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I. INTRODUCTION

For the past several years, the rapid and continuous increase in transistor density and switching speeds has led to the consideration of III-V semiconductors as replacements for silicon in Metal Oxide Semiconductor Field-Effect Transistors (MOSFETs). 1,2 In x Ga 1-x As is of particular interest due to its high charge carrier mobility, which is almost a factor of ten higher than that for Si. By varying the ratio of In to Ga in In x Ga 1-x As, 3,4 it is possible to choose the In x Ga 1-x As lattice parameter (from 0.606 nm to 0.565 nm) and the direct band gap value, from 0.354 eV (InAs) to 1.424 eV (GaAs). For this reason, this material is already widely used in infrared (IR) electronics: [START_REF] Oktyabrsky | Fundamentals of III-V semiconductor MOSFETs[END_REF] many IR receivers and emitters, high-power diode lasers, devices for high-current electronics, and mi-crowave electronics are all based on In 0.53 Ga 0.47 As/InP heterostructures (where x = 0.53 is chosen to match the InP lattice parameter).

One of the key technological problems in the development of high-performance MOSFETs concerns the quality of the metal-semiconductor contact, which must be ohmic with a specific contact resistivity less than ρ c = 10 -8 Ω.cm 2 . [START_REF] Agrawal | [END_REF] Here, pinning of the metal Fermi level is a major issue as it can lead to the formation of a Schottky barrier for charge carriers. 7,8 One possible solution is forming a metal-insulator-semiconductor structure, i.e., to insert an ultrathin, dielectric oxide between the metal and the In x Ga 1-x As semiconductor. However, the oxide must be sufficiently thin (less than 10 nm) to allow flow of the tunneling current. [START_REF] Agrawal | [END_REF] Such oxide layers can also be used as interfacial passivation layers (IPLs) [9][10][11] grown on In x Ga 1-x As under the gate dielectric.

One of the most promising materials for both depinning the metal Fermi level and creation of the IPL is ZnO. It was shown previously that the insertion of an ultrathin ZnO layer between In x Ga 1-x As and the Al metal contact decreases the contact resistance. [START_REF] Agrawal | [END_REF]12 Likewise, a ZnO IPL is known to suppress film crystallization and oxide formation, reduce interface state density, and improve the interface quality. 10,11 A highly scalable method for deposition of such a thin oxide layer is thermal Atomic Layer Deposition (ALD). 13 ALD is based on self-limiting surface chemical reactions, allowing the layer-by-layer growth of ultrathin, dense films with smooth surfaces. [START_REF] Pakkala | Handbook of Deposition Technologies for Films and Coatings[END_REF] The comparatively low substrate temperatures required for ALD make it possible to reduce the thermal budget during manufacturing of the transistor. For the ALD of ZnO, the substrate temperature can range from room temperature to a few hundred degrees Celsius. [START_REF] Tynell | [END_REF] The growth process involves the cyclical injection of time-separated gases into a chamber, within which they react with a heated substrate. 16 One ALD cycle consists of the following: the injection of precursor A and its subsequent reaction with the sample surface, followed by a purge; the injection of precursor B and its subsequent reaction with the sample surface, followed by a purge. In the case of ideal ALD, the thickness of the deposited layer is controlled only by the number of cycles. Since growth relies on chemisorption of the precursor onto the sample surface, the most important parameters for ALD are the substrate temperature, the surface functionalization, and the precursor chemistry. It is therefore expected that the initial growth behavior (ALD on the substrate) may be different from that in subsequent growth stages (ALD on the deposited material). Indeed, the presence of a ZnO transient prior to steady-state growth has been demonstrated on various substrate surfaces. For instance, Fong et al. 17 showed that ZnO films deposited on Si grow initially in the form of islands, with the onset of coalescence occurring during the fourth growth cycle. Baji et al. 18 showed that the ZnO growth behavior depends strongly on the substrate, exhibiting island-like growth on Si and layer-by-layer growth on GaN; on sapphire, the growth mode can be tuned by the deposition temperature. Consequently, to create ultrathin ZnO layers using ALD, one needs to know and understand how growth occurs at the initial stages, i.e., how thickness varies with the number of cycles, how the parameters of the process affect growth (e.g., precursor flows, substrate temperature), and how the atomic structure of the deposited material varies with film thickness.

Many in situ techniques have been used to investigate the initial stages: mass spectrometry, quartz microbalance, infrared spectrometry, surface photoabsorption, incremental dielectric reflection, surface photon interference, reflectance difference spectroscopy, optical emission spectrometry, and spectroscopic ellipsometry. 19,20 Various synchrotron techniques have also been used to study both the structure and composition of ultrathin films, exploiting the high brilliance of the beam, the possibility of changing the X-ray energy, and the availability of 2D detectors. X-ray fluorescence (XRF), X-ray diffraction (XRD), specular reflectivity (XRR), X-ray absorption fine structure spectroscopy (XAFS), and grazing incidence small angle X-ray scattering (GISAXS) are among the popular techniques used for in situ growth studies at various synchrotron centers. 17,[21][22][23] Here, we employ in situ synchrotron techniques to study the initial growth behavior of ZnO ALD on In x Ga 1-x As, as well as to characterize the resulting film morphology and crystallinity. We exploit a custombuilt thermal ALD reactor [START_REF] Skopin | Etude des premiers instants du dépôt chimique par flux alternés (ALD) de films ZnO ultra minces sur In0,53Ga0,47As[END_REF][START_REF] Boichot | [END_REF] equipped with a dedicated port for measuring X-ray fluorescence and a rotating flange for performing surface diffraction. In a previous in situ X-ray study 26 , ZnO growth on (001)In x Ga 1-x As substrates by ALD was monitored by Zn-K α X-ray Fluorescence (XRF) and X-ray Absorption Fine Structure (XAFS) at the Zn K-edge. Here, we explore the ZnO layer crystallization mechanism and mainly focus on the results of in-plane X-ray Diffraction (XRD) measurements conducted during ZnO ALD in the substrate temperature range of 120

• C to 240 • C.
The reactor was installed on the heavy-duty diffractometer of beamline ID3 27 at ESRF (Grenoble, France). ZnO ALD on In 0.53 Ga 0.47 As was monitored in situ by measuring Zn K α XRF, XRR, and in-plane reciprocal space maps (RSMs). Several samples were also selected for post-growth imaging studies by transmission electron microscopy (TEM).

II. EXPERIMENT SECTION

The In 0.53 Ga 0.47 As (001) substrates (hereafter denoted InGaAs) were provided by G.I.E III-V Lab (Palaiseau, France). More details about the substrate growth can be found in Ref. 26 . Prior to growth, the InGaAs substrates were agitated in 4M HCl solution for 5 min to remove the native oxide, rinsed in deionized water for 30 s, and then dried with argon before immediate introduction into the ALD reactor. The substrates were then annealed at 200 • C for 30 min in the reactor under a constant flow of 100 sccm nitrogen to evaporate As from the surface.

During the ALD process, we used Zn(C 2 H 5 ) 2 or diethylzinc (DEZn) as the metal precursor, water (H 2 O) as the oxidant, and nitrogen (N 2 ) as the purge gas. For each ALD cycle, the flow of DEZn was 5 sccm, and the pulse duration was 5 s, while the water flow ranged between 0.6 sccm and 6.0 sccm with a pulse length of 40 s. To clear the reactor between the DEZn and H 2 O pulses, N 2 was injected into the chamber, flowing to the pump at a rate of 1000 sccm for 45 s.

XRR and XRF data were recorded with an X-ray energy of 20 and 10 keV (above the Zn K-edge at 9.659 keV), respectively, either during each ALD cycle or after the completion of several ALD cycles (without X-rays) while purging the reactor with 100 sccm flow of nitrogen. For studies of the in-plane crystal structure, the energy was set to 20 keV in order to quickly sample a wide range of reciprocal space. In-plane diffraction measurements were obtained by measuring a series of so-called zap-scans with a 2D Maxipix T M pixel detector. The incident angle was 0.35 • , i.e., above the InGaAs and ZnO critical angle values at 20 keV (0.129 • and 0.137 • , respectively). The resulting set of detector images were analyzed using BINoculars 28 data reduction and analysis software to plot the in-plane RSMs.

The TEM observations were carried out at 200 kV with a JEOL 2010 microscope (with a resolution of ∼0.19 nm). Cross-sectioned samples were prepared by both manual and automated polishing, the latter using the MultiPrep T M system (Allied High Tech Products, Inc.). The final polishing was performed using a felt-covered disc impregnated with a silica solution until the appearance of the first extinction fringe among those of equal thickness. Ar-ion milling was then used to minimize the total thickness.

III. RESULTS

A. Substrate temperature and water pressure effects.

Figure 1 displays the equivalent film thickness, as determined by the calibrated Zn K α fluorescence signal, as a function of the number of ALD cycles for four substrate temperatures: 120 • C, 160 • C, 200 • C, and 240 • C. We denote the corresponding samples as 120, 160, 200, and 240 below. The three lower temperatures lie within the reported ALD window for the growth of ZnO on ZnO, 29,30 and the fluorescence intensity was measured during the nitrogen purge at the end of every two cycles. For the 240 • C sample, the intensity was monitored throughout the growth process -even during the precursor/oxidant chemical reactions.

After the growth of each sample (i.e., after 100 ALD cycles), the final thickness and roughness of the ZnO layer were determined by XRR, cross-sectional TEM images were used for measuring the thicknesses too (see Figure S1 in the supplementary information). The thickness value obtained for 100 cycles was then used to scale and calibrate the fluorescence intensity (denoted hereafter as Thickness(XRF)). Although such a calibration would give the true thickness if the ZnO layer density remained constant during growth, this is likely not the case before the steady growth is reached. Three different regimes of growth can be distinguished, as seen in Figure 1: transient regime (regime I and regime II) which includes an initial, slow linear growth (regime I), followed by nonlinear growth (regime II), and steady, linear growth (regime III).

The growth per cycle (GPC) calculated in growth regime III is equal to 0.17 nm.cy -1 for the three lowest temperatures, 120 • C, 160 • C, and 200 • C. The equivalent thickness curve (Thickness(XRF)) for the highest substrate temperature of 240 • C shows the same general trend. However, a higher growth rate is observed in regime I, and the GPC value in regime III is larger (0.22 nm.cy -1 ). Note that the initial growth rate (corresponding to the slope during the three first cycles) is higher than the one observed for the following cycles in growth regime I (inset of the Figure 1). Some ALD parameters can strongly influence the nucleation process. We studied the impact of water coverage, measuring the XRF intensity during the entire ALD process for three different water flows, i.e., for three different water pressures (the reactor chamber was closed during the water pulse). For a 40 s injection pulse and water flow equal to 0.6, 2.6, and 6.0 sccm, the water pressure increase in the reactor chamber was 0.07, 0.32, and 0.69 mbar, respectively. The substrate temperature was 120 • C. Figure 2 shows that the XRF intensity starts to increase approximately after 21, 28, and 36 cycles for water flows of 6.0 sccm, 2.6 sccm, and 0.6 sccm, respectively. The higher the amount of water, the larger the number of water molecules react with the sample surface, and the earlier the occurrence of the steady-state regime.

B. ZnO crystallization during growth

Reciprocal space maps were measured after different cycle numbers for three substrate temperatures: 120 • C, 160 • C, and 200 • C. During the RSM measurements, the samples were kept under a constant 100 sccm flow of nitrogen. By performing on-the-fly scanning of the sample (zap-scans), each RSM map could be acquired in approximately 15 minutes. We employ the BINoculars data reduction software 28 to plot the RSMs. Figure 3 shows a set of RSMs measured at a substrate temperature of 200 • C, with the reciprocal lattice units (r.l.u.) referenced to the InGaAs cubic lattice parameter a = 0.58687 nm.

To better observe the intensity dynamics of the ZnO diffraction peaks (or rings, as in the case of powder diffraction), the 220 InGaAs peak was subtracted from all RSM images. This was performed by selecting a background image containing the InGaAs Bragg peak and subtracting it from all subsequent images. For example, the RSM measured at 36 ALD cycles was chosen as the background image for sample 200, since ZnO diffraction peaks (rings) were absent for cycle 36. The results show that during growth, in-plane ZnO diffraction rings gradually appear, and their intensities increase with the ALD cycle number. To identify the ZnO reflections, we measured the radii of the diffraction rings, which are inversely proportional to the inter-planar distances, and referenced the distances to the ICDD database for ZnO wurtzite (PDF: 00-036-1451). In ascending radii, the three observable diffraction rings correspond to the 100, 002, and 101 ZnO diffraction peaks.

Similar RSM measurements were carried out for samples 120, 160, and 200. For sample 240, only one RSM image was measured at the end of the growth (100 ALD cycles). We note that the uniform intensity along the diffraction rings indicates the absence of in-plane texture for all samples. This was also observed for the ALD growth of ZnO on SiO 2 . [START_REF] Boichot | [END_REF] Here, no epitaxial relationship was expected since the SiO 2 was amorphous.

Given that synchrotron radiation can readily detect crystallinity from small volumes 21,27 and that we exploit the grazing incidence geometry to probe a large area of the sample and minimize the substrate signal, the initial absence of in-plane peaks is most likely explained by the synthesis of an amorphous ZnO layer on the InGaAs substrate, which then acts as a seed layer for nucleation of the wurtzite phase. To analyze the intensity variation of the weak diffraction peaks (rings) as a function of ALD cycle number, we integrated the intensity values over the azimuthal angle (i.e., over the available arc of intensity for a fixed ring radius) and extracted the intensity profile as a function of the inverse q-vector. Figure 4 shows the intensity vs. q -1 profile for substrate temperatures of 120 • C, 160 • C, 200 • C, and 240 • C at the end of growth (100 cycles).

As already reported in the case of ZnO ALD, (001)-fiber texture develops whenever the growth temperature or the thickness is increased (see for instance Boichot et al. [START_REF] Boichot | [END_REF] and references herein). To look for the appearance of (001)-fiber texture for ZnO grains as a function of growth temperature, we normalized the diffraction curves with respect to the intensity of the 100 peak. The larger the number of grains that have the (001) planes parallel to the growth surface, the larger (or smaller) the 100 (vs 002) intensity (in-plane diffraction). The 101 Bragg peak is from another family of grains. Also, the larger the number of grains that have the (001) planes parallel to the growth surface, the larger the 100 (vs 101) intensity. Figure 4 shows that when increasing the substrate temperature from 120 • C to 240 • C, the 002 and 101 diffraction intensities decrease with respect to the 100 reflection. At 240 • C, which corresponds to a temperature outside of the ALD window, the decrease of the 002 and 101 diffraction peaks intensities (with respect to the 100 peak) is much more pronounced than at the lower temperatures. This relative intensity change shows that the ZnO/InGaAs film develops (001)-fiber texture at higher temperatures, as was observed for ALD-grown ZnO/a-SiO 2 thin films. [START_REF] Boichot | [END_REF] The final film thickness for sample 240 (16 nm) is also larger than the ones grown at lower substrate temperatures (12 nm), as was shown in Figure 1.

To determine the dynamics of ZnO crystallization during growth, the three diffraction peaks were fitted using Pearson VII functions; the background was subtracted beforehand. The intensity values for each of the three profiles were then integrated. The integrated intensities as function of ALD cycle number for samples grown at 120 • C and 200 • C are shown in Figures 5(a We see in Figure 5(a) that at a temperature of 120 • C, the integrated intensities for all three diffraction peaks are close to zero for small film thickness values (0-3 nm). This means that atomic long-range order either does not exist or the proportion of crystallinity is too small to be detected. The solid lines in Figure 5 S1 in the supplementary information), and the interface remains sharp, although the presence of some amorphous material cannot be excluded. However, the interface does not look the same that for 200 • C. This may have to do with the different growth behavior observed at 240 • C by XRF (Figure 1). The crystallinity of ZnO grains is evidenced by the presence of sharp reflections in the electron diffraction pattern (see Figure S2 in the Supplementary Information). Furthermore, the 002 reflection in the diffraction pattern is more intense. The inverse Fast Fourier Transform (FFT) of the 002 reflection (Figure S2) shows the dominant growth orientation of ZnO grains is along the [001] direction, in agreement with fiber texture discussed above. 

IV. DISCUSSION

A. ZnO ALD on InGaAs, transient regime

The X-ray data presented above were obtained in situ during the growth of ZnO on InGaAs. When compared to the existing literature, whether ab initio calculations or Monte Carlo simulations, they provide new insight, particularly with regard to the transient growth regime that often exists but with properties that depend on the growth parameters. This insight allows the construction of a simple growth model that we present in section IV D.

Here we describe a few prominent and systematic experimental observations on the regime.

In agreement with our previous findings, 26 the transient growth regime is comprised of two different growth modes corresponding to regimes I and II in Figure 1. The transient growth regime I (growth delay) is characterized by a significant jump of the deposition rate at cycle 1 (see inset of Figure 1 and Reference ), 26 then by a relatively low GPC (on the order of few hundredths of nm.cy -1 ), which is linear and concomitant with Zn desorption, as observed by Zn X-ray fluorescence measurements. 26 We believe this is most likely due to DEZn precursor desorption: the chemisorbed DEZn remains on the surface whereas the physisorbed DEZn molecules are removed during the purging process. At a growth temperature equal to 120 • C, we observed that regime I ends with the cessation of DEZn desorption and the formation of a poorly-ordered, ultra-thin ZnO layer. 26 As the GPC starts to increase, growth enters regime II.

The transient growth regime II is characterized by a nonlinear (S-shaped) 31 thickness-versus-cycle curve, similar to the one observed in the case of substrate-inhibited growth of type II in Reference 31 . More precisely, the GPC increases as the square of the cycle number, reaches a maximum, and then decreases to a constant value. This type of growth behavior is associated with 3D island growth. In the present case, we associate regime II with the nucleation and growth of ZnO grains (3D) on top of the poorly-ordered Zn oxide layer (2D) synthesized during regime I. The formation of ZnO grains increases the surface roughness; as a consequence, both the surface area and growth rate increase. As the surface begins to smooth, the growth rate is reduced. The transient growth regime II ends when the GPC reaches a constant level, thereby entering regime III.

The regime I growth behavior reported here and previously 26,32 is very similar to that of HfO 2 ALD on SiO 2 on silicon. Dkhissi et al. 33 showed by Density Functional Theory (DFT) calculations and kinetic Monte Carlo (kMC) simulations that the jump in growth rate during the first ALD cycle is the result of the metal precursor reaction with OH-groups already present on the SiO 2 /Si substrate surface. The degree of surface hydroxylation is determined by the substrate temperature and the chemical and physical preparation process. 34 Due to the consumption of most of the OH-groups during the first cycle and slow surface hydrolysis, they then observed a low growth rate until the coverage reached 100%. According to the authors, the rate of transition to a thin, continuous oxide film depends on the degree of surface hydrolysis during the water pulses, with the development of ionic structure occurring through densification. This accounts for the transition from molecular groups to the crystalline material and leads to an increase of the metal and oxygen coordination numbers. 33,35,36 Weckman et al. 37,38 performed extensive ab initio calculations on ZnO ALD on ZnO from DEZn and H 2 O. They showed that in addition to the standard ligand exchange reactions for DEZn, hydroxyl groups, monoethyl zinc (MEZn), and water molecules, many other processes, including densification, can occur during the precursor and oxidant reactions, eventually leading to crystalline ZnO. Gao et al. 30 gave experimental evidence of a reaction between grafted molecular ligands and the surface, as well as reactions between two grafted molecules in standing positions. Most generally, during ZnO ALD on ZnO, the Zn metallic precursor adsorbs to a surface oxygen site (e.g., water, hydroxyl group, or oxygen) and reacts with a proton of a neighboring hydroxyl group to form MEZn and release an ethane molecule. Densification increases the coordination numbers of Zn and O atoms and can occur prior to ligand exchange: i.e., Zn molecular groups (or O molecular groups) move from the oxygen sublattice (Zn sublattice) of the target ZnO wurtzite structure to the nearest neighbor vacant site of the metal (oxygen) sublattice.

In the present study, hydrolysis of the InGaAs surface is not as efficient as hydrolysis of the ZnO surface; this leads to a growth delay (regime I in Figure 1). Since the GPC behavior and surface coverage in the growth regime I are similar to those observed during HfO 2 ALD on SiO 2 , it is reasonable to propose that the growth in the regime I proceeds predominantly via densification mechanisms. By the end of regime I, at the atomic scale, the crystallographic structure can be described as embryonic wurtzite (according to XAFS spectroscopy) 26 . This experimental finding corroborates the existence of densification mechanisms in the very early stages of ZnO ALD on InGaAs.

As noted above, the amount of the water flow, i.e., the water pressure in the present case, impacts the growth delay (Figure 2), playing an important role in these mechanisms. We discuss this point further below.

B. Water pressure on transient regime I

We showed in Figure 2 that the water flow has a strong effect on the duration of regime I. We presume that increasing the water flow leads to an increase of OH-group density on the growth surface, curtailing the growth delay. [39][40][41][42] It is known that the oxidant flow can influence the initial stages of ALD by modifying the surface density of hydroxyl groups. For instance, Matero et al. 43 found that by increasing the water pulse time and flow, the growth rate initially increases before reaching a constant. They attributed this to an increase of hydroxyl group density on the surface after the water pulse. For substrate temperatures higher than 450 • C, the growth rate was found to decrease, partly due to decomposition of the surface hydroxyl groups. 44 Sweet and Parsons 45 performed in situ conductance measurements during ZnO ALD on polypropylene, nylon-6, SiO 2 , TiO 2 , and Al 2 O 3 substrates for growth temperatures between 100 • C and 175 • C. They showed that physisorbed water contributes to conduction, and that when water desorbs, the net conductance decreases. For most of the substrates, a growth delay was observed, and the conductance measurement showed water desorption during the delay. The authors suggested that the nucleation rate depends on the density of reactive hydroxyl sites on the growth surface.

In the present case, one can hypothesize that during the water pulse, the coverage of new OH-groups on the InGaAs surface increases for higher water pressures inside the reactor chamber. This could lead to an increase in the number of DEZn molecules chemisorbed or adsorbed on the InGaAs surface and a shorter growth delay. However, this assumption currently lacks theoretical support, and DFT calculations or Monte-Carlo simulations are out of scope of the present study. We do find that a long water pulse prior to the first ALD cycle does not change the growth delay. According to ab initio calculations performed by Weckman et al. for the case of ZnO ALD on ZnO, 37,38 water molecules adsorb to Zn atoms on the growth surface, with an amount dependent on the number of accessible oxygen sites near the bare Zn or MEZn sites. Interestingly, the authors showed that the adsorption energy for a water molecule on the Zn atom of MEZn is -0.4eV, while the adsorption energy for an adjacent second water molecule is -0.27eV. However, the additional water molecule decreases the ligand exchange activation energy from 1.15eV to 0.91eV. Therefore, an increase of the water pressure inside the reactor chamber can increase the number of chemisorbed water molecules (and so the water molecule cooperative effects); this, in turn, could lead to the adsorption of more DEZn molecules during the next DEZn pulse and favor ligand exchange and densification. Such effects could help to explain why the growth delay is curtailed when increasing the water pressure inside the reactor chamber (Figure 2). We note that the substrate temperature in the ALD window, 13,46 unlike the water flow, does not affect the initial growth mode.

C. Substrate temperature effect on ZnO growth

In section III B we reported that the substrate temperature is a parameter strongly affecting the texture and crystallization of the growing ZnO layer. In-plane surface diffraction shows no in-plane texture for any of the substrate temperatures used in our experiments. However, an increase of substrate temperature leads to the development of out-of-plane (001) fiber texture (see Figure 4); the effect is especially pronounced for sample 240. The appearance of (001) fiber texture was already reported for ZnO ALD on Si. When the deposition temperature is above 220 • C, the [001] growth direction is preferred. [START_REF] Tynell | [END_REF][START_REF] Boichot | [END_REF]47 The substrate temperature also affects the initial crystallization behavior. In agreement with a previous study, 26 Figure 5(a) and the post-growth TEM image in Figure 6(a) show that a poorly-ordered oxide layer forms on the InGaAs substrate at 120 • C prior to the growth of crystalline ZnO. By increasing the substrate temperature to 200 • C, it is clear from Figure 5(b) that for an equivalent layer thickness, the proportion of crystalline material is larger than that for 120 • C. In addition, the post-growth TEM image in Figure 6(c) shows that the thickness/amount of poorly-ordered materials has decreased. The ZnO layer adjacent to the InGaAs is almost fully crystalline. (Note that the total thicknesses for samples 120 and 200 are nearly the same). Similar crystalline transitions have already been reported for oxide ALD. Unlike our study, however, the results were obtained by post-growth characterization. Libera et al. 48 found that ZnO ALD on silica gel under similar conditions begins with an amorphous layer prior to crystallization. Aarik et al. 49 showed that the growth of ZrO 2 films on silicon and silica starts with the formation of an amorphous layer. An increase of deposition temperature from 180 • C to 600 • C leads to a decrease of ZrO 2 amorphous layer thickness from 50 to 5 nm. Similar results were also reported for HfO 2 films grown on silica and silicon by ALD. 50,51 In the regime of steady growth, we observe that the GPC obtained at 240 • C (0.22 nm.cy -1 ) is higher than the GPC value obtained for the three other substrate temperatures inside the ALD window (0.17 nm.cy -1 ). At high temperatures, outside of the ALD window, the thermal energy can be high enough to decompose the precursors (pyrolysis) and start additional reactions on the sample surface. 13,46 However, according to ab initio calculations, 52 the activation energy value for the pyrolysis of DEZn (or MEZn) is rather high (on the order of 2 eV or more), which precludes the reaction during ALD. Another possible mechanism that could explain the increase in GPC at high temperature stems from the results of ab initio calculations by Weckman et al. 37,52 . After a first ligand-exchange reaction between adsorbed DEZn and surface hydroxyl groups, a second slow reaction of MEZn to bare zinc atoms becomes possible. The later reaction leads to an increase of the GPC by increasing the amount of adsorbed DEZn (steric repulsion between Zn precursors is lowered) and the appearance of bare Zn sites for water molecules to adsorb to during the water pulse. This second reaction has an activation energy in the range of 0.92-1.52 eV, which is higher than the initial ligand-exchange reaction between the adsorbed DEZn and surface hydroxyl groups and is more likely at higher temperatures. At last, regarding the initial growth, we note that the growth delay is about the same for samples 120, 160, 200, and 240, unlike the effect of water flow. Why this remains uncertain, and further investigations are necessary.

D. Growth model of ZnO ALD on InGaAs

During the ALD process, the nature of the metal precursor or oxidant reaction with the surface strongly depends on the surface chemistry and functionalization. 53 In the present study, we showed that the early stages of ZnO growth on InGaAs are quite different from ZnO steady growth on ZnO. In Figure 7, we summarize and schematize the initial growth of ZnO on atomically flat InGaAs. In regime I, the metal precursor (DEZn) and oxidant (H 2 O) chemisorb at random positions to the substrate surface, surface reactions produce grafted molecules which cover gradually the substrate surface and undergo a densification mechanism.

Meanwhile, barely any growth has occurred in the direction normal to the substrate (Fig. 7(b)). By the end of the regime I, the InGaAs substrate surface is covered with an ultra-thin, poorly-ordered Zn oxide layer (Fig. 7(c)). When entering regime II, the growth rate and surface roughness increase due to 3D growth and the formation of grains. The transition from the regime I to II is clearly evidenced with the appearance on the XAFS spectra of the characteristic features of the wurtzite structure (see Figure S3 and the results of a previous study. 26,54,55 ) In regime II, the thickness curve versus cycle number (Figure 1) is reminiscent of substrate-inhibited growth of type II, 31 exhibiting the signature S-shape. After nucleation of the crystallization centers, the ZnO grains grow, and the surface roughness increases up to a maximum before decreasing after coalescence. Concomitantly, the growth rate increases non-linearly up to a maximum prior to decreasing and becoming constant after grain coalescence. 26 This behavior was initially described by a model proposed by Nilsen et al. 56,57 for simulating polycrystalline growth. According to in-plane X-ray diffraction (Figure 5), none of the films show long-range order at the start of regime II (regime IIa in Fig. 7c). Diffraction peaks are detected only when the in-plane size and the amount of crystalline material are large enough, as in regime IIb, (Figure 7(d)). The minimum thickness required for the transition from regime IIa to IIb is lower when increasing the substrate (growth) temperature. To explain layer crystallization during ALD, Hausmann and Gordon 58 proposed a growth model for HfO 2 and ZrO 2 ALD on silicon. The authors hypothesize that the growth of crystalline grains starts from a nucleus that appears at random on the surface of the amorphous layer. During the next ALD cycles, the crystallites grow in size, both in the direction perpendicular and parallel to the substrate surface, and new crystallization centers form. The crystallites eventually coalesce to yield a uniform crystalline layer. When the probability of a crystallization event is low, a poorly-ordered layer is created. The authors showed that higher deposition temperatures increase the number of nucleation events, leading to improved film crystallinity. Our experimental results generally agree with this model. Incidentally, based on the post-growth TEM image (Figure 6(d)) as well as on the diffraction intensity versus thickness trend (Figure 5(a) and (b)), it can be assumed that for sample 240 there is no evidence of growth in regime IIa. However, this issue remains open and deserves further in situ XRD and XAFS investigations during growth. Then, for all of studied samples, growth eventually enters the steady regime, i.e., the growth rate becomes constant (regime III, Figures 7(e) and 7(f)).

V. CONCLUSIONS

In summary, we conducted detailed investigations into the growth of ZnO on InGaAs by atomic layer deposition, which allowed the construction of a cycle-dependent growth model, as seen in Figure 7. While in the ALD window, growth takes place in different regimes depending on the total film thickness. Consequently, the results may be critical to those utilizing ultra-thin ZnO layers for device applications. We find that both in situ techniques during deposition and a variety of different synchrotron X-ray methods are essential for understanding the ALD process, especially at the earliest stages. 

FIG. 1 .

 1 FIG. 1. Equivalent Thickness(XRF) of the deposited ZnO layers as a function of ALD cycle number for four different substrate temperatures: 120 • C (green squares), 160 • C (dark red circles), 200 • C (purple stars), and 240 • C (light blue triangles). Inset: Close-up of the Thickness(XRF) vs cycle number for the 240 • C sample for cycles 0-9.

FIG. 2 .

 2 FIG. 2. XRF curves measured continuously during in situ ALD at the same substrate temperature of 120 • C and for different water flows during the oxidant pulse: 0.6 sccm, 2.6 sccm, and 6.0 sccm. The straight line cross point with the cycle number axis gives a representative value of the onset of the steady-state growth. The value is reported in the inset as a function of water flow.

  ) and (b), respectively. The x-axis of Figure5corresponds to the equivalent thickness (nm) on bottom, which corresponds to Thickness(XRF) in Figure1, and cycle number (in some non-linear scale) on top.
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 3 FIG. 3. Reciprocal Space Maps (RSMs) or fast zap-scans measured at the end of ALD cycle number 40, 44, 48, 52, 58, 64, 70, 80, 90, and 100 (the cycle numbers are shown in the figures) for a substrate temperature of 200 • C. The RSM images are plotted in InGaAs reciprocal lattice units (r.l.u.). The images are background subtracted.

  Figures 6(a)-(d) show TEM images obtained after 100 ALD cycles for all of the samples. At 120 • C, an amorphous layer of material can be observed at the interface between the crystalline InGaAs substrate and ZnO grains. As seen in Figure 6(b)-(c), increasing the growth temperature improves the crystallinity, and the amount of amorphous material at the interface decreases. At 200 • C, one can observe that the amorphous layer thickness is drastically reduced. The TEM images obtained for the sample grown at 240 • C shows a thicker ZnO layer, approximately 16.5 nm, in agreement with XRR results (see FigureS1in the supplementary information), and the interface remains sharp, although the presence of some amorphous material cannot be excluded. However, the interface does not look the same that for 200 • C. This may have to do with the different growth behavior observed at 240 • C by XRF (Figure1). The crystallinity of ZnO grains is evidenced by the presence of sharp reflections in the electron diffraction pattern (see FigureS2in the Supplementary Information). Furthermore, the 002 reflection in the diffraction pattern is more intense. The inverse Fast Fourier Transform (FFT) of the 002 reflection (FigureS2) shows the dominant growth orientation of ZnO grains is along the [001] direction, in agreement with fiber texture discussed above.

FIG. 5 .

 5 FIG. 5. The integrated 100, 002, and 101 diffraction peak intensities (symbols) as a function of the ZnO layer thickness (bottom x-axis) and cycle number (top x-axis) for samples grown at (a) 120 • C and (b) 200 • C. Also shown are linear fits to the data.
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 6 FIG. 6. Cross-sectional TEM images of samples grown at 120 • C (a), 160 • C (b), 200 • C (c), and 240 • C (d), after 100 ALD cycles. The inset in Figure (b) shows the InGaAs diffraction plane perpendicular to the [110] zone axis.

FIG. 7 .

 7 FIG. 7. Model for ZnO growth on InGaAs for the 120 • C-200 • C substrate temperature range. We depict cross-sections for (a) the InGaAs substrate; (b) the sample in regime I, with poorly-ordered ZnO structure; (c) the sample after formation of the initial, wurtzite-like structure (regime IIa); (d) the sample after ZnO growth with a long-range order (regime IIb); (e) the sample after reaching steady growth and larger ZnO grains (regime III); (f) the sample after steady growth with a probable crystallization of amorphous ZnO (regime III).
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