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ABSTRACT
Stability of quantum dot (QD) films is an issue of concern for applications in devices such as solar cells, LEDs and transistors. This paper analyzes and optimizes the passivation of such QD films using gas-phase deposition, resulting in enhanced stability. Crucially, we deposited alumina at economically attractive conditions, room temperature and atmospheric pressure, on (1,2-ethanediamine) capped PbSe QD films using an approach based on atomic layer deposition (ALD), with trimethylaluminum (TMA) and water as precursors. We performed coating experiments from 1 to 25 cycles on the QD films, finding that alumina formed from the first exposure of TMA. X-ray photoelectron spectroscopy points to the presence of oxygen-rich compounds on the bare QD films, most likely from entrapped solvent molecules during the assembly of the QD films. These oxygenated compounds and the amine groups of the organic ligands react with TMA in the first cycle, resulting in a fast growth of alumina. Using 10 cycles resulted in a QD film that was optically stable for at least 27 days. Depositing alumina at ambient conditions is preferred since the production of the QD films is also carried out at room temperature and atmospheric pressure, allowing combination of both processes in a single go.




1. INTRODUCTION
Assembled films of colloidal quantum dots (QD) have come to the fore in potential applications for photovoltaic devices 1-7 due to their size-tunable band gap and ease of processing4, 8. In particular, colloidal QDs exhibit efficient carrier multiplication, a process in which a high energy photon creates more than one charge carrier pair,8-18 which can boost the efficiency in applications such as photovoltaic devices.

In optoelectronic devices, QDs are immobilized as films and separated by ligands that are bound to the QD surface. These ligands prevent sintering of the crystals 19, 20, but they also make the assembled structure more open, allowing oxygen to diffuse inside the film easily and degrade the crystals by oxidation. Good results have recently been obtained by using films of QDs capped with 1,2-ethanediamine (EDA) and 1-2,ethanedithiol (EDT) for applications in optoelectronic materials 21-24. However, the susceptibility to air oxidation 21 in these films has been the major challenge that has frustrated the use in working devices. 

This paper describes, analyzes and optimizes a passivation process for QD films. Recently, atomic layer deposition (ALD) of aluminium oxide (a.k.a. alumina; i.e., Al2O3), carried out at 25–75 °C and ~0.15 Torr, was used to infill and overcoat lead selenide (PbSe) QD films and stabilize them against air degradation 15, 25. ALD of alumina involves cyclic, self-terminating, gas-phase reactions between trimethylaluminium (TMA) and an oxidizer, such as oxygen or water, to deposit thin and conformal films 26-28. 

We modified this ALD process to work at economically much more attractive conditions, room temperature and atmospheric pressure. 29, 30 Typically, Al2O3 ALD is carried out at near vacuum to ensure the removal of unreacted species from the substrate 31-33. Obviously, avoiding vacuum would be attractive, and a room-temperature process would be completely compatible with the fabrication of the QD films, which is also done under ambient conditions 4. The potential problem that requires analysis and optimization is the physisorption of unreacted species on the substrate, inducing a less precise chemical vapor deposition (CVD) type of growth characterized by the deposition of several layers of alumina in each cycle 30, 31, 34. We show in this paper that that indeed occurs, but that this does not reduce the capacity of the alumina to enhance the QD stability. Potentially, replacing the liquid precursors, i.e., water, by gaseous ones, i.e., air, could reduce the accumulation of unreacted species on the QD films, providing a more precise control over the deposition of ultrathin films of alumina.

In previous work by Law and co-workers 15, 22, 25, 35, the deposition of alumina on QD films successfully prevented oxidation and photo-thermal degradation, allowing direct use of such films in open air. According to reference 25, the alumina acted as a matrix to prevent solid-state diffusion of atoms between QDs, which also reduced the tunneling barrier for charge transfer between the quantum dots and passivated surface charge traps, thereby enhancing the charge mobility by one order of magnitude. However, despite the excellent performance of Al2O3-ALD on QD films as passivating material, there is a lack of studies on the deposition mechanism of alumina inside the films. Recent work done in the field has triggered interest into understanding the process of alumina deposition in the pores of quantum dot films 25. Parameters such as the combined effect of temperature and pressure on the deposition of alumina, and the minimum amount of alumina that is required to fully protect the QD films from degradation, have not been investigated yet. Also, little is known about the growth of alumina in the pores of the QD film during the coating process.

Here we demonstrate the gas-phase deposition of alumina inside EDA capped PbSe QD films at room temperature and atmospheric pressure. The first cycles lead predominantly to infilling, i.e., the alumina grows between the QDs, and when the interstitial space between the QDs is filled, additional cycles lead to overcoating of the films, i.e., the formation of a layer of alumina on top of the QD film. For this aim, we investigated (i) the amount of alumina deposited at ambient conditions after different number of cycles, (ii) the deposition mechanism of alumina inside the films, (iii) the air-stability of QD films coated with different number of cycles, and (iv) the deposition of alumina using a diluted flow of dry air after 25 cycles and its stability under air. We observed the infilling of alumina from the first dosage of TMA, which is explained this by the reactivity of TMA molecules with hydroxyl and amine groups present in the film from the solvent and organic ligands used during the dip-coating of the QD film. Furthermore, we demonstrate that efficient infilling with Al2O3 at ambient pressure and room temperature is possible, significantly enhancing the speed and ease of the process. This could be easily combined with the fabrication process of the QD films, also done at ambient conditions, to develop a continuous process in which the QD films would be produced and passivated in a one-go process, using a similar technology as in spatial ALD reactors 36-38. 

2. EXERIMENTAL
PbSe QD solution. To prepare the QD solution, we used the following reactants: PbO (99.999%), oleic acid (technical grade, 90%), 1-octadecene (technical grade, 90%), diphenylphosphine (98%), anhydrous 1-butanol (98%), methanol (99.8%), n-hexane (95%), acetonitrile (99.8%) and tetrachloroethylene (TCE, >99%), which were purchased from Sigma-Aldrich, trioctylphosphine (TOP, >90%) and 1,2-ethanediamine (EDA, >99.5%), purchased from Fluka, and selenium powder (200 mesh, 99.999%), purchased from Alfa Aesar. For the synthesis, 0.66 g of PbO were dissolved in a mixture of 30 mL of 1-octadecene and 2.2 mL of oleic acid, and degassed at 100 °C for one hour under vacuum. This solution was heated to 160 °C under nitrogen atmosphere. 10.8 mL of 1 M selenium (1 M Se in trioctylphosphine mixed with 84 μL of  diphenylphosphine) was then swiftly injected to the lead precursor. This mixture was allowed to react at 160 °C for 2 min to form ~6.4 nm QDs, after which it was quickly cooled by a water bath. The QDs were precipitated with butanol and methanol mixture and centrifuged at 5000 rpm for 5 minutes. The precipitate was redissolved in hexane and washed with butanol/methanol mixture once again. The QDs were then dispersed in TCE for optical absorption measurements and in hexane for film preparation. The synthesis was done in a Schlenk line under nitrogen atmosphere.

EDA in methanol solution. A 1 M solution of EDA in methanol was used to replace the original long ligands (oleic acid), to couple the QDs electronically. 

Quartz substrate. The dimensions of the quartz substrates used to form the films are 25 x 10 x 1 mm. The substrates were cleaned by sonication for 5 minutes each in 5% Triton solution, deionized water and ethanol, to ensure good adhesion of the QDs to the substrate. The quartz substrates were dried in a flow of nitrogen and clamped to the mechanical arm of the dip coater. 

Fabrication of QD films. We deposited the PbSe QDs on quartz substrates via layer-by-layer dip-coating in three solutions inside a N2-purged glovebox: (i) PbSe QDs in hexane for 30 s, (ii) 1 M solution of EDA in methanol for 30 s, and (iii) rinsing solution of methanol for 30 s. The dip-coating of the substrates was repeated 20 times. The mechanical dip-coater used in the fabrication of the films was a DC Multi-8 from Nima Technology. The synthesized QD films were stored in a glovebox to avoid contact with air. The fabricated films had a thickness of approximately 35 nm, determined by depth profile measurements by a stylus profilometer. 

Alumina coating reactor. The alumina coating experiments were performed in an air-tight purpose-made reactor operated at atmospheric pressure and 27 °C. The operating temperature was controlled by an external IR lamp and measured with a thermocouple inserted in the reactor. The reactor consisted of a glass column, 42 mm of diameter and 140 mm in length, with a Teflon holder inside in which the QD films were placed facing downwards, so that they were exposed to the precursors during the coating. The holder has 10 slits, separated vertically by 1 cm, allowing the coating of multiple samples simultaneously. The glass column and the Teflon holder are fixed to the inlet and outlet connections with a ring, that sealed the reactor. The reactor was provided with two valves to maintain an oxygen-free environment. The QD films are loaded into the reactor inside a glovebox, to avoid that the QD are exposed to air, and then transported to the coating setup, in which we connected the reactor to the inlet of the precursors. A sintered stainless steel SIKA-R 20 AX distributor plate with a pore size of 37 μm was used to homogeneously distribute the flow of precursors inside the reactor. The off-gas from the reactor is taken to a series of bubblers filled with Kaydol oil, to trap unreacted molecules of the precursors and the by-products of the coating reaction. The precursor bubblers, the glass column and the washing bubblers are placed inside a nitrogen-blanketing cabinet as a safety measure for working with TMA. The cabinet is operated at an O2 concentration below 6%.

Alumina coating precursors. Semiconductor grade trimethylaluminium, purchased from Akzo Nobel, distilled water and synthetic air were used as precursors, while pressurized N2 grade 5.0 was used to transport the precursors to the reactor, and to purge it after each reaction. TMA and water were placed in a 600 mL WW-600 stainless steel bubbler and kept at 30 °C during the coating experiments. To have a comparable concentration of oxygen to the equivalent experiments with water, we mixed a flow of 0.5 L/min of N2 with 0.1 L/min of dry air. Some of the experiments were done using H2O as second precursor, and few others using synthetic air. A fixed gas flow of 0.6 L/min was chosen for all the experiments performed.

Alumina coating experiments. We used dosing times per cycle of 15 s – 5 min – 15 s – 5 min for the dosing sequence TMA –  N2 – H2O/synthetic air – N2 to coat two QD films, which were placed at the same height of the holder in all the experiments. The same dosing times were used in all the coating experiments. We performed coating experiments at 27 °C and 1 bar with different number of cycles, i.e., 1, 3, 5, 8, and 25 cycles, using three different substrates: PbSe QD films prepared with EDA-methanol solution, PbSe QD films prepared using EDA-acetonitrile solution, and a dodecanethiol self-assembled monolayer on a gold-coated substrate. To study the air-stability, we prepared other Al2O3-coated films with 1, 10 and 25 cycles, using the same dosing and purging times, i.e. 15 s – 5 min – 15 s – 5 min. We also performed a 90-cycle experiment on a PbSe QD film using shorter dosing times, i.e., 0.5 s – 5 min – 0.5 s – 5 min. The total amount of both precursors dosed during the 90 shorter cycles would be equivalent to the amount dosed during 3 cycles using the same dosing times as in the rest of the samples, i.e., 15 s – 5 min – 15 s – 5 min. For this reason, we refer to this 90-shorter-cycle sample as the sample coated with “3 equivalent cycles” (Figure 8b), in order to compare the air-stability with the rest of the coated QD films.

Characterization of the deposition of Al2O3. To study the deposition of alumina, we transferred the coated samples from the detachable air-tight coating reactor to the X-ray photoelectron spectrometer (XPS) through a glovebox antechamber (under N2 atmosphere) attached to the XPS to ensure the samples were not oxidized before the analysis.  We measured the concentration depth profile of the different elements with a Thermo Scientific X-ray photoelectron spectrometer K-Alpha, equipped with a monochromatic Al Kα radiation source and a pass energy of 100 eV for the survey scan, and ion-beam etching unit. The XPS device, which operates at ultrahigh vacuum, is equipped with an etching unit, which uses Ar+ ions with energy of 1000 eV and a raster size of 2 mm, to remove layers of the QD films with an etching rate of 0.5 nm/s (Supporting Information SI I). We used the combination of the XPS and etching unit to measure the concentration depth profile of the coated substrates. During the XPS analysis, the spectra of the elements was charge-corrected with the adventitious carbon peak at 284.8 eV. We used the software Thermo Avantage 5.913 and Gaussian curves to deconvolute the peaks. During the XPS measurements, we used the flood gun to compensate for the positive charge. We used a microtome to prepare a slice of one alumina-coated QD film and examine it under a Tecnai F20 Transmission Electron Microscope (TEM). We measured the film thickness of the alumina overcoat in 130 points from nine TEM images to determine the mean value of the alumina film and the standard deviation.

Characterization of the air stability of the coated QD films. The alumina-coated and uncoated QD films were exposed to air at 80 °C and UV light, and their optical absorption spectra were measured using a Perkin-Elmer Lambda 900 spectrophotometer, equipped with an integrating sphere. The position of the maximum peak of the band gap indicates the stability of the QD crystals, since the band gap absorption peak blue shifts and broadens in the case of oxidation of the PbSe QD films. We measured the absorption spectrum of all the uncoated QD films before the coating experiments. The coated QD films were exposed to air, and the optical absorption was measured periodically, from 1 to 63 days.

Preparation of the dodecanethiol self-assembled monolayer. We used the following solutions to prepare the self-assembled monolayer (SAM): dodecanethiol (>99.5%), ethanol (>99%) and nitric acid (63%), purchased from Sigma Aldrich. As substrate, we used 10 mm x 10 mm x 1 mm glass plates, sputter-coated with 200 nm thick gold layer (purchased from SSens BV, The Netherlands). The gold-coated substrates were washed in a 2% nitric acid solution for 5 min and then rinsed with ethanol and dried under nitrogen. The plates were then immersed in a 1 M solution of dodecanethiol in ethanol for 18 h. After that, the plates were taken out, washed with pure ethanol and dried under a nitrogen atmosphere.

3. RESULTS AND DISCUSSIONS
In this work, we infilled and overcoated QD films with alumina in the gas phase at atmospheric pressure and room temperature. We used PbSe QD films with a thickness of 35 nm, measured with a step-profilometer, consisting of 6 nm QDs separated by EDA organic ligands. In each experiment, two films were placed in the reactor holder at the same height. Alumina ALD is typically carried out using TMA and water as precursors according to the general reaction mechanism consisting of two subsequent reactions, in which || denotes the surface species 26. 
Reaction A:  ||– Al – OH  +  Al(CH3)3  →   ||– Al – O – Al(CH3)2  +  CH4
Reaction B:  ||– Al – O – Al(CH3) 2  +  2 H2O  →   ||– Al – O – Al – (OH)2  +  2 CH4

In reaction A of the first cycle, functional groups are needed to react with the precursor molecules and initiate the deposition. These active sites can be any group that readily reacts with TMA molecules, such as hydroxyl and amine groups 26, 39. During the first cycles, both precursors can diffuse through the voids of the QD films, depositing alumina inside the film, i.e., the infilling stage. By increasing the number of cycles, the voids would get fully infilled and the precursors react on the surface of the QD film, creating an overcoating (Figure 1). 
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Figure 1. Cartoon showing (from left to right) an uncoated, an infilled and overcoated QD film (red spheres) with alumina (blue matrix).

Deposition of Al2O3 using water as precursor. We performed 1, 3, 5, 8 (Figure 2) and 25 cycles (Figure 3), at 27 °C and 1 bar, to study the growth of alumina inside the PbSe QD films. In the concentration depth profile, we observed the evolution of the intensity of the different peaks of Pb4f and Se3d belonging to the QDs, Al2p coming from the deposited alumina, C1s from the EDA ligands, Si2p from the quartz substrate, and O1s from both deposited alumina and quartz substrate.

During the initial coating cycles, i.e., 1 and 3 cycles (Figure 2a and 2b), both TMA and water penetrated all the way to the wafer through the pore network between the QDs and deposited as alumina in the entire film. This is clearly seen from the atomic percentages of Pb, Se and Al in Figure 2a, that remain more or less constant with the increased etching of the assembled film, all the way down to the quartz substrate. Similarly, the depth profiles of the films coated with 5 and 8 cycles (Figure 2c and 2d) show that alumina is deposited down to the quartz substrate. Figures 2b-d show the growth of the overcoating as the atomic percentage of aluminium and oxygen increases at the surface with increasing number of cycles. Furthermore, we can observe the concentration of Al and O throughout the PbSe QD film remained relatively unchanged from 1-8 cycles. This suggests that the pore network is closed during the first 1-3 cycles and subsequent cycles will only deposit as an overcoating layer.
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Figure 2. XPS concentration depth profile of the PbSe QD films coated with alumina after (a) 1 cycle, (b) 3 cycles, (c) 5 cycles and (d) 8 coating cycles. The depth profiles were obtained by etching the QD films with Ar+ ion beam.

Figure 3a shows the alumina overcoating formed in the sample coated with 25 cycles, since only the signals of Al and O are present during the first tenths of nanometers in the concentration depth profile. The Al:O ratio in the overcoating is around 1.5 as expected for Al2O3. Additionally, the overcoating of this sample was partially etched and the XPS spectra measured, showing that the O1s and Al2p peaks are composed by Al-OH and Al2O3 peaks after deconvolution (Supporting Information SI II). This indicates the low presence of impurities and unreacted methyl groups within the alumina overcoating. This overcoating can be clearly seen in the cross sectional TEM image of a 25-cycle sample (Figure 3b). Note that the XPS profile and TEM image in Figure 3 do not correspond to the same sample, but to two different batches. 
  
Carbon was also detected on the surface and within the alumina overcoating on the 25-cycle QD film (Figure 3a). The carbon at the surface is due to adventitious carbon from environmental contamination. The carbon signal within the overcoating (< 3%) probably originated from unreacted methyl groups from the TMA molecules.  Once the alumina overcoat is etched away and the PbSe/Al2O3 film is measured, the atomic percentage of C increased again, most likely from the combination of EDA ligands , residues from the wet chemistry process and possibly from unreacted methyl groups as observed in the overcoating. In the XPS spectra of the films coated with 1, 3, 5 and 8 cycles (Figure 2), C1s was also detected in a similar atomic percentage. This indicates that the alumina does not completely replace the organic ligands, but likely deposits around them and on the surface of the QD crystals. Based on these results, we conclude that alumina is deposited inside the QD film during the first cycles, and subsequent cycles will form an overcoating. 
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Figure 3. (a) XPS depth profile of the QD sample coated with 25 cycles of alumina. (b) Cross-section TEM image of the 25-cycle QD film, in which the alumina overcoating is visible.

To gain more insight into the deposition process, we first calculated a growth per cycle (GPC) of alumina during the infilling, considering that the alumina only deposits on the surface of the QD crystals. And secondly, we studied the deposition of alumina on different substrates to study the reaction of the precursors inside the QD films and define a reaction mechanism. For that, we dosed TMA to different substrates, i.e., a QD film prepared with methanol as solvent, a QD film prepared using acetonitrile as solvent, and a substrate covered with a dodecanethiol self-assembled monolayer. 

Estimation of the growth per cycle of Al2O3. To calculate the amount of alumina deposited in each cycle, we modelled the PbSe QD film as an array of closed pack monodispersed spheres, with a particle diameter () of 6.4 nm, separated by 1,2-ethanediamine organic ligands. We assumed that alumina was only deposited on the surface of the QD crystals. The atomic ratio between Pb and Se atoms in a QD is, on average, 1.9:1 according to the XPS results (Figure 2). An excess of Pb is common for PbSe QDs 40, 41, although we note that the ratio observed here is higher than usually reported. We used the atomic ratio of Pb and Al in the film coated with 1 cycle (Figure 2a), to calculate the number of atoms of aluminium per QD. Using the molecular mass of Al2O3 and its density 32, we calculate that 0.6 nm of alumina was deposited in the first cycle (See Supporting Information III for calculation details). Considering that the theoretical size of an Al2O3 monolayer is about 0.38 nm 31, we estimate that 1.5 monolayers of alumina were deposited per cycle during the infilling of the QD films. However, this value of the GPC could be lower if we consider that alumina could deposit also around the organic ligands. 

Study of the deposition mechanism of Al2O3. The GPC of alumina during infilling and the relatively large overcoating-film thickness measured from TEM (Figure 3b) indicates that the deposition of alumina is faster than expected for ALD experiments, i.e., 0.1-0.2 nm per cycle. Working at ambient conditions can involve a CVD-type of growth due to accumulation of unreacted precursor molecules on the substrate 30. However, we found a high deposition of alumina during the first cycle, where no unreacted water was present. To explain this, we investigated three possible mechanisms. First, we studied whether TMA molecules could physisorb on the ligands by exposing a dodecanethiol self-assembled monolayer film to TMA. Secondly, we investigated whether there are any remaining solvent molecules, used in the dip-coating process, entrapped in the QD film which may act as active sites. For this purpose, we measured the concentration depth profile of uncoated QD films prepared with different solvents during dip-coating. And finally, we investigated whether the amine groups from the EDA organic ligands could act as active sites and react with TMA molecules. 

Study of the reaction of TMA on a dodecanethiol SAM. We used a self-assembled monolayer of dodecanethiol on a gold substrate to study whether TMA molecules would physisorb on the organic ligands. If true, this would result in a faster deposition of alumina. We prepared a dodecanethiol SAM , and loaded it into the coating reactor inside a glovebox under N2 atmosphere to prevent contact with air and humidity, and carried out a half-coating cycle, i.e., we just exposed the film to TMA. We measured the atomic percentages on the surface of the exposed SAM (Figure 4), finding a small amount of aluminium. In case TMA molecules would physisorb on carbon groups, we would have found a larger amount of aluminium with XPS. This result suggests that TMA does not physisorb on carbon groups, thus it is unlikely that it would on the EDA organic ligands with similar methyl groups. We calculated that a full monolayer of physisorbed TMA would produce an atomic percentage of about 3.5%, while in Figure 4 it is only ~ 0.3% (Supporting Information SI IV). This is an order of magnitude difference; of course, a SAM is different from the 3D complex structure of ligands in the assembled QD film, but the results obtained here are convincing enough to, as a first approximation, rule out physisorption of TMA in the ligand shell. 
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Figure 4. Atomic concentrations from XPS on the surface of the SAM after being exposed to TMA.

XPS depth profile of an uncoated QD film. We measured the concentration depth profile of the uncoated QD film to study the presence of remaining molecules from the solvents used in the dip-coating process (Figure 5). As expected, no Al traces were detected; however, O1s signals were observed. This may point to the presence of oxygenated compounds that could possibly react with TMA molecules during the first cycle causing a fast deposition of alumina. 

[image: D:\dvaldesueiro\Desktop\PROJECTS\Projects\7. QD\1. outline\figures v11 - 600 dpi sized\Figure 5.tif]

Figure 5. XPS concentration depth profile of an uncoated QD film.

To determine the nature of the source of oxygen, we studied the spectra of the elements detected by XPS after etching 7 nm of the PbSe QD film (Figure 6). At this depth, N1s signals were observed, which can be attributed to the NH bonds present in the EDA organic ligands, and a Se Auger peak, both in the same range of binding energies (Figure 6a). The intense peak at 284.8 eV (Figure 6b) indicates the presence of C-C bonds 42-45. The peaks at 286.1 and 288.7 eV are attributed to C atoms bound to electronegative atoms 45-47, such as –COOH or –COH (Figure 6b). These results are consistent with the presence of a peak at 533 eV, which is typical of –OH groups (Figure 6c). The acid groups may originate from the oleic acid used to prepare the colloidal solution of PbSe QD crystals, while the observed alcohol features could come from the methanol used during the fabrication of the QD films via dip-coating. To conclude this part, the XPS spectra give strong evidence of the presence of oxygen-rich compounds and –NH bonds, which could react with TMA molecules during the first cycle, causing a fast deposition of alumina. 
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Figure 6. XPS spectra of the different elements found in an uncoated PbSe QD film, at an etch-depth of approximately 7 nm. (a) Elements corresponding to the QD film, such as nitrogen and selenium. (b) C1s region spectrum, showing different contributions of carbon, including alcohol and acid bonds, and (c) hydroxyl groups.

To investigate the possible role of the solvent used during dip-coating, we exposed three QD films, prepared with three different processes, to a single pulse of TMA without completing the cycle with water. These three samples were: (i) QD film prepared using a solution of EDA in methanol (Fig. 7a), exactly the same as the QD films that were coated with alumina; (ii) QD film prepared exactly the same way as the previous one, but drying it after the fabrication for 24h in a vacuum chamber at room temperature (Fig. 7b); (iii) QD film prepared using a solution of the EDA ligands in acetonitrile instead of methanol (Fig. 7c). In this way, we aimed to reduce the presence of oxygenated compounds inside the QD films and study the reaction between TMA molecules and nitrogen-based functional groups, such as –NH2 from the EDA ligands and –CN from the acetonitrile. In Fig 7 we show the concentration depth profiles after one exposure to TMA for the different fabrication processes. In the sample that was not dried (Fig. 7a), hardly any nitrogen was detected. We found, however, that by decreasing the exposure time to the beam nitrogen could be detected. Therefore, we reduced the exposure time to the ion beam, resulting in the positive detection of nitrogen (Fig. 7b and 7c). The rest of the elements showed similar profiles between the samples with no treatment and drying post-treatment (Fig. 7a and 7b). Oxygen was detected in the sample prepared with acetonitrile (Fig. 7c). One would expect this sample to contain considerably less oxygen than the samples prepared with methanol. This suggests that the oxygen might come from the remaining oleate on the QD surface, as it is known that protic solvents such as methanol are more efficient in removing oleate 48, which also explains why the QD film prepared with acetonitrile is thinner than the ones prepared with methanol.
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Figure 7. XPS depth profiles after dosing one pulse of TMA to (a) a QD film prepared with a solution of EDA ligands in methanol, (b) a QD film prepared with a solution of EDA ligands in methanol and dried for 24h under vacuum, and (c) a QD film prepared with a solution of EDA ligands in acetonitrile.

Reaction between TMA and amine groups. As the third possibility, we could explain the high deposition of alumina by the reaction between TMA molecules and the amine groups of the EDA organic ligands. According to the general scheme of Al2O3-ALD, TMA would react with hydroxyl groups to form alumina. However, it does not necessarily have to begin with OH groups. Al2O3 has been deposited on boron nitride (BN) hexagonal platelet-like particles via ALD 49. BN surfaces contain both hydroxyl and amine functional groups 50-52, which would react with TMA molecules. In addition, ammonia has been used as second precursor in ALD, to deposit aluminium nitride (AlN) 27, 39, proving the reactivity between TMA and amine groups. Therefore, the amine groups from the EDA ligands could act as active sites where TMA can chemisorb during the first cycle. In the second cycle, after the first exposure of water, only hydroxyl groups would be available for reaction, since amine groups cannot be regenerated by using water as second precursor.

We conclude that the fast deposition of alumina during the first cycle cannot be explained by one single cause, but rather as the contribution of the hydroxyl and amine active sites present in the uncoated film and the large excess of precursor molecules, which results in a CVD-type of deposition. We note that, while unexpected, this allows very easy and rapid infilling of these QD films by a single exposure to TMA at room temperature and atmospheric pressure. 

Study of the air stability of Al2O3-coated QD films. We investigated the air stability of the QD films coated with different film thickness of Al2O3. In this study, we used a solution of EDA in methanol to prepare the QD films. We evaluated four samples: an uncoated QD film, a film coated at 27 °C with an amount of alumina equivalent to 3 cycles, a film coated with 10 cycles at 70 °C, and a film coated with 25 cycles at 27 °C. The uncoated and coated QD films were exposed to air for a period of time. Subsequently, these films were  placed inside an oven exposed to air at 80 °C for another period of time, similar to the accelerated tests for photovoltaic devices 53. 
We measured the optical absorption spectra of each film periodically, and compared them with the spectra of each film before the alumina coatings (shown as the 0 days curves). We assessed the stability of the QD films by measuring the position of the first exciton peak in the optical absorption spectra, which corresponds to the band gap of the QD film. Upon oxidation, the absorption peak exhibits a blue shift and broadening due to the oxidation of the QD, which results from an effective reduction of the QD size, as seen for the uncoated QD film (Figure 8a). The quick oxidation of the QD agrees with previous studies 21. We found that 3 cycles does not deposit enough amount of alumina to fully protect the QD film from oxidation (Figure 8b). However, the films coated with 10 and 25 cycles at 70 °C and 27 °C, respectively, were stable upon air exposure during the measurement period (Figure 8c). The film with 10 cycles was coated at 70 °C rather than 27 °C as it was done with the other films. We predict that at 70 °C, less amount of alumina would be deposited since there would be a more efficient desorption of the unreacted molecules than at room temperature. That means that we could safely assume that 10 cycles at 27 °C would also stabilize the QD film, and possibly with lower number of cycles. As expected, 25 cycles at 27 °C provided full protection against oxidation of the QD film (Figure 8d), for at least a measurement period of 63 days. In addition, the XPS spectra of the etched QD film coated with 25 cycles showed that the PbSe QDS did not oxide during the coating process (Supporting Information SI V). 
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Figure 8. Optical absorption spectra of (a) uncoated QD film, (b) QD coated at 27 °C with an amount of alumina equivalent to 3 cycles, (c) QD coated with 10 cycles at 70 °C, and (d) QD coated with 25 cycles at 27 °C, measured periodically after exposure to air at 80 °C and UV light. 

Study of the deposition of Al2O3 using synthetic air as co-reactant. To complete this study, we used an alternative second precursor, a diluted flow of air instead of water, to investigate whether we could reduce the deposition rate of alumina and get closer to the ALD growth, since it is easier to remove the excess of oxygen molecules compared to water molecules. We performed 25 cycles, and measured the concentration profile with XPS (Figure 9a). It seemed that both infilling and overcoating occurred, although in this case the overcoating thickness is thinner than the one with water (Figure 3a). Water has a strong tendency to adsorb on the surface, especially at room temperature and atmospheric pressure 54. However, we found that the QD film showed signs of oxidation during the coating with oxygen (Figure 9b); this was not observed when using water as co-reactant. We performed an additional coating experiment with 1 cycle, using synthetic air as second precursor, to study the oxidation of the QDs. We measured the optical absorption of the films before and after coating them with 1 and 25 cycles, and found a blue shift of the band gap. The shift of the band gap is similar for both 1- and 25-cycle QD films, indicating that the crystals mainly oxidized during the first cycle. The band gap shifted to a wavelength of 1800 nm, very similar to the shift of the uncoated QD film after air exposure (Figure 9b), which shifted to 1750 nm approximately. That indicates that using a synthetic stream of air as second precursor, even with a low concentration of oxygen, degraded the QD crystals, and that air is not an adequate oxidizer for the deposition of Al2O3 on QD films.
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Figure 9. (a) XPS depth profile of PbSe QD film coated with 25 cycles of alumina, using synthetic air as oxidizer. (b) Optical absorption spectra of QD films coated with 1 and 25 cycles of alumina when using synthetic air as oxidizer.

CONCLUSIONS
We deposited alumina on PbSe QD films at room temperature and atmospheric pressure, using an ALD-like approach. During the first cycles, the alumina infilled the voids of the QD films, and after several cycles, there was a transition at which an alumina overcoating was formed. The combination of infilling and overcoating for a number of cycles between 3 and 10 effectively passivated the QD film, which did not show any oxidation after an exposure to air at 80 °C and UV light for a maximum time tested of 27 days. We calculated that during the first cycle, we deposited about 1.5 monolayers of alumina on the QD crystals. We think that this fast growth is due to the combination of the dosage of excess of precursors, and the presence of hydroxyl and amine groups inside the film, which act as active sites. Having a higher deposition rate of alumina at atmospheric pressure and 27 °C, was beneficial to infill and overcoat the QD films faster to stabilize the samples against oxidation. Finally, we deposited alumina using synthetic air as second precursor, instead of water, to reduce the physisorption of water molecules that produced the rapid growth of alumina, obtaining a thinner overcoating than the one deposited with water. However, the PbSe crystals degraded even during the first exposure to synthetic air. This work shows that depositing alumina on QD films at atmospheric pressure and room temperature gives results that are similar to those obtained at lower pressures. Working at ambient conditions facilitates the processing of QD films, since less equipment is required, and can be coupled directly to the fabrication of QD films, which is also done at atmospheric pressure and room temperature. 
   
SUPPORTING INFORMATION
Explanation of the estimation of the growth of the deposited alumina coating on QD and SAM films from XPS measurements. Determination of the presence of impurities in the alumina overcoating, and evaluation of the oxidation state of the QDs after the deposition of alumina. 
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