes on the (110) facet as 

temperature changes.

For example, at temperatures slightly below T1 (~265 K/blue), H2O will remain adsorbed to all 

sites considered, including pristine terrace, step, and oxygen vacancies site. Above T1 but less than 

T2 (~265 to 350 K/green), the H2O is predicted to desorb from the pristine terrace but will remain 

on the step, , and iTi sites. For temperatures above T2 (red), H2O will only be adsorbed to such 𝑣′′𝑂

that deposition is expected exclusively at these sites. In the absence of VO and  sites, no 𝑇𝑖′′′′𝑖  

deposition is predicted for temperatures above T2. This temperature-tunable selectivity may offer 

unique control over which sites may be targeted by proton-exchange enabled ALD processes. 

The previous analysis was repeated for the remaining low-index facets considered as shown in 

Figure 8. 
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Figure 8. Desorption Temperatures of H2O on different sites as for A) (110) B) (100) C) (101) 

and D) (001) facets at 10 mTorr. The corresponding data is listed in Table S-1.
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Similar to the (110) facet, H2O adsorption at  point defects is also strongly favored over 𝑣′′𝑂

pristine terrace sites on the (001) facet. However, H2O adsorption on is also favored on the 𝑇𝑖′′′′𝑖  

(110) facet. Therefore, the (110) surface can be thought of as fully defect selective at intermediate 

temperatures (~350 to >700 K). In the (100) model, the Ti interstitial has a 150 K greater 

desorption temperature than both the  and pristine terrace site. For the (101) facet the H2O 𝑣′′𝑂

desorption at each distinct site is neatly separated by at least 100 K. TMA adsorption at the  also 𝑣′′𝑂

provides a pathway for selective growth as the precursor will react with H2O in the next exposure 

cycle. In every facet, at least one of the defects offers selective hydration over the pristine facet. 

The free energies for H2O desorption have been predicted at a H2O partial pressure of 10 mTorr, 

which approximates the experimental partial pressure during H2O dosing. Though the pressure 

will have no influence on the DFT ground state structures and equilibrium, the pressure will change 

the Gadsorption due to the change of free energy for the gaseous state. Exceeding dry and well Δ

purged ALD tools may achieve significantly lower H2O partial pressures, influencing the 

desorption temperature. We also investigated how the free energy would change if the pressure 

was 1e-8 Torr instead. As expected, a lower H2O partial pressure makes absorption less favorable, 

shifting desorption to lower temperature, Figure S1-5.  The 6 orders of magnitude change in H2O 

partial pressure induces a change of at least 100 K depending on the configuration in question. The 

H2O desorption site order is retained but is likely to shift relative to the absorption of the 

metalorganic precursors, offering further tunability to the site-selective ALD approach.

Experimental Validation

The computational predictions for site-selective hydroxylation of rutile TiO2 were 

experimentally tested via ALD on (110)-oriented single crystal substrates. The (110) surface was 

selected for the large difference (>700 °C) in predicted H2O desorption temperature for terrace 
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versus  sites, see Figure 8. The (110) surface is also readily prepared to exhibit an atomically 𝑣′′𝑂

smooth terraced surface with relatively large (~100 nm) plateaus, Figure S33. Two nominally 

identical crystals were fired in air to 900 °C in order to favor terrace growth, remove potential 

organic surface contamination, and minimize the number of oxygen vacancies. The crystal is 

nearly colorless and exhibits >10 MOhm electrical resistance, indicating a low density of the  𝑣′′𝑂

defect that leads to n-type doping. A nominally identical crystal was further annealed at 900 °C 

under high vacuum (~1e-7 Torr) for 1 hour in order to create a high density of  sites in the bulk 𝑣′′𝑂

and surface.  The creation of ’s is readily confirmed by the blue color of the TiO2 single crystal, 𝑣′′𝑂

see Figure S44, as well as an electrical conductivity that is increased by more than 106 orders of 

magnitude. While both the blue color and bulk conductivity are consistent with ’s in the bulk, a 𝑣′′𝑂

significant fraction of ’s are also present on the surface22, 61, 62.  𝑣′′𝑂

An ALD process for Al2O3 using dimethylaluminum isoproxide (DMAI) and H2O at 150 °C was 

selected to investigate site-selective growth. The mechanism for ALD growth was previously 

deduced from mass spectroscopic study to include proton-exchange of surface hydroxyl with 

methyl ligands to release methane.63-65 We hypothesized that the lower reactivity of DMAI may 

allow greater selectivity for strictly proton-exchange reactions that require surface 

hydration/hydroxylation compared to the more common TMA precursor, for which additional 

surface reactions beyond proton-exchange have been predicted and demonstrated58, 66-68. A self-

saturating ALD process for Al2O3 was established with saturating growth rate of ~1.0 Å/cycle, 

Figure S35-36, with in situ spectroscopic ellipsometry. An optimized ALD recipe was applied to 

nucleation and growth on a growing Al2O3 film front, a clean Si/SiO2 surface, an oxidized TiO2 

(110) surface, and finally a vacuum annealed TiO2 (110) with , Figure 9.𝑣′′𝑂
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Figure 9. ALD Al2O3 film thickness on various substrates during 30 cycles of DMAI/H2O 

growth at 150 C.

After nucleation has been established, the DMAI/H2O process exhibits classic stair-step behavior 

with linear growth on itself corresponding to 1.03 Å/cycle. The densely hydroxylated SiO2 surface 

presented by a Si substrate with native oxide at 150 °C induces only slight nucleation inhibited for 

~10 cycles. In striking contrast, the nucleation and growth of Al2O3 on the terraced TiO2(110) 

single crystal is nearly completely inhibited. The absence of growth is in remarkable agreement 

with the computational prediction of no growth on non-hydroxylated terrace and step sites at 423K. 

Examples of such complete inhibition of ALD growth are exceedingly rare, especially for metal 

oxide ALD on other metal oxides. This clear inhibition on terrace TiO2(110) opens new 

possibilities for robust selectivity over other surface sites including ’s on the same TiO2(110) 𝑣′′𝑂

facet, which are predicted to hold onto dissociatively absorbed water until more than 800 °C.  The 

same ALD process applied to TiO2(110) single crystals with ’s induced by high-temperature 𝑣′′𝑂

vacuum annealing reveals dramatically different nucleation and growth that is intermediate 
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between pristine terraced TiO2(110) and a densely hydroxylated Si surface. An intermediate 

nucleation delay is consistent with the site-selective growth of Al2O3 on hydroxylated  (and 𝑣′′𝑂

potentially iTi) sites only. Subsequent growth on deposited Al2O3 islands increases until the islands 

presumably coalesce, leading to the same expected growth rate of this process on a growing Al2O3 

film front (1.0 Å/cycle) after ~25 cycles. While microscopic confirmation of site-selective 

deposition will require further advanced characterization, the computational prediction and distinct 

nucleation behavior of the ALD Al2O3 process on TiO2(110) single crystals with and without 

intentional VO incorporation provides strong evidence for site-selective ALD.With both 

computation and experiment, we have proven the use of selective hydration for site selective ALD 

on some facets of the r-TiO2 system. This approach provides a straightforward technique for 

targeting important point defects but is currently limited to the intrisic interactions of H2O with 

each defect. However, our exploration of the larger variable space of site-selective absorption 

interactions has only begun. To date, we have identified only a handful of H2O-specific site 

selective ALD pathways, however we continue to broaden our investigations other small 

molecules for selective adsorption or dehydration with the potential to dramatically expand the 

number of materials and conditions for which site selective ALD may possible. CONCLUSIONS 

Computationally predicting and experimentally realizing site-selective atomic layer deposition 

will provide new opportunities for interface design and optoelectronic property improvement. 

First-principles computational simulations of oxygen vacancies and titanium interstitials afford 

ground state equilibrium structures and subsequent free energies for hydration of these common 

point defects. The direct absorption of metalorganic precursors at point defects in the absence of 

favorable thermodynamics for absorption at pristine terrace sites was also identified as a route to 

site selective atomic layer deposition. For the selective hydration approach, we found that for every 
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low-index facet investigated, there is at least one point defect, either  or , which has a 𝑣′′𝑂 𝑇𝑖′′′′𝑖

stronger adsorption energy than the pristine terrace or step edge sites. Experimental investigation 

of TiO2 (110) oriented single crystal showed unparalleled inhibition of an Al2O3 ALD process, 

consistent with predictions from first principles computation. Intentional incorporation of 's into 𝑣′′𝑂

a TiO2 (110) oriented single allows for nucleation under identical growth conditions. As many 

oxide defect sites exhibit strong adsorption of water, a selective hydration strategy for site-

selective growth may be generalizable to other metal oxides. 
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