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Low energy ion scattering (LEIS) provides an analytical tool for probing surface composition and structure on the angstrom to nanometer scale. These length scales are central to the growth and processing of ultrathin films produced by atomic layer deposition (ALD). Here we present the application of LEIS to the elucidation of ALD deposition processes and in particular how it provides information about growth parameters including the growth per cycle (GPC); the nature of the film-substrate interfaces; and adatom incorporation into the growing film. The deposition of varying thickness zinc oxide films and composition of magnesium-doped zinc oxide films are used as model systems. LEIS has been used to investigate the GPC of ZnO using two approaches, namely static and dynamic measurements. The static approach exploits inelastic energy loss processes to estimate the GPC of different thicknesses of ZnO films. The dynamic approach measures the GPC via a combination of LEIS surface analysis and sputter depth profiling. The measurement of GPC using these two methods is compared with spectroscopic ellipsometry. The adatom incorporation of Mg into the ZnO matrix is measured using a dynamic LEIS process and the variation of Mg incorporation is discussed as a function of the varying ALD cycle fractions of Mg and ZnO used to deposit MgxZn1-xO films in the range 0 < x < 1.
I. INTRODUCTION

The scattering of low energy inert gas ions from a material is particularly sensitive to the elemental nature of the atoms at the surface, but can also provide additional compositional information about the outermost layer to a depth of approximately 10 nm. This property is exploited in the surface analytical technique, low energy ion scattering or LEIS. The surface sensitivity of LEIS is therefore well suited to the investigation of atomic layer deposition and etching processes (ALD and ALE), which are governed by adsorption – desorption processes and the surface chemistry of cyclic doses of co-reagents. The LEIS technique has been developed over the last 50 years as a surface analytical technique 1-4 and more recently it has been focused on the elucidation of ALD ultrathin films 5,6.
Zinc oxide (ZnO) - based thin film materials are potential candidates for a range of transparent electronics such as thin film transistors. However, they frequently suffer from relatively low carrier mobilities (μeff < 1 cm2/Vs) 7, hampering their use for high-speed switching in flat panel displays which require high refresh rates. To address this issue, magnesium zinc oxide (MgZnO) prepared by RF-sputtering has been explored as a TFT material 8. The effect of adding Mg to ZnO leads to a larger band gap (Eg MgO 7.7 eV, ZnO 3.28 eV) and lower oxygen-related defect concentrations because of the higher oxygen-affinity of magnesium 9. More recently, ALD was used to fabricate MgZnO TFTs for the first time, using varying cycle ratios of ZnO:MgO to explore the influence that composition has on the material and device characteristics 10.
In this paper, we use LEIS to elucidate the ALD of thin films of ZnO and the ternary MgZnO system. LEIS is employed in both a static (non-sputtering) and dynamic sputter depth profiling approach to measure the growth per cycle (GPC) of ZnO. These are compared with conventional spectroscopic ellipsometry as a benchmark. The incorporation of Mg into ZnO to form a range of MgxZn1-xO, (0 < x < 1) thin films is investigated using LEIS to assess the ternary composition.
II. EXPERIMENTAL

A. Atomic layer deposition of ZnO and MgZnO films
The ALD experiments were conducted using a Cambridge Nanotech Savannah 100 reactor, using diethyl zinc (DEZn) and bis(ethylcyclopentadienyl)magnesium (Mg(CpEt)2) as Zn and Mg sources respectively. Both sources were delivered by vapor draw, with the DEZn source held at room temperature and the Mg source at 95 °C. ZnO films were grown at a substrate temperature of 250 °C.  The thickness of the films was varied by altering the number of ALD cycles. 
MgxZn1-xO films were deposited using a series of super-cycles of the form [N (DEZn + H2O) + (Mg(CpEt)2 + H2O)]y. The super-cycle is repeated y-times until the target film thickness is achieved.  Intermittent pump purge steps are used to prevent gas-phase pre-reaction, which ensures the surface reaction. The ratio of DEZn : Mg(CpEt)2 ALD cycles were tested for 1:1, 9:1, and 20:1. Films of ZnO and MgO were also grown using the same growth parameters. In each case, the films were deposited on Si(100) substrates with a native oxide (~ 1.8 nm SiO2 as measured by spectroscopic ellipsometry) at a substrate temperature of 200 °C, which was determined to be the temperature with the best match between growth rates of the two components of the material system.
B. Low energy ion scattering analysis
LEIS was used to measure the surface chemical composition of the outermost atomic layer of the thin film samples using a Qtac 100 instrument (ION-TOF GmbH). The system is configured with a primary ion source incident at the normal to the sample surface. The scattered ion signal is collected at a 145° azimuth angle using a double-toroidal energy analyzer. A 3 keV He+ primary ion beam was used to measure the Zn, Si, Mg and O distributions to be analyzed. The primary ion beam was rastered over a 2000 μm × 2000 μm area at an ion fluence of 1 × 1014 ions/cm2 and 3 keV pass energy. A vacuum of <10−8 mbar was maintained during the LEIS analysis.

For so-called dynamic or sputter-depth profiling analysis the instrument incorporates an Ar+ sputtering gun (59°incidence angle). Sputter etching of the films was achieved by rastering a 0.5 keV Ar+ beam over a larger area raster of 2500 μm × 2500 μm in which the gated primary-ion beam was rastered for compositional analysis. This approach is designed to avoid edge effects during compositional depth profiling. A downside of using the dynamic analysis technique, is that in common with all sputtering techniques there is the potential for errors in the depth scale due to collisional remixing and uncertainties with the sputter rates.
The LEIS spectrum represents the energy-dispersion of scattered He+ which have lost energy via classical conservation of momentum collisions with target atoms in the surface. The scattered ion energy increases with the atomic mass of the target atom. In the MgZnO system, scattered He+ ion peaks are expected at threshold surface peak energies of Zn (2388 eV), Si (1776 eV), Mg (1625 eV) and O (1182 eV). When the distribution of an element extends below the surface, a tail-intensity is observed at energies lower than the surface atom peak. The tail intensity is attributed to scattering of He+ with atoms below the surface, where additional energy-loss occurs because of inelastic electronic interaction processes. The approximate energy-loss for a given element, is the shift of a shoulder relative to an unobscured surface atom of the same mass. For Zn atoms this equates to approximately 95 eV per nanometer of sample probed below the surface. Factors influencing scattering yield such as scattering cross section, roughness and ion current can be accounted for using appropriate reference samples 3.
C. STEM analysis

Additional information was obtained from cross sectional scanning transmission electron microscopy (STEM). Electron transparent TEM lamellae were prepared by the lift out technique, using a FEI Helios 600i, Ga ion, dual beam FIB; a final polishing step at 5 kV was applied.

STEM analysis was performed in a probe side aberration-corrected JEOL 2100FCS microscope operated at 200kV. Both bright field (BF) and high angle annular dark field (HAADF) images were captured in STEM mode. Scattered electrons were collected using a HAADF detector over a semi-angle ranging from 70 – 190 mrad to produce z-sensitive dark field images.
III. RESULTS AND DISCUSSION

A. Evaluation of growth per cycle (GPC)
To explore the growth rate, or GPC of ZnO, a series on films with varying numbers of ALD cycles was deposited on silicon substrates. The growth temperature was 250 °C. Fig. 1 shows a composite set of LEIS spectra recorded from films deposited using 10, 20, 30, 50, 100 and 150 cycles. The spectra are recorded in a “static” mode which does not involve sputtering or etching the ZnO film surface. The thinnest film (10 cycles) shows a surface peak for both Zn and O, however it also shows a sub-surface peak from the buried silicon substrate. This peak occurs at an energy lower than that of scattering from surface Si atoms, suggesting that the ZnO layer is a closed film without pinholes.
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Fig. 1. Static low energy ion scattering spectra made from ZnO films deposited after varying ALD deposition cycles.
The LEIS spectra from thicker films (e.g. increasing numbers of ALD cycles) show firstly that the signal from the silicon substrate becomes attenuated. Secondly, a low energy tail below the Zn surface peak (2388 eV) increases in intensity and then extends to lower energies as the ZnO film thickness increases. As mentioned in Section II, the low energy “tail” arises from He+ that penetrate below the film surface before they undergo scattering. An extra energy loss occurs as the helium ion passes through the subsurface ZnO due to inelastic electron scattering along the inward and outward trajectories. The “tail” intensity can be used to estimate the film thickness by an analysis of the nuclear and electronic stopping powers 11 for Zn and O.
The same ZnO films were investigated using the “dynamic” sputtering mode of analysis. In this approach, LEIS spectra are recorded using the 3 keV He+ primary ion beam. This is followed by cycles of sputter ion etching using the Ar+ beam and LEIS spectrum acquisition. A series of LEIS spectra are recorded through the film thickness and the LEIS signal from each of the elements is recorded as a function of sputter dose, and subsequently converted into a depth-profile using sputter rates calculated by the SRIM simulation program 11. Fig. 2 (a) shows the sputter depth profile of Zn, Si and O signals recorded from a ZnO film deposited using 150 ALD cycles. At a sputter depth of ~ 16 nm, the signals of the Zn and O start to decrease, whereas the Si signal increases. This point in the depth distribution represents the interface between the ZnO film and the Si (100) substrate. Two arbitrary measures of the ZnO film thickness are possible. The first corresponds to the depth at which the Zn signal drops to 50 % of that measurement in the film (IZn0.5). The second measure corresponds to the depth at which the Si signal grows until it is 50 % of that observed in the substrate, e.g. ISi0.5. The dynamic LEIS depth profiling analysis was applied to the ZnO films deposited using the range of cycles from 10 to 150 cycles. Fig. 2 (b) shows a composite of only the Zn profiles measured from each film. 
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Fig. 2. (a) Dynamic sputtering LEIS depth profile of Zn, O and Si distributions in a 150 cycles ALD ZnO film. (b) Depth profiles of Zn distributions from ALD ZnO deposited using varying numbers of growth cycles. 

Clearly the ZnO films become thicker with increasing numbers of ALD growth cycles. The IZn0.5 and ISi0.5 parameters were measured from the Zn and Si (not shown) depth profiles. This data is shown in Fig. 3 together with an estimate of the film thicknesses using the static LEIS energy tail and an estimate of the film thickness using spectroscopic ellipsometry.
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Fig. 3. Thickness of ALD ZnO films deposited versus the number of deposition cycles. The GPC is estimated from the 50% Zn and Si sputter depth profile cross-over point, the static LEIS measurement and conventional spectroscopic ellipsometry.
The GPC of ZnO estimated from the gradients from the four plots of data sets recorded using each of these approaches is shown inset in Fig. 3. It is notable that the two parameters, IZn0.5 and ISi0.5, from the dynamic sputter depth profiling give rise to similar GPC’s of 0.103 and 0.110 nm. However, the estimate of film thickness is systematically different (~ 1 nm) for films thicker than 2 – 3 nm’s. Ideally IZn0.5 and ISi0.5 would occur at the same depth, however it is noted that these measures occur at a separation of approximately 1 nm. This discrepancy arises due to the presence of the SiO2 native oxide that exists on the silicon substrate prior to deposition of the ALD ZnO film. The sputter depth-profile estimates of GPC agree very well with the measurement obtained from spectroscopic ellipsometry (SE). It is apparent that the overall film thicknesses are larger when measured by ellipsometry, in comparison with the two LEIS parameters. SE uses a “New Amorphous” dispersion model 12 based on a ZnO film overlying an SiO2 interface and involves the fitting of ellipsometric parameters (( and () over a spectral range (430 nm - 850 nm). Whist the GPC estimates for the three measurements are in close agreement there is a clear discrepancy of up to 2nm between the optical and ion scattering approaches. Lastly, the static LEIS measurement of GPC (0.095 nm) is significantly different from the others. In this approach an estimate must be made of the end of the subsurface Zn distribution. This signal overlaps with any signal from the silicon substrate and at higher film thicknesses becomes convoluted with the oxygen signal making it harder to determine the half height of the low energy edge. This is confirmed by the variation of the data set which falls below the other three methods for the thickest films. This suggests that the static LEIS measurement method is best applied to ultrathin films (e.g. < 5 nm). The reasonably close agreement between the static and dynamic methods for the thinnest films also shows that the sputter rates obtained from SRIM were applicable. 
B. Investigation of Mg incorporation into MgZnO

Fig. 4. shows the growth rate data for DEZn and Mg(CpEt)2 and H2O across a range of substrate temperatures for the ALD reactor (Cambridge Nanotech, Savannah 100) used. It is apparent that the ZnO and MgO growth rates are very similar at 200 °C and still within a recognizable ALD growth window, hence the choice of growth temperature for the Mg doped Zn oxide films.
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Fig. 4. Spectroscopic ellipsometry measure of growth per cycle as a function of growth temperature for the binary oxides ZnO and MgO.

LEIS is intrinsically a quantitative method of characterization as the ion scattering process is independent of the surface chemical environment of the atoms in the target material 3,4,13. There is one caveat however, namely that the the backscattered intensity depends on the probability of the probe ion undergoing neutralisation during the scattering and subsequent re-ionisation. Regardless of this issue, the scattered ion energy has a proportional relationship with the concentration of target atoms in (and below) the surface. Therefore, we have applied LEIS to the investigation of the ALD deposition of the ternary composition, MgxZn1-xO films in the range 0 < x < 1. Thin film samples were prepared using super cycles of DEZn - H2O and Mg(CpEt)2 - H2O in the proportions of 1:0, 20:1, 9:1, 1:1 and 0:1. These LEIS energy spectra from these films is shown in Fig. 5. The data shown was achieved by the dynamic sputter depth profiling approach and the data represents the composition of the films within the middle of the film thickness to avoid surface contamination or interfacial effects. Within experimental error the Zn and Mg signals indicated that the composition was uniform throughout the film thickness analyzed. The Zn and Mg distributions showed no evidence of any lamination or segregation suggesting a mixed layer was formed. The spectra are shown offset, for the sake of clarity, but have been normalized using the incident He+ probe ion dose to ensure that the intensities of the scattering data are comparable.
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Fig. 5. Static low energy ion scattering spectra made from MgxZn1-xO films.
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Fig. 6. Relationship between the scattered ion intensity from Mg and Zn versus the percentage proportion of Mg(CpEt)2 - H2O cycles used during the deposition process.
As the proportion of Mg(CpEt)2 - H2O cycles is increased, the Mg intensity at 1625 eV increases and the Zn intensity at 2388 eV decreases. The relationship between the Mg incorporation and the percentage of Mg(CpEt)2 - H2O cycles used in the growth process is illustrated in Fig. 6. The Mg atom incorporation is given by the yield of scattered ion intensities from Mg. Within experimental error the trend between the Mg incorporation and the doping regime has a linearly proportional relationship. The quantification of LEIS scattering data from first principles requires the backscattering cross-section and the neutralization cross-sections to be known. Both these parameters are a function of the probe ion and its energy e.g. He+, 3 keV in this case. The estimation of a target material composition can be simplified if a “standard” is available 3,4, which in this case is the pure ZnO and MgO films. The difference in the Zn and Mg intensities in the binary oxides arises from the fact that the scattering cross section of Zn is ~2.8 times that of Mg. It is worth noting that for the MgO sample, the Mg peak is asymmetric, due to the different isotopes of Mg, with a small shoulder present at higher energies. This becomes less evident in the MgZnO alloy samples with a lower Mg concentration. 

The scattered ion intensities from Zn atoms in the films is also plotted (Fig. 6) in relation to the percentage of Mg ALD cycles. Whilst the incorporation of Mg has a linear relationship with percentage of Mg ALD cycles, it is evident that the growth of the Zn does not. As the Mg fraction increases, it becomes clear that the deposition of the Zn is inhibited. For example, if a linear growth had occurred, for the 1:1 ratio sample, the Zn signal could be assumed to be half that of the 100 % Zn oxide sample. In this case the yield, (and hence the effective GPC), is reduced to one quarter of that value. For the 20:1 ratio sample the Zn yield is only 68 % of that which would be expected for a linear growth behavior. Atomic layer deposition is a process driven by surface chemical reactions and it should be expected that the surface composition has some influence on the growth per cycle and subsequent adatom incorporation. For example, a reduction of the growth rate of ALD ZnO on both polar ((3x(3)R30º reconstructed and unreconstructed MgO(111) surfaces has been observed 14. In that study, it was suggested that the first ~100 cycles of ZnO deposition showed a lower GPC because of nucleation effects on the MgO surface. Similarly in the case of ALD of zinc tin oxide laminates 15, it was shown that a limited number of nucleation sites on the SnOx growth surface, reduced the initial growth of ZnO. Lastly, in a study of Al doping of ZnO using a super cycle approach, similar to the one used here, two different Al precursors were compared 16. Trimethylaluminium (TMA) and dimethylyalumium isopropoxide (DMAI) were compared. The larger DMAI ligand resulted more steric hinderance on the growth surface than TMA. The effect of this was to modify the Al atom incorporation and distribute the Al more widely within the ZnO. Consequently, the larger ligand system suppressed the formation of any nanolaminate or layer formation structure that can sometimes occur with this type of growth method.
In this work, the reduction in growth rate of the ZnO phase could be interpreted as either: a consequence of the influence of MgO on the nucleation of subsequent ZnO adlayers; or because of steric hinderance caused by the larger Mg(CpEt)2 molecule. In a different study of Mg doping of ZnO 17, the use of a less bulky Mg precursor molecule, MgCp2, resulted in a film composition (Mg/(Mg+Zn) ratio) which was more closely related to the ZnO and MgO cycle ratios, suggesting at least a component of the reduced growth effect observed here was related to steric hindrance.
To investigate the growth behavior further, cross sectional STEM was carried out. Images from a 20:1 ratio sample are shown in Fig. 7 for (a) bright field and (b) high angle anular dark field (HAADF) conditions. In Fig. 7 (a) randomly orientated crystalline grains can be observed. A z contrast HAADF image of the same area is presented in Fig. 7 (b). It is clear that within individual crystalline grains a periodic layer structure exists. The lower z Mg enriched regions appear as dark bands between the higher z (bright) areas of ZnO creating a localized laminate structure. Looking through the thin cross section of the sample, it is apparent that because the grains are randomly orientated, the Mg bands also overlap creating a more even Mg distribution throughout the layer. Over the relatively large area analyzed, the LEIS measurement showed that these grains average out to create an apparent even distribution of the Mg throughout the film. This effect may explain the compositional tuning effects that we have reported when the MgZnO films are exploited as channels in thin film transistors 10.

[image: image7.png]



Fig. 7. (a) Bright field and (b) high angle annular dark field cross sectional STEM images from the 20:1 ratio MgxZn1-xO film.
Information relating to the change in growth rate of the ZnO in the presence of the Mg, observed by LEIS, can also be inferred from the STEM image in Fig. 7. (b) and other images at different magnification (not shown). As an approximation the spacing of the Mg layers within the crystalline grains is around 72 % that of the spacing of the very first ZnO layer grown on SiO2. This is in good agreement with the LEIS data in Fig. 6 where the Zn yield is reduced by a similar amount.
IV. SUMMARY AND CONCLUSIONS

We have used low energy ion scattering to investigate the atomic layer deposition of ZnO and MgZnO thin films. LEIS can be used in both static and dynamic (e.g. with sputter depth profiling) to provide an estimated of the ALD film thickness. This in turn provides a measure of the growth per cycle (GPC) which is a bench mark parameter in ALD processing. LEIS can provide various measures of film thickness, including the subsurface tail intensity of a constituent element within a film; or when sputter depth profiling, LEIS can measure elemental distributions from the film and substrate (I0.5) to demark the film-substrate interface and interfacial layers. LEIS has also been applied to the ternary MgZnO oxide, to assess the incorporation of Mg during processing using a super cycle – based ALD. These experiments showed that extent of Mg incorporation dramatically reduces the GPC of the ZnO component during the growth of MgZnO ternary oxide films.
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FIGURE CAPTIONS

Fig. 1. Static low energy ion scattering spectra made from ZnO films deposited after varying ALD deposition cycles.
Fig. 2. (a) Dynamic sputtering LEIS depth profile of Zn, O and Si distributions in a 150 cycles ALD ZnO film. (b) Depth profiles of Zn distributions from ALD ZnO deposited using varying numbers of growth cycles.
Fig. 3. Thickness of ALD ZnO films deposited versus the number of deposition cycles. The GPC is estimated from the 50% Zn and Si sputter depth profile cross-over point, the static LEIS measurement and conventional spectroscopic ellipsometry.
Fig. 4. Spectroscopic ellipsometry measure of growth per cycle as a function of growth temperature for the binary oxides ZnO and MgO.
Fig. 5. Static low energy ion scattering spectra made from MgxZn1-xO films.
Fig. 6. Relationship between the scattered ion intensity from Mg and Zn versus the percentage proportion of Mg(CpEt)2 - H2O cycles used during the deposition process.
Fig. 7. (a) Bright field and (b) high angle annular dark field cross sectional STEM images from the 20:1 ratio MgxZn1-xO film.
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