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Abstract

:

Zinc oxide (ZnO) thin films were grown by atomic layer deposition using diethylzinc (DEZ) and water. In addition to depositions with normal water, heavy water (2H2O) was used in order to study the reaction mechanisms and the hydrogen incorporation at different deposition temperatures from 30 to 200 °C. The total hydrogen concentration in the films was found to increase as the deposition temperature decreased. When the deposition temperature decreased close to room temperature, the main source of impurity in hydrogen changed from 1H to 2H. A sufficiently long purging time changed the main hydrogen isotope incorporated in the film back to 1H. A multiple short pulse scheme was used to study the transient steric hindrance. In addition, the effect of the storage of the samples in ambient conditions was studied. During the storage, the deuterium concentration decreased while the hydrogen concentration increased an equal amount, indicating that there was an isotope exchange reaction with ambient H2 and/or H2O.
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1. Introduction


Atomic layer deposition (ALD) is a thin film deposition technique that is widely adopted in integrated circuits [1] and other modern devices such as in organic light emitting diodes (OLEDs) [2] and perovskite solar cells [3]. Unique to ALD is its ability to control the film thickness with subnanometer precision and to produce a conformal film on top of complex three-dimensional objects as well as on porous substrates [4,5].



Zinc oxide, ZnO, is an optically transparent wide band gap semiconductor (   E g  ∼   3.3 eV) [6]. The electrical properties of ZnO can be tailored with doping, which makes it a versatile material for numerous applications [7]. The unique assets of ALD have attracted the attention of ALD-grown ZnO films for various applications. For example, the excellent conformality enables the deposition of ZnO on high surface area powders used in catalysis [8]. Doped ZnO can be used as transparent conductive oxide (TCO) for optoelectronics [9] and ZnO can be deposited at near room temperature [6,10,11,12,13], making ALD a suitable deposition method for temperature-sensitive substrates such as polymers. Recently, spatial atomic layer deposition (SALD) has been harnessed for high throughput and large area depositions, making ALD more interesting for industrial use [6]. In addition, ALD ZnO has been studied for its reversible wettability [14,15], and it has been found to have antibacterial properties [16].



The atomic layer deposition of ZnO using diethylzinc (DEZ) and water as precursors has been widely studied. ZnO films deposited with DEZ and water are polycrystalline with a hexagonal wurtzite crystal structure [10,17]. While the crystal structure itself does not change, the preferred orientation of the crystals can change with the deposition temperature [10,13,18]. In addition, the substrate [17] and the process parameters such as pulse and purging times [19] have been found to affect the crystal orientation.



The ideal reaction mechanism for DEZ and H2O is as follows [20]:


   | |  − OH + Zn   (  CH 2   CH 3  )  2    ( g )   ⟶   | |  − O − Zn  (  CH 2   CH 3  )  +  CH 3   CH 3    ( g )   



(1)






   | |  − OH − Zn  (  CH 2   CH 3  )  +  H 2  O   ( g )   ⟶   | |  − O − Zn − OH +  CH 3   CH 3    ( g )  .  



(2)







In the first half reaction (1), DEZ reacts with the surface OH-group, releasing ethane. The half reaction stops when all the OH-groups have reacted and the whole surface is saturated with monoethylzinc. In the second half reaction (2), water is pulsed and removes ethyl groups from zinc atoms and renews the surface with OH-groups. In the ideal case, the saturation of the surface is reached when all of the hydroxyl or ethyl groups are removed from the surface.



However, in reality, the reaction is more complex, and less than a monolayer of material is deposited in each cycle. This phenomenon is often related to the steric hindrance caused by the ligand molecules. Bulky ligands, such as ethyl groups, can cover reactive sites, and the saturation of growth is reached before every reactive site is occupied [21]. At high temperatures, the desorption of molecules providing reactive sites can also decrease the growth-per-cycle (GPC), and the self-limiting reaction is terminated due to the lack of reactive sites rather than steric hindrance [21].



Furthermore, at low temperatures, the saturation of the surface can be due to the low reactivity of the ligands. The termination of the half cycle for the low-temperature deposition of Al2O3 from trimethylaluminium (TMA) and H2O was experimentally studied by Vandalon and Kessels [22]. They showed that after the H2O pulse, there were persistent CH3-groups at the surface. Their conclusion was that, at low temperatures, water is not reactive enough towards the methyl surface species, resulting in saturation. Similar results were obtained by Mackus et al. for DEZ and H2O [23]. There is also strong theoretical evidence of persistent surface groups. Both the DEZ and H2O half cycles were studied computationally by Weckman and Laasonen [24,25]. They found out that DEZ is reactive towards water even at room temperature, but water is not able to remove all the ethyl groups and the water pulse would therefore be the growth-limiting step in the reaction.



Some sensitive substrates, such as organic materials and plastics, may require a low deposition temperature. Reaction rates at these temperatures are not only slower but also the mechanism of saturation of the half cycle might be different than at higher temperatures. As a result, significant amounts of precursor-derived impurities, such as carbon and hydrogen, are incorporated in the film due to incomplete reactions. While hydrogen incorporation is sometimes even desired [26], more often, high-purity films are required, and hydrogen impurities can have a negative effect on the film properties [27]. The hydrogen concentration of ALD ZnO films has also been found to be related to the conductivity of the films [28,29].



In this study, we used heavy water, 2H2O, as an oxygen source in order to probe the impurities and to study the reaction mechanisms of ZnO films deposited at low temperatures using DEZ. Hydrogen originating from the precursors is a common impurity in ALD films, and with 2H2O, it is possible to distinguish whether the hydrogen in the film originates from DEZ or water. In addition, this can reveal valuable information regarding the reaction mechanisms. Heavy water is, in principle, chemically identical to normal water as none of the elements change. However, the heavier hydrogen isotope has some effect on the reactions, as discussed in the text below.



Earlier reaction mechanism studies have been performed with precursors containing rare stable isotopes, such as heavy water [30,31,32,33,34,35,36]. There are a few techniques that can be utilized to differentiate isotopes from each other. Quadrupole mass spectrometry (QMS) can be used to detect reaction side-products in the gas phase [31,32,33]. Ion beam techniques, such as time-of-flight elastic recoil detection analysis (ToF-ERDA) [30,37] and secondary ion beam mass spectrometry (SIMS) [35], can detect different isotopes within the film. In addition, IR spectroscopy can be used to resolve different isotopes [34]. In our study, we utilized ToF-ERDA, which can directly and quantitatively measure hydrogen and its isotopes as well as the elemental composition of the films.




2. Materials and Methods


Thin films were deposited using a Beneq TFS 200 ALD-reactor. Nitrogen from an Inmatec PN 1150 nitrogen generator (99.999% purity) was used as a purging gas. Diethylzinc (Strem Chemicals, min. 95%) was used as a zinc precursor. Both normal deionized water 1H2O and heavy water 2H2O (Medical Isotopes Inc., Pelham, NH, USA. 99.9%) were used as oxygen sources. Depositions were performed at 1–2 mbar of base pressure with a constant (300 sccm) N2 flow. The effect of the temperature on ZnO films was studied using 150 ms and 500 ms pulses for DEZ and 1H2O/2H2O, respectively. The purging time after the DEZ pulse was 10 s, and 20 s after 1H2O/2H2O. In addition, ZnO samples were deposited using variety of purging times at 60 °C and with a multiple short pulsing (MSP) scheme at 40 °C.



Atomic force microscopy (AFM), helium ion microscopy (HIM) and powder X-ray diffraction (XRD) were used to study the crystallinity of the deposited films. AFM imaging was done using Bruker Dimension Icon in the peak force tapping mode. XRD measurements were carried out using a Malvern Pananalytical X’Pert PRO diffractometer with Cu K   α   radiation ( λ  = 1.54187 Å via Ni  β -filter; 45 kV, 40 mA). Data processing and search-match phase analyses were carried out using the program X’pert HighScore Plus v. 4.9 and ICDD-PDF4+ database (version 2020) [38,39]. Cross sections of cleaved ZnO samples were imaged with a Carl Zeiss Orion NanoFab helium ion microscope using a 30 keV helium beam at a 45° angle.



Thin film elemental depth profiles were measured with ToF-ERDA using a 13.615 MeV 127I    7 +    ion beam [40]. Analysis was done using Potku-software [41].



Film thicknesses were measured with a Rudolph AUTO EL III ellipsometer using a 632.8 nm wavelength.




3. Results and Discussion


All the deposited ZnO films were found to be slightly oxygen rich according to the ToF-ERDA measurements. The measured O/Zn ratio varied between 1.33 and 1.09, and the O/Zn ratio decreased with increasing deposition temperature. Due to the scattering effects, the amount of Zn in the film was slightly underestimated [42]. However, oxygen rich ZnO films deposited with ALD, especially at low deposition temperatures, have been reported previously [10,27,43,44,45]. The high oxygen concentration in the ZnO films was attributed to the zinc vacancies [44] in the crystal as well as to the oxygen interstitials [43]. In addition, hydrogen impurities were proposed to occupy the Zn-sites in the crystal [27].



The growth-per-cycle increased with increasing deposition temperature, reaching 1.7 Å/cycle at 150 °C when 1H2O was used (Figure 1a and Table 1). When the deposition temperature was further increased to 200 °C, the GPC decreased. This expected and well-documented decrease in GPC has been attributed to both the loss of OH-groups at elevated temperatures and the desorption of precursors before reacting on the surface [11,20,25]. The loss of OH-groups decreases the number of reactive sites for DEZ and results in a lower GPC. The GPC results in this study are somewhat lower than previously reported in the literature [10,11,20] but still comparable. The observed differences could have originated from multiple sources such as reactor design, reactor pressure and purging times [46]. When heavy water was used instead of normal water (Figure 1a), the GPC was significantly lower, especially at low temperatures. This can be attributed to the kinetic isotope effect. The use of a heavier hydrogen isotope increased the activation energy of the reaction, which slowed down the reaction rate. Therefore, the kinetic isotope effect can be thought of as equivalent to the decrease in the temperature. The effect became less significant as the temperature increased and there was enough energy for the reaction to reach completion. The kinetic isotope effect is utilized, for example, in chemical reaction mechanism studies [47], where an isotopic substitution changes the reaction rate if a bond at or near the substitute plays a role in the reaction.



The increase of the purging time slightly increased the growth per cycle (Figure 1b and Table 2), but the effect was only minor at 60 °C when DEZ and 2H2O were used. Park et al. reported that long purging times have a considerable impact on the film properties [48]. In their study, they observed that at 170 °C, the GPC decreased from 2.2 Å/cycle to 1.6 Å/cycle when the purging time after the 1H2O pulse was increased from 20 s to 120 s, thus leading them to conclude that the decrease in the GPC was due to the loss of OH-groups via dehydration, which led to a decreased concentration of the reaction sites for DEZ molecules in the next precursor pulse. A comparison with our results indicates that the effect of purging on GPC is dependent on the deposition temperature. The GPC at 60 °C is not limited due to the loss of OH-groups during the purge step but rather due to the slow reactivity of the precursors. Longer purging times at low temperatures are often favored in order to avoid uncontrolled CVD-like growth resulting in a high GPC. However, no indication of CVD growth was detected, even at very short purging times, as seen in Figure 1b. The increase of the GPC with increasing purging time at 60 °C could have been due to slow reactions and the desorption of by-products. If the by-products were not desorbed from the surface when the next precursor arrived, they could block reactive sites which in turn would reduce the GPC. This transient steric hindrance is discussed later in the text. At higher deposition temperatures, the reactions and desorption of by-products would likely be fast enough so that other factors, such as the concentration of the reactive sites, would become the limiting factors to the GPC.



The effect of using 2H2O instead of 1H2O on film crystallinity and surface morphology was studied with XRD, AFM and HIM. The diffraction peaks characteristic to the wurtzite structure in Figure 2 (JCPDS 01-084-6784 [49]) show a transformation of preferred orientation from (002) to (100), as reported by Malm et al. [10] and also by Cai et al. [11] and Guziewicz et al. [12]. At low temperatures (40 °C and 60 °C), the preferred orientation of the crystals was (002), and this transformed to (100) at higher temperatures (100 °C). However, the crystallinity in the films was quite low, as indicated by the broad peak profiles and low intensities of the characteristic peaks. The films deposited with 1H2O were more crystalline than the films deposited with 2H2O. Some of this difference can be attributed to thinner films due to the lower GPC, as seen in Table 1. The film deposited at 40 °C with 2H2O was 47 nm thick, while the film deposited with 1H2O was 89 nm thick. At 100 °C, the thicknesses were 113 and 155 nm, respectively. However, the trend of change in the orientation was similar for both 1H2O and 2H2O.



The mtomic force microscope micrographs in Figure 3 confirm the transformation of the preferred crystal orientation from (002) to (100). The change in crystal orientation is visible in AFM micrographs at lower temperatures than in XRD patterns. The same transformation is also evident from the HIM images in Figure 4a,b. Cross-sectional HIM images also reveal that neither the crystallinity nor the orientation changed considerably within the film. HIM images of ZnO films deposited at 40, 60, 100 and 150 °C with both normal and heavy water are presented in Supplementary Figures S1 and S2. The root-mean-square (RMS) roughness (calculated from the AFM micrographs) of the films with a preferred (002) orientation varied from 3.4 to 4.5 nm, as seen in Table 1. The roughness increased at higher temperatures when the (100) orientation became visible, with its highest value of 9.2 nm in the case of the sample deposited with 1H2O at 100 °C. When 1H2O was used as an oxygen source, crystals with (100) orientation were visible already at the deposition temperature of 60 °C. In the case of heavy water, the (100) oriented crystals became visible only at 80 °C and above as seen in Figure 3. This also supports the earlier claim that the use of 2H2O has a similar effect on the deposition process as the decrease in the deposition temperature.



Figure 5a presents the hydrogen isotope concentrations in the ZnO films as a function of the deposition temperature (also in Table 1). As expected, the total hydrogen concentration decreased with the increasing deposition temperature. The use of heavy water yielded a higher total hydrogen concentration than when using normal water, but the general trend is very similar. The higher total hydrogen concentration of the 2H2O process can be attributed to the kinetic isotope effect and similarly to the GPC and change in preferred crystal orientation; the use of 2H2O induced a temperature shift to the concentration values. A heavier hydrogen isotope raises the activation energy of the reaction, and this effect is visible especially in the lower deposition temperatures as shown in Figure 5.



In a recent work, Guziewicz et al. [36] deposited ZnO with DEZ and 2H2O. Using SIMS, they found that both deuterium and hydrogen concentrations decrease as the deposition temperature is increased from 100 to 200 °C, which is in agreement with our findings. Their 1H and 2H concentrations are slightly lower than in our measurements. The difference is evident especially in ZnO films deposited with heavy water at 100 °C. According to our study, these films contain 1.6 at.% deuterium, while Guziewicz et al. report a value around 0.5 at.%. A possible explanation for this discrepancy could be the different pulsing and purging times used in our studies. For example, the purging time can affect the impurity composition significantly, as discussed later.



Guziewicz et al. [36] studied the 1H/2H incorporation above 100 °C. Interestingly, the major hydrogen isotope changed from deuterium to hydrogen when the deposition temperature was decreased below 50 °C, as seen in Figure 5a. A similar phenomenon was observed in our previous study when Al2O3 films were deposited from trimethyl aluminum (TMA) and heavy water [37]. Both TMA and DEZ are organometallic alkyls whose chemical characteristics could be expected to be similar. However, the TMA + H2O process produces amorphous films even at 600 °C [17], whereas ZnO films deposited using DEZ+H2O are crystalline even near the room temperature, as seen in Figure 2 and Figure 3 and shown by Malm et al. earlier [10]. Therefore, the crystallinity of the film does not seem to be a contributing factor for impurity incorporation.



The high 1H concentration at low temperature can be attributed to persistent ethyl groups [23,25] which behave similarly to persistent methyl groups in the case of the TMA+H2O process [22,34]. In these earlier studies, it was shown both computationally and experimentally that at low temperatures water is not reactive enough to remove all the methyl/ethyl groups from the surface. The persistent alkyl-groups remain at the surface even after multiple water exposures. There is also some evidence for co-operative mechanisms of surface groups, as it has been shown that multiple methyl/ethyl groups react with a lower reaction barrier compared to isolated groups [24,50]. These isolated alkyl groups are then buried into the film during the next ALD cycles.



The carbon concentration of the ZnO films follows a similar increasing trend with the hydrogen concentration as the deposition temperature is decreased, as seen in the Figure 5b, and the carbon concentration starts to increase rapidly as the deposition temperature goes below 50 °C. However, it must be noted that the films contain much more 1H or much less carbon than what would be expected if these impurities only originated from persistent ethyl groups. If hydrogen originated mainly from the unreacted ethyl groups, the majority of the carbon in the film would need to escape via some yet unknown mechanism. One possible mechanism studied by Weckman and Laasonen was the  β -elimination of two Zn-CH2CH3 surface groups following a release of gaseous C2H4 and C2H6. However, according to their calculations, the activation energy (2.52 eV) for  β -elimination is too high to play any significant role on skewing the C/1H ratio [25].



At low temperatures, the reduced desorption rate of molecular water from the surface is thought to be a problem for ideal ALD-growth. The growth would therefore not be self-limited, as more than a monolayer of water stays on the surface even after long purging times. However, as mentioned above, a decrease in the deposition temperature (Figure 5a) or in the purging time (Figure 6b) decreases the amount of deuterium dramatically as the concentration of hydrogen increases. It would be an easy assumption to make that the physisorbed heavy water would lead to a higher deuterium concentration and/or to uncontrolled chemical vapor deposition-like (CVD) growth. However, no evidence of uncontrolled CVD growth with very high GPC was found, as can be seen in Figure 1a,b. More interestingly, in our previous study, the TMA +2H2O process showed CVD-like growth already at 60 °C [37]. In addition, the Al2O3 films investigated in that study contained roughly two times more hydrogen than ZnO films deposited at the same temperature. It could be assumed that if the uncontrolled growth were mainly due to the adsorption of multiple layers of water, the CVD-growth should be clearly visible for both DEZ and TMA at equivalent temperature. Thus, our observations indicate that there exists either some DEZ/TMA related CVD-growth or the water sticks on the Al2O3 surface more tightly than on the ZnO surface.



The effect of the purging time on the impurity composition of the ZnO films was studied by pulsing DEZ and 2H2O at 60 °C with different purging schemes. Both hydrogen and deuterium concentrations and corresponding carbon concentrations are tabulated in Table 2 and plotted in Figure 6a,b, respectively. The effect of the purging shows a very similar trend as that obtained by changing the deposition temperature. Longer purging times resulted in lower 2H and 1H concentrations, while very short purging times resulted in a dramatic drop in 2H and an increase in 1H concentrations.The higher 1H concentration was also correlated with the higher carbon concentration. These results indicate that the change of the primary hydrogen isotope at low temperatures is also related to the purge time, as a shortening of the purge time has a similar effect to decreasing the deposition temperature. The effect of the purging on the roughness and crystallinity of the films was also studied with AFM (Table 2), but no noticeable difference on surface morphology was observed between the samples with different purging times.



For short purging times, the cause of the low deuterium and high hydrogen concentrations is more difficult to explain. Cai et al. used a quartz crystal microbalance (QCM) to measure the mass change during the DEZ and H2O pulses [11]. In principle, the mass change during the water pulse should be negative, since the heavier ethyl-group is replaced by a lighter OH-group. However, Cai et al. observed that the mass change during the water pulse was slightly positive. Similar results have previously been reported also by Yousfi et al. [20] and Elam and George [51]. Elam and George concluded that the DEZ molecule reacts with more than one OH-group, leaving the bare zinc atoms on the surface. Water can then react with these undercoordinated Zn atoms, balancing the mass loss from ethyl–water exchange reactions. According to Cai et al., approximately 1.5 OH-groups react with each DEZ molecule when the deposition temperature is between 80 and 250 °C, but at 30 °C, DEZ reacts with two OH-groups. This could well explain our observation of the smaller amount of deuterium at low temperatures. On the other hand, DEZ reacting with the OH-groups should also lead to low 1H and C concentrations, which contradicts our results. In addition, Weckman and Laasonen calculated that the second ligand exchange leading to bare zinc atoms has a high reaction barrier, making the second ligand exchange feasible only at higher temperatures [24].



A question arises regarding whether the purging of DEZ and 2H2O is more important than the deposition temperature for the incorporation of the impurities and 1H/2H concentrations. Therefore, more detailed purging experiments were performed at 60 °C with purging schemes of 3/3 s, 3/10 s, 10/3 s and 10/10 s after DEZ and 2H2O pulses, respectively. Results shown in Figure 7a indicate that there was a small preference for a lower total hydrogen concentration when purging after a longer DEZ pulse. However, there was no significant difference in 1H or 2H concentrations if the purging was changed from 3/10 s to 10/3 s. It seems that the total purging time of the ALD cycle is a more important factor in the hydrogen and deuterium incorporation. A longer purge also led to a somewhat higher GPC, as shown in Figure 7b. It is also possible that the ligands from the previous pulse, which had not yet reacted, or by-products which had not yet desorbed from the surface, could block reactive sites when the next precursor pulse arrived.



We also studied whether the transient steric hindrance proposed by Wang et al. [52] could explain our data. Wang et al. deposited ZnO films from DEZ and 1H2O using multiple short pulses (MSP), and they divided one pulse into shorter separated pulses while keeping the total pulse time (i.e., precursor exposure) the same. Using the MSP increased the growth per cycle, and their conclusion was that the slow desorption of byproducts and unreacted precursor molecules blocked some of the reactive sites when a single pulse was used. Multiple short pulses gives more time for desorption, allowing more precursors to adsorb, leading to a higher overall intake of material per cycle. It is known from the QCM studies that the decrease of the surface species (i.e., weight) can take seconds even at 177 °C [51].



In order to study this hypothesis, ZnO films were deposited at 40 °C using a recipe in which the pulses were divided into three shorter pulses so that the total precursor dose remained unchanged. This was done using 3 × 50 ms pulses for DEZ and 3 × 167 ms for heavy water. The purge time between the short pulses was set to 1 s. In order to keep the total cycle time the same as in the previous depositions, purging times of 8 s and 18 s were used instead of 10 s and 20 s after DEZ and heavy water, respectively. Three different samples were deposited: MSP for both DEZ and water, MSP only with 2H2O and MSP only with DEZ.



Hydrogen and deuterium concentrations of the films deposited with the MSP process along with conventional single pulse deposition are shown in Figure 7c. Multiple short pulses did not significantly change the 2H concentration but slightly increased the 1H concentration in each case. The highest total hydrogen concentration was measured when MSP was used for both DEZ and 2H2O, and at the same time, the GPC increased more than 25% from 0.40 to 0.53 Å/cycle. These two results are somewhat contradictory, as an increase in the GPC would be an indication of the transient steric hindrance proposed by Wang et al. [52]. On the other hand, this should lead to a film with fewer impurities, but our results indicated the opposite. The reason behind the contradiction remains unknown and requires further studies. It seems that the total purging time is the most significant factor affecting the film composition, as shown in Figure 7a. Nevertheless, the MSP seems to increase the GPC significantly without increasing the cycle time, and the faster low-temperature deposition is beneficial for industrial applications.



In order to study the hydrogen (deuterium) migration and exchange reactions in the film, samples deposited with 2H2O were measured again after two months of storage in ambient conditions. The results (Figure 8) show that the sum of the hydrogen and deuterium in the film increased slightly during the storage. Simultaneously, the 2H concentration in the film decreased considerably while the 1H concentration increased. Especially in the sample deposited at 60 °C, which had the highest deuterium concentration to begin with, almost all the deuterium was replaced with hydrogen.



This decrease in the deuterium concentration was most likely caused by an exchange reaction between the deuterium atoms in the film surface and hydrogen atoms from either molecular hydrogen H2 or from water vapor, which are found in air. Since these gases contain only a very minor amount of deuterium, the deuterium concentration in the film would decrease. This exchange does not only take place in the film surface, but the deuterium concentration also decreases through the cross-section of the film, even if it is 100 nm thick. Analogous results were obtained in our previous study with Al2O3 [37]. However, the ALD ZnO films are crystalline whereas Al2O3 films are amorphous.




4. Conclusions


The atomic layer deposition of ZnO at low temperatures is a complex process. Our study shows that there are probably multiple processes that occur at the same time, including the fast primary reactions of the ALD growth and the slower secondary reactions that can take place even below the outermost layer of atoms. This is demonstrated by varying the purging time, which has a significant effect on the impurity levels of the films. All the films deposited in this study had a uniform thickness throughout the reactor and did not show any hint of CVD-growth even though the elemental compositions of the films were significantly different. This can influence the film properties. Therefore, it is important to describe the deposition conditions in great detail. This also means that great care must be taken when the results from multiple studies are compared, especially at low deposition temperatures.



The use of stable isotopes gives valuable information regarding the reactions, especially when the deposition conditions are not ideal; i.e., at low temperatures where the reaction rate can be slow and adequate purging times impractically long. The high 1H and low 2H concentrations in ZnO films at low temperatures and with short purging times indicate the existence of some unidentified mechanism that may govern the growth in these non-ideal conditions. The second ligand exchange reaction suggested by Cai et al. [11] was found to be an unlikely candidate at low temperatures, since 1H and C concentrations increased rapidly at low temperature.



The high 1H and low 2H concentration at low deposition temperatures could be an indication of persistent non-reactive ligands, as suggested by Weckman et al. [25] and Mackus et al. [23]. More reactive DEZ would remove practically all the possible OH-groups, leading to decreased 2H and increased 1H concentrations. However, there are two observations contradicting this explanation: firstly, there was a lower concentration of carbon in the film than what would be expected based on the 1H concentration or vice versa; secondly, shortening the purging time led to a similar effect as decreasing the deposition temperature, which also implies the existence of some slower yet unknown reaction mechanism, as discussed above.



There is also a transient steric hindrance component which decreases the GPC at low temperature. Multiple short pulses can be used to tackle this problem, as a higher GPC can be achieved without increasing the ALD cycle time, making the low-temperature process faster. Changing from a single pulse to the MSP does not, however, change the impurity concentrations of the films. This can be achieved only through longer purging, as shown above. The longer purging times also lead to a somewhat higher GPC. Therefore, there might be a transient steric hindrance component related also to this slower process of removing the persistent methyl groups from the film. These species can also block the reactive sites which become available to the precursor only after the long purging.



The kinetic isotope effect due to heavier deuterium induces an effect similar to decreasing the deposition temperature, which must be taken into account when comparing our results with results from different studies. However, replacing normal water with heavy water seems to reproduce similar trends in terms of the GPC, impurity concentration and crystallinity, validating the use of heavy water when studying the DEZ + H2O ALD-process.
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The following abbreviations are used in this manuscript:



	AFM
	Atomic force microscopy



	ALD
	Atomic layer deposition



	CVD
	Chemical vapor deposition



	DEZ
	Diethylzinc



	GPC
	Growth per cycle



	HIM
	Helium ion microscopy



	IR
	Infrared



	MSP
	Multiple short pulses



	OLED
	Organic light emitting diode



	QCM
	Quartz crystal microbalance



	QMS
	Quadrupole mass spectrometry



	RMS
	Root-mean-square



	SIMS
	Secondary ion mass spectrometry



	TMA
	Trimethylaluminium



	ToF-ERDA
	Time-of-flight elastic recoil detection analysis



	XRD
	X-ray diffraction









References


	



Choi, J.; Mao, Y.; Chang, J. Development of hafnium based high-k materials—A review. Mater. Sci. Eng. R Rep. 2011, 72, 97–136. [Google Scholar] [CrossRef]

	



Li, Y.; Xiong, Y.; Yang, H.; Cao, K.; Chen, R. Thin film encapsulation for the organic light-emitting diodes display via atomic layer deposition. J. Mater. Res. 2020, 35, 681–700. [Google Scholar] [CrossRef]

	



Xing, Z.; Xiao, J.; Hu, T.; Meng, X.; Li, D.; Hu, X.; Chen, Y. Atomic Layer Deposition of Metal Oxides in Perovskite Solar Cells: Present and Future. Small Methods 2020, 4, 2000588. [Google Scholar] [CrossRef]

	



Ritala, M.; Leskelä, M.; Dekker, J.P.; Mutsaers, C.; Soininen, P.J.; Skarp, J. Perfectly Conformal TiN and Al2O3 Films Deposited by Atomic Layer Deposition. Chem. Vap. Depos. 1999, 5, 7–9. [Google Scholar] [CrossRef]

	



Iatsunskyi, I.; Kempíski, M.; Jancelewicz, M.; Załęski, K.; Jurga, S.; Smyntyna, V. Structural and XPS Characterization of ALD Al2O3 Coated Porous Silicon. Vacuum 2015, 113, 52–58. [Google Scholar] [CrossRef]

	



Zhao, M.J.; Sun, Z.T.; Hsu, C.H.; Huang, P.H.; Zhang, X.Y.; Wu, W.Y.; Gao, P.; Qiu, Y.; Lien, S.Y.; Zhu, W.Z. Zinc Oxide Films with High Transparency and Crystallinity Prepared by a Low Temperature Spatial Atomic Layer Deposition Process. Nanomaterials 2020, 459. [Google Scholar] [CrossRef]

	



Gao, Z.; Banerjee, P. Review Article: Atomic layer deposition of doped ZnO films. J. Vac. Sci. Technol. A 2019, 37, 050802. [Google Scholar] [CrossRef]

	



Ingale, P.; Knemeyer, K.; Piernavieja Hermida, M.; Naumann d’Alnoncourt, R.; Thomas, A.; Rosowski, F. Atomic Layer Deposition of ZnO on Mesoporous Silica: Insights into Growth Behavior of ZnO via In-Situ Thermogravimetric Analysis. Nanomaterials 2020, 10, 981. [Google Scholar] [CrossRef]

	



Choi, Y.J.; Gong, S.C.; Park, C.S.; Lee, H.S.; Jang, J.G.; Chang, H.J.; Yeom, G.Y.; Park, H.H. Improved Performance of Organic Light-Emitting Diodes Fabricated on Al-Doped ZnO Anodes Incorporating a Homogeneous Al-Doped ZnO Buffer Layer Grown by Atomic Layer Deposition. ACS Appl. Mater. Interfaces 2013, 5, 3650–3655. [Google Scholar] [CrossRef] [PubMed]

	



Malm, J.; Sahramo, E.; Perälä, J.; Sajavaara, T.; Karppinen, M. Low-temperature atomic layer deposition of ZnO thin films: Control of crystallinity and orientation. Thin Solid Film. 2011, 519, 5319–5322. [Google Scholar] [CrossRef]

	



Cai, J.; Ma, Z.; Wejinya, U.; Zou, M.; Liu, Y.; Zhou, H.; Meng, X. A revisit to atomic layer deposition of zinc oxide using diethylzinc and water as precursors. J. Mater. Sci. 2019, 54, 5236–5248. [Google Scholar] [CrossRef]

	



Guziewicz, E.; Godlewski, M.; Krajewski, T.; Wachnicki, Ł.; Szczepanik, A.; Kopalko, K.; Wójcik-Głodowska, A.; Przeździecka, E.; Paszkowicz, W.; Łusakowska, E.; et al. ZnO grown by atomic layer deposition: A material for transparent electronics and organic heterojunctions. J. Appl. Phys. 2009, 105, 122413. [Google Scholar] [CrossRef]

	



Di Mauro, A.; Cantarella, M.; Nicotra, G.; Privitera, V.; Impellizzeri, G. Low temperature atomic layer deposition of ZnO: Applications in photocatalysis. Appl. Catal. B Environ. 2016, 196, 68–76. [Google Scholar] [CrossRef]

	



Wang, L.C.; Han, Y.Y.; Yang, K.C.; Chen, M.J.; Lin, H.C.; Lin, C.K.; Hsu, Y.T. Hydrophilic/hydrophobic surface of Al2O3 thin films grown by thermal and plasma-enhanced atomic layer deposition on plasticized polyvinyl chloride (PVC). Surf. Coatings Technol. 2016, 305, 158–164. [Google Scholar] [CrossRef]

	



Kekkonen, V.; Hakola, A.; Kajava, T.; Sahramo, E.; Malm, J.; Karppinen, M.; Ras, R.H.A. Self-erasing and rewritable wettability patterns on ZnO thin films. Appl. Phys. Lett. 2010, 97, 044102. [Google Scholar] [CrossRef]

	



Kääriäinen, M.L.; Weiss, C.; Ritz, S.; Pütz, S.; Cameron, D.; Mailänder, V.; Landfester, K. Zinc release from atomic layer deposited zinc oxide thin films and its antibacterial effect on Escherichia coli. Appl. Surf. Sci. 2013, 287, 375–380. [Google Scholar] [CrossRef]

	



Miikkulainen, V.; Leskelä, M.; Ritala, M.; Puurunen, R. Crystallinity of inorganic films grown by atomic layer deposition: Overview and general trends. J. Appl. Phys. 2013, 113, 021301. [Google Scholar] [CrossRef]

	



Fang, M.; Qi, L.; Zhang, Z.; Chen, Q. Effects of thickness and deposition temperature of ALD ZnO on the performance of inverted polymer solar cells. J. Mater. Sci. Mater. Electron. 2016, 27, 10252–10258. [Google Scholar] [CrossRef]

	



Guziewicz, E.; Kowalik, I.A.; Godlewski, M.; Kopalko, K.; Osinniy, V.; Wójcik, A.; Yatsunenko, S.; Łusakowska, E.; Paszkowicz, W.; Guziewicz, M. Extremely low temperature growth of ZnO by atomic layer deposition. J. Appl. Phys. 2008, 103, 033515. [Google Scholar] [CrossRef]

	



Yousfi, E.B.; Fouache, J.; Lincot, D. Study of atomic layer epitaxy of zinc oxide by in-situ quartz crystal microgravimetry. Appl. Surf. Sci. 2000, 153, 223–234. [Google Scholar] [CrossRef]

	



Puurunen, R.L. Surface chemistry of atomic layer deposition: A case study for the trimethylaluminum/water process. J. Appl. Phys. 2005, 97, 121301. [Google Scholar] [CrossRef]

	



Vandalon, V.; Kessels, W.M.M. What is limiting low-temperature atomic layer deposition of Al2O3: A vibrational sum-frequency generation study. Appl. Phys. Lett. 2016, 108, 011607. [Google Scholar] [CrossRef]

	



Mackus, A.J.M.; MacIsaac, C.; Kim, W.H.; Bent, S.F. Incomplete elimination of precursor ligands during atomic layer deposition of zinc-oxide, tin-oxide, and zinc-tin-oxide. J. Chem. Phys. 2017, 146, 052802. [Google Scholar] [CrossRef]

	



Weckman, T.; Laasonen, K. Atomic Layer Deposition of Zinc Oxide: Diethyl Zinc Reactions and Surface Saturation from First-Principles. J. Phys. Chem. C 2016, 120, 21460–21471. [Google Scholar] [CrossRef]

	



Weckman, T.; Laasonen, K. Atomic Layer Deposition of Zinc Oxide: Study on the Water Pulse Reactions from First-Principles. J. Phys. Chem. C 2018, 122, 7685–7694. [Google Scholar] [CrossRef]

	



Macco, B.; Knoops, H.C.; Verheijen, M.A.; Beyer, W.; Creatore, M.; Kessels, W.M. Atomic layer deposition of high-mobility hydrogen-doped zinc oxide. Sol. Energy Mater. Sol. Cells 2017, 173, 111–119. [Google Scholar] [CrossRef]

	



Peter, R.; Salamon, K.; Omerzu, A.; Grenzer, J.; Badovinac, I.J.; Saric, I.; Petravic, M. Role of Hydrogen-Related Defects in Photocatalytic Activity of ZnO Films Grown by Atomic Layer Deposition. J. Phys. Chem. C 2020, 124, 8861–8868. [Google Scholar] [CrossRef]

	



Przezdziecka, E.; Guziewicz, E.; Jarosz, D.; Snigurenko, D.; Sulich, A.; Sybilski, P.; Jakiela, R.; Paszkowicz, W. Influence of oxygen-rich and zinc-rich conditions on donor and acceptor states and conductivity mechanism of ZnO films grown by ALD—Experimental studies. J. Appl. Phys. 2020, 127, 075104. [Google Scholar] [CrossRef]

	



Beh, H.; Hiller, D.; Bruns, M.; Welle, A.; Becker, H.W.; Berghoff, B.; Sürgers, C.; Merz, R.; Zacharias, M. Quasi-metallic behavior of ZnO grown by atomic layer deposition: The role of hydrogen. J. Appl. Phys. 2017, 122, 025306. [Google Scholar] [CrossRef]

	



Guerra-Nunẽz, C.; Döbeli, M.; Michler, J.; Utke, I. Reaction and Growth Mechanisms in Al2O3 deposited via Atomic Layer Deposition: Elucidating the Hydrogen Source. Chem. Mater. 2017, 29, 8690–8703. [Google Scholar] [CrossRef]

	



Rahtu, A.; Ritala, M. Reaction Mechanism Studies on Titanium Isopropoxide-Water Atomic Layer Deposition Process. Chem. Vap. Depos. 2002, 8, 21–28. [Google Scholar] [CrossRef]

	



Juppo, M.; Rahtu, A.; Ritala, M.; Leskelä, M. In Situ Mass Spectrometry Study on Surface Reactions in Atomic Layer Deposition of Al2O3 Thin Films from Trimethylaluminum and Water. Langmuir 2000, 16, 4034–4039. [Google Scholar] [CrossRef]

	



Juppo, M.; Rahtu, A.; Ritala, M. In Situ Mass Spectrometry Study on Surface Reactions in Atomic Layer Deposition of TiN and Ti(Al)N Thin Films. Chem. Mater. 2002, 14, 281–287. [Google Scholar] [CrossRef]

	



Vandalon, V.; Kessels, W.M.M. Revisiting the Growth Mechanism of Atomic Layer Deposition of Al2O3: A Vibrational Sum-frequency Generation Study. J. Vac. Sci. Technol. A 2017, 35, 05C313. [Google Scholar] [CrossRef]

	



Hiraiwa, A.; Saito, T.; Matsumura, D.; Kawarada, H. Isotope Analysis of Diamond-surface Passivation Effect of High-temperature H2O-grown Atomic Layer Deposition-Al2O3 Films. J. Appl. Phys. 2015, 117, 215304. [Google Scholar] [CrossRef]

	



Guziewicz, E.; Wozniak, W.; Mishra, S.; Jakiela, R.; Guziewicz, M.; Ivanov, V.Y.; Lusakowska, E.; Schifano, R. Hydrogen in As-Grown and Annealed ZnO Films Grown by Atomic Layer Deposition. Phys. Status Solidi (a) 2021, 218, 2000318. [Google Scholar] [CrossRef]

	



Kinnunen, S.; Arstila, K.; Sajavaara, T. Al2O3 ALD films grown using TMA + rare isotope     2   H  2  16  O   and     1   H  2  18  O   precursors. Appl. Surf. Sci. 2021, 148909. [Google Scholar] [CrossRef]

	



Degen, T.; Sadki, M.; Bron, E.; König, U.; Nénert, G. The HighScore suite (v. 4.9). Powder Diffr. 2014, 29, S13–S18. [Google Scholar] [CrossRef]

	



International Centre for Diffraction Data, ICDD-PDF4+ Database. Available online: https://www.icdd.com/ (accessed on 3 May 2021).

	



Laitinen, M.; Rossi, M.; Julin, J.; Sajavaara, T. Time-of-flight—Energy spectrometer for elemental depth profiling –Jyväskylä design. Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2014, 337, 55–61. [Google Scholar] [CrossRef]

	



Arstila, K.; Julin, J.; Laitinen, M.; Aalto, J.; Konu, T.; Kärkkäinen, S.; Rahkonen, S.; Raunio, M.; Itkonen, J.; Santanen, J.P.; et al. Potku—New analysis software for heavy ion elastic recoil detection analysis. Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2014, 331, 34–41. [Google Scholar] [CrossRef]

	



Arstila, K.; Sajavaara, T.; Keinonen, J. Monte Carlo simulation of multiple and plural scattering in elastic recoil detection. Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2001, 174, 163–172. [Google Scholar] [CrossRef]

	



Guziewicz, E.; Krajewski, T.A.; Przezdziecka, E.; Korona, K.P.; Czechowski, N.; Klopotowski, L.; Terziyska, P. Zinc Oxide Grown by Atomic Layer Deposition: From Heavily n-Type to p-Type Material. Phys. Status Solidi (b) 2020, 257, 1900472. [Google Scholar] [CrossRef]

	



Panigrahi, J.; Singh, P.; Gupta, G.; Vandana. Growth and luminescence characteristics of zinc oxide thin films deposited by ALD technique. J. Lumin. 2021, 233, 117797. [Google Scholar] [CrossRef]

	



Napari, M.; Lahtinen, M.; Veselov, A.; Julin, J.; Østreng, E.; Sajavaara, T. Room-temperature plasma-enhanced atomic layer deposition of ZnO: Film growth dependence on the PEALD reactor configuration. Surf. Coatings Technol. 2017, 326, 281–290. [Google Scholar] [CrossRef]

	



Sønsteby, H.H.; Yanguas-Gil, A.; Elam, J.W. Consistency and Reproducibility in Atomic Layer Deposition. J. Vac. Sci. Technol. A 2020, 38, 020804. [Google Scholar] [CrossRef]

	



Gómez-Gallego, M.; Sierra, M. Kinetic Isotope Effects in the Study of Organometallic Reaction Mechanisms. Chem. Rev. 2011, 111, 4857–4963. [Google Scholar] [CrossRef]

	



Park, H.K.; Yang, B.S.; Park, S.; Kim, M.S.; Shin, J.C.; Heo, J. Purge-time-dependent growth of ZnO thin films by atomic layer deposition. J. Alloys Compd. 2014, 605, 124–130. [Google Scholar] [CrossRef]

	



Dos Reis, P.M.; de Oliveira, A.S.; Pecoraro, E.; Ribeiro, S.J.; Góes, M.S.; Nascimento, C.S.; Gonçalves, R.R.; dos Santos, D.P.; Schiavon, M.A.; Ferrari, J.L. Photoluminescent and structural properties of ZnO containing Eu3+ using PEG as precursor. J. Lumin. 2015, 167, 197–203. [Google Scholar] [CrossRef]

	



Shirazi, M.; Elliott, S.D. Cooperation between adsorbates accounts for the activation of atomic layer deposition reactions. Nanoscale 2015, 7, 6311–6318. [Google Scholar] [CrossRef]

	



Elam, J.W.; George, S.M. Growth of ZnO/Al2O3 Alloy Films Using Atomic Layer Deposition Techniques. Chem. Mater. 2003, 15, 1020–1028. [Google Scholar] [CrossRef]

	



Wang, H.; Wang, Z.; Xu, X.; Liu, Y.; Chen, C.; Chen, P.; Hu, W.; Duan, Y. Multiple short pulse process for low-temperature atomic layer deposition and its transient steric hindrance. Appl. Phys. Lett. 2019, 114, 201902. [Google Scholar] [CrossRef]








[image: Coatings 11 00542 g001 550] 





Figure 1. (a) Growth-per-cycle as a function of the deposition temperature. One ALD cycle consisted of a 150 ms DEZ pulse, 10 s purge, 500 ms 1H2O/2H2O pulse and 20 s purge. (b) Growth-per-cycle as a function of the purging time using DEZ and 2H2O as precursors at 60 °C. The purging times after both precursors were kept the same when the purging time was 3, 5 or 10 s. For the longer purging times, only the purge after 2H2O was increased, and the purge after DEZ was kept at 10 s. 
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Figure 2. XRD patterns of selected ZnO films deposited at different temperatures with both 1H2O (red) and 2H2O (black). Films deposited with 2H2O are thinner than the films deposited with 1H2O, which affects the peak intensity. The double peak at 33° originates from the silicon substrate. 
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Figure 3. AFM micrographs of ZnO films deposited with DEZ and either 1H2O or 2H2O at different temperatures. The preferred crystal orientation changes as the temperature is raised. The lengths of the sides in each image are 1 μm. 
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Figure 4. Cross-sectional HIMimages of ZnO films deposited with normal water at (a) 40 °C and (b)100 °C. The cleaved samples are imaged at a 45° angle relative to the beam. 
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Figure 5. (a) Hydrogen isotope and (b) carbon concentration of the films deposited at different temperatures using 150 ms DEZ and 500 ms 1H2O or 2H2O pulses. Purging times after the precursor pulses were 10 and 20 s, respectively. 
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Figure 6. (a) Hydrogen and (b) carbon concentration as a function of the N2 purge time. All the samples were deposited at 60 °C using 150 ms DEZ pulses and 500 ms 2H2O pulses. The purging time between the pulses was varied. The purging times after both precursors were kept the same when the purging time was 3, 5 or 10 s. For longer purging times, only the purge after 2H2O was increased, and the purge after DEZ was kept at 10 s. 
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Figure 7. (a) Hydrogen and deuterium concentration with different N2 purge schemes deposited at 60 °C. (b) Growth per cycle with different N2 purging schemes deposited at 60 °C. (c) Hydrogen and deuterium concentration when multiple short pulses (see text) were used at 40 °C. (d) Growth per cycle using multiple short pulsing at 40 °C. 
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Figure 8. Change in the 1H/2H concentration after two months of storage at ambient conditions. For example, in the far left bar, the film deposited at 30 °C contains 10.4 at.% 1H and 0.64 at.% 2H immediately after the deposition and 10.7 at.% 1H and 0.45 at.% 2H after the storage. 
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Table 1. The main results of ZnO samples deposited with both 1H2O and 2H2O at different deposition temperatures. Each cycle consisted of a 150 ms DEZ pulse, 10 s purge, 500 ms 1H2O/2H2O pulse and 20 s purge.
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	Sample
	T (°C)
	1H (at.%)
	2H (at.%)
	C (at.%)
	Thickness (nm)
	RMS Roughness (nm)
	GPC (Å/cycle)





	DEZ+2H2O
	
	
	
	
	
	
	



	D30
	30
	10.7
	0.7
	1.3
	45
	3.6
	0.32



	D40
	40
	8.7
	1.0
	0.8
	47
	3.5
	0.39



	D60
	60
	1.4
	3.3
	0.3
	59
	3.4
	0.59



	D80
	80
	0.7
	2.4
	0.2
	87
	5.7
	0.87



	D100
	100
	0.5
	1.6
	0.2
	113
	7.5
	1.13



	D150
	150
	0.1
	0.7
	0.2
	156
	6.2
	1.56



	D200
	200
	>0.1
	0.4
	>0.1
	139
	-
	1.39



	DEZ+1H2O
	
	
	
	
	
	
	



	H30
	30
	7.8
	-
	0.5
	82
	4.5
	0.82



	H40
	40
	5.3
	-
	0.3
	89
	4.3
	0.89



	H60
	60
	3.2
	-
	0.1
	107
	4.6
	1.07



	H80
	80
	2.1
	-
	0.2
	118
	6.8
	1.18



	H100
	100
	1.6
	-
	0.2
	155
	9.2
	1.55



	H150
	150
	1.0
	-
	0.2
	133
	3.1
	1.66



	H200
	200
	0.4
	-
	0.1
	137
	-
	1.37
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Table 2. The main results of the ZnO samples deposited at 60 °C with varying purging times. The precursor pulse times were kept at 150 ms and 500 ms for DEZ and 2H2O, respectively.
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	Sample
	N2 Purge (s)
	1H (at.%)
	2H (at.%)
	C (at.%)
	Thickness (nm)
	RMS Roughness (nm)
	GPC (Å/cycle)





	N3
	3
	8.5
	1.0
	0.7
	48
	3.3
	0.48



	N5
	5
	3.4
	4.2
	0.7
	52
	2.7
	0.52



	N10
	10
	1.9
	3.4
	0.3
	57
	3.3
	0.57



	N20
	20
	1.4
	3.3
	0.3
	59
	3.4
	0.59



	N30
	30
	1.3
	3.1
	0.3
	61
	3.1
	0.61



	N60
	60
	1.0
	2.7
	0.2
	65
	3.4
	0.65
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