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Abstract 

Zinc oxide thin films grown by atomic layer deposition have been subject to great attention over the 

past few years. In this work, we study ZnO films grown on Si substrates by atomic layer deposition 

with di-ethyl zinc (DEZ) as metal precursor and H2O or D2O water vapour as oxidant. Film 

composition as a function of growth temperature is studied by Ion Beam Analysis (IBA) using 

Rutherford Backscattering Spectrometry (RBS) to determine Zn areal density; Nuclear Reaction 

Analysis (NRA) for C and O areal density, and Elastic Recoil Detection Analysis (ERDA) for 

hydrogen areal density. The Zn/O ratio is close to 1 within a broad ALD window consistent with 

previous studies, however the carbon content varies substantially within this window and is 

minimum only within a much narrower temperature range. 

Key words: Atomic Layer Deposition (ALD), ZnO thin films, Ion beam analysis (IBA). 

 

1. Introduction 

Zinc oxide film as a semiconductor material with low production cost has attracted great attention 

in recent years, in particular due to its wide and direct band gap of 3.37 eV, and a high exciton 

binding energy of 60 meV that allows bright room temperature emission. Applications of thin-film 

ZnO have been found across numerous fields, such as supercapacitors, sensors and solar cells [1-4]. 

ZnO films are typically grown by Atomic Layer Deposition (ALD) [5, 6], Chemical Vapour 

Deposition (CVD) [7-9], Pulsed Laser Deposition (PLD) [10-12] and sol-gel methods [13, 14]. 

The requirements for reducing dimensions and increasing control in many applications, especially in 

microelectronics, have led to a strong interest in depositing ZnO films by ALD because of its self-

limiting and highly conformal growth [15]. The composition, structure and growth mechanisms of 

ALD ZnO films have been studied by ellipsometry, transmission electron microscopy (TEM), and 

X-ray reflectivity (XRR) [16-19] amongst others. These observations, together with theoretical 

studies using density functional theory (DFT), molecular dynamics simulations and monte carlo 

methods have also yielded significant insight into the underlying reaction kinetics and growth modes 

of this ALD process [20-22]. The general characteristics of the surface chemistry at different 

temperatures, for various precursor pulse durations and pressures and as a function of the number 

of ALD cycles have been carefully presented in the previous works. The temperature window for 

nearly constant Growth Per Cycle (GPC), which is the significant parameter guiding ALD film 

preparation, has also been explored on different substrates. However, most of these studies defined 



2 

 

the ALD window as that where the growth rate was independent of deposition temperature, but paid 

little attention to the actual chemical composition of the films. The ALD window defined in this 

way was found to be of wide range and extending down to quite low temperatures. For example, S.-

Y. Pung et.al. used di-ethyl zinc (DEZ) and water as precursors to deposit ZnO films on Si(100) and 

determined that the ZnO ALD window ranged from 125 to 150℃ [23]. S. Jeon et.al. presented the 

ALD window of ZnO films on Si(100) as ranging from 70 to 200℃ with the same precursors [24]. 

Kwon et.al. defined a higher ALD window for ZnO with temperature ranging from 150 to 200℃ 

[25], whilst Tapily et.al. and Illiberi et.al. found ALD windows for ZnO films from 100-160℃ and 

110-160℃, respectively [26, 27]. Moataz Bellah et. al. give a much wider ALD window with 

temperature from 100-250℃ [28]. These works have made important contributions to the 

development of ZnO films grown by ALD, offering much insight into the growth mechanisms and 

highlighting the great potential application of ZnO films. However, the wide range and diversity of 

the observed ALD windows suggests that growth rate alone may not be sufficient to establish the 

best ALD growth conditions for ZnO.  

Investigation of the impurities near to the surface as well as their depth distribution are extremely 

important for film application. However, few reports give quantified analysis of the impurity 

distribution from a few atomic layers to nano or deeper layer in ZnO film. ToF-SIMS measurements 

by P. Boryło et. al. [29], in which a 30 keV Bi+ beam was used to generate H+ and ZnOH+ secondary 

ions gave some indication of the presence of hydrogen in ALD grown ZnO films, however the signal 

to noise ratio is rather modest and no quantitative conclusions are drawn. Aleksandra Seweryn et.al 

reported the contents of hydrogen and carbon in the films were determined with use of secondary 

ion mass spectroscopy (SIMS)[30]. They carefully investigate the carbon and hydrogen contents in 

the ZnO films even for samples deposited at different temperatures which give us some intuitive 

results. They are, however, short of distinguishing the source of hydrogen and giving the quantified 

analysis for H and D atoms, respectively. Table 1 shows a literature list of reported impurities and 

GPC for the ALD grown ZnO films from several precursors and different oxidants. Except to the 

mentioned above, there is few quantitative measurements of impurities distribution in ZnO films. 

Table 1. the literature overview of the impurity level and GPC for ALD grown ZnO films 

from different ALD system, metal precursors and oxidants. Me = CH3, Et = C2H5, - = not 

measured, XPS = X-ray photoelectron spectroscopy, TOF-ERDA = Time-of-Flight Elastic 

Recoil Detection Analysis, SIMS= Secondary ion mass spectrometry, T-ALD = thermal ALD, 

P-ALD = plasma-assistant ALD, QL= qualitative. 

Precursor oxidant Tem. (℃) GPC (Å) C (%) H (%) Method Type Ref. 

DEtZn H2O 100-250 - - 1-3 SIMS T-ALD [31]  

DEtZn H2O 100-270 0.5-1.3 QL QL SIMS T-ALD [32] 

DMeZn H2O 100-240 0.5-1.0 QL QL SIMS T-ALD [32] 
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DEtZn H2O 130-200 1.3-1.5 QL QL SIMS T-ALD [33] 

DEtZn O2 150 - 15-25 - XPS P-ALD [34] 

DEtZn O2 100 ̴ 2.0 QL QL SIMS P-ALD [35] 

DEtZn O2 100, 300 - QL QL SIMS P-ALD [36] 

DEtZn H2O 100-350 0.5-1.8 QL QL SIMS T-ALD [29] 

DEtZn H2O 70, 100 0.4-0.9 0.11-0.13 3.2-5.3 
TOF-

ERDA 
T-ALD [37] 

DEtZn O3 100 ̴ 0.5 ̴ 16 ̴ 2.1 
TOF-

ERDA 
T-ALD [37] 

DEtZn H2O 60-200 0.8-2 - QL Cal T-ALD [38] 

DEtZn H2O 50-250 0.7-1.8 0-0.3 0.4-4.8 SIMS T-ALD [30] 

DEtZn O3 50-250 0.4-0.7 0.2-5.3 0.3-14.5 SIMS T-ALD [30] 

DEtZn H2O 100-250 1.2-2 QL - XPS T-ALD [39] 

DEtZn O2 50-200 0.4-0.6 2-12 6-22 
TOF-

ERDA 
P-ALD [40] 

DEtZn H2O 40-120 0.8-2.4 0.3-1.1 2-11 
TOF-

ERDA 
T-ALD [41] 

DEtZn H2O - - 2.1-8.5 - XPS T-ALD [42] 

 

In this work, we systematically explore the impurity content and in particular the carbon and 

hydrogen areal density especially at low deposition temperature, since the presence of these 

elements could be indicators of incomplete precursor reactions. The different pulse time and purge 

time are selected to investigate the impurities level in the film. ZnO film densities grown at different 

temperature are seriously give considering the H and C impurities influence. In an attempt to identify 

the origin of the hydrogen that was found in the films, some films were grown using D2O. 

2. Materials and methods 

The ZnO thin films were grown on Si (100), cleaned with acetone and ethanol, by atomic layer 

deposition in the growth chamber described in NIIMB[43] using DEZ and water. The precursors 

were transported to the growth chamber with N2 gas, and a long N2 purge time of 30s was used in 

order to prevent precursors mixing during deposition. DEZ was supplied in 15ms pulses, whilst the 

water pulse length ranged from 15ms to 100ms. The surface deposition temperature was controlled 

from 100℃ to 300℃ and the number of ALD cycles was varied from 5 to 60. The film deposition 

process is presented schematically in Fig.1a. Growth of films with isotopically enriched water was 

achieved simply by replacing the water feed bottle by a new one with a few ml of D2
18O. This 

precursor is expensive, however the amount of water used for film growth is sufficiently small that 

many hundreds of films can be grown from just a ml or two of water. 
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Fig.1. Methods. a: The deposition process of ZnO films. b, c, d: the detector geometry of RBS, 

NRA and ERDA, Incident angle α, exit angle β and scattering angle θ. 

Ion Beam Analysis (IBA) was performed on the SAFIR platform at Sorbonne Université. Rutherford 

Backscattering Spectrometry (RBS) employed 20-100 nA 4He+ beams of 1.5-2.1 MeV, in a 1mm 

diameter beamspot, with particle detection at 165° scattering angle (Fig. 1b). The detector solid 

angle was calibrated with 3% uncertainty using a Bi-implanted reference sample [44, 45]. Only the 

Zn areal density [Zn] was deduced from the RBS spectra. Nuclear Reaction Analysis (NRA) (Fig. 

1c) was used to determine the 16O and the 12C areal densities [16O] and [12C] via the 16O(d,p1)17O 

and 12C(d,p0)13C nuclear reactions respectively, with respect to a thermal SiO2 film, with [16O]=625 

± 5×1015atoms/cm2 as deduced from the film thickness and density determined by ellipsometry[46]. 

An 860 keV deuteron beam of 85 nA in a 2mm beamspot was used, and the protons produced by 

the nuclear reactions were detected at 150° in a 300mm2 detector behind a 13m mylar foil which 

stopped the high flux of elastically scattered deuterons from saturating the detector. The oxygen 

reference also serves as a reference for the carbon areal density [12C], since the cross sections and 

their ratio are known [47]. We can write: 

 [ 𝐶12 ] =
𝑌𝐶

YO

Qo

QC

σO

σC
[ 𝑂16 ],       (1) 

 

where YO and YC are the yields of protons from 16O(d,p1)17O obtained on the reference sample and 

of protons from 12C(d,p0)13C obtained from the films, respectively; [C] and [O] are the 12C areal 
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density in the ZnO films and the 16O areal density of the reference sample; C and O are the 

corresponding nuclear reaction cross sections, and Qo and Qc are the total incident beam charges 

for the film and reference measurements. 

Hydrogen and deuterium areal densities were determined by Elastic Recoil Detection Analysis 

(ERDA) (Fig. 1d) with an 80 nA 1.8 or 2.0 MeV 4He+ incident beam, and recoil detection at 30° 

scattering angle in a collimated detector behind a 9.15 m mylar film. Spin-coated polyethylene 

films with the hydrogen (C2H4)n or deuterium (C2D4)n content deduced from the C content measured 

by NRA, were used as H and D references[48, 49].  

Atomic force microscope (AFM) measurements of surface morphology were carried out with a 

Bruker Extended D3100 AFM. The crystallinity and phase composition of films were determined 

by X-ray diffraction (XRD). A PaNalytical X’Pert MRD 4 circles diffractometer was used, with a 

1.54056 Å X-ray source, a hybrid two-bounce Ge (220) monochromator, and a Pixel detector. Film 

density was deduced from the film physical thickness and mass thickness obtained from 

spectroscopic ellipsometry (SE) and RBS, respectively. The SE measurements were made with a 

FS-1 Multi-Wavelength Ellipsometer system in the wavelength range of 465-635 nm at an angle of 

incidence of 65°. 

3. Results and discussion 

3.1 The film growth rate  

Fig.2a shows the growth per cycle measured by RBS as a function of the deposition temperature 

with a given DEZ precursor time of 15ms and H2O pulse time of 100ms for 40 cycles. [Zn]/cycle 

ranged from 1.5×1015 atoms/cm2 to 6×1015 atoms/cm2. The lowest [Zn]/cycle occurs at 100℃. This 

is most likely due to insufficient thermal activation of the reaction between the DEZ precursor and 

-OH groups on the Si surface as shown by M. Rueter [50]. [Zn]/cycle increases with temperature 

and is a maximum in the ALD window, before decreasing again as the temperatures rises above 

175°C. This is consistent with the proposal by M. Rueter that the DEZ may be decomposed into Zn 

and ethyl fragments on the growth surface at higher temperatures, inhibiting growth on the substrate 

[50]. Water desorption at higher temperature also inhibits the formation of -OH groups, giving an 

additional cause for the lower growth rate. The stable [Zn]/cycle in the temperature window between 

150 and 175℃ suggests that self-limiting ALD growth of ZnO films has been obtained, as has been 

observed for very similar ALD windows in previous works [17-19]. [O]/cycle shown in Fig 2b 

presents practically the same growth trend as that of Zn, with a maximum of about 6x1015 atoms/cm2 

per cycle between 150℃ and175℃ as for Zn. [Zn]/cycle and [O]/cycle are very similar, which 

demonstrates that a reasonable atomic ratio of Zn to O will be obtained. Typical RBS and NRA 

spectra of ZnO films at 300℃, 175℃, 140℃, 125℃ are presented in the Fig.2c and Fig.2d, 

respectively (details for other deposition temperatures are presented in supporting information 
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Fig.S1). From the RBS and NRA determinations of [Zn] and [16O], we can divide the reaction states 

of DEZ and -OH into three regimes according to the deposition temperature: (1) 100-150℃: 

incomplete reaction; (2) 150 - 175℃: completed reaction (ALD window); (3) above 175℃: 

decomposition reaction.   

 

Fig.2. a: Zn areal density [Zn] for 40 ALD cycles as a function of the deposition temperature. b: 

The variation in O areal density [O] of ALD deposition as a function of the deposition 

temperature. c: Typical RBS spectra of ZnO films grown at different temperature. d: Typical NRA 

spectra of ZnO films grown at different temperature.  

3.2 The carbon content of the ZnO films 

Fig.3 shows [C]/cycle obtained from equation 1. [C]/cycle is much higher at temperatures either 

side of the ALD window, and falls again as temperatures rise above about 240°C. The highest 

[C]/cycle is found to be 0.68×1015 atoms/cm2, for a deposition temperature of 100°C where 

[Zn]/cycle and [O]/cycle were about 1.5×1015 at/cm2. This corresponds to about 15 atom% of carbon 

in the film, and suggests that the DEZ molecule couldn’t completely react with -OH on the surface 

even if the surface has enough -OH. Hence, a fraction of the DEZ molecules just adsorb on the 

surface, leading to the high content of carbon in the films. Previous study also showed that adsorbed 

DEZ molecules on the Si (100) surface could dissociate below 127℃, producing Zinc metal and 
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adsorbed groups[51]. Such adsorbed fragments in the films could also cause the higher [C]/cycle. 

The excess ratio 1.06 of Zn to O at lower temperature also illustrates the dissociation of DEZ and 

incomplete reaction with -OH on the Si (100) surface (Fig.8a).  

With increasing temperature, the [C]/cycle decreases to its lowest level of about 1.5×1015 at/cm2 

corresponding to about 1 atom% at 160°C, within the ALD window. The DEZ molecules interact 

with the -OH on the surface and form adsorbed ZnO islands or clusters[52]. The ethyl groups can 

react with hydrogen released from -OH groups, forming ethane which is flushed away during the 

N2 purge.  

However, the [C]/cycle in the films increases again between 175 and 225℃. We surmise here that 

some of the adsorbed DEZ molecules decomposed before bridging with -OH on the Si (100) surface. 

This would lead to the ethylene fragments bonding with the surface -OH and occupying the reactive 

site for -Zn-CH2-CH3 or -Zn-OH formation. Previous study showed that DEZ molecules heated to 

about 177℃ decompose completely to form hydrocarbon molecules and zinc atoms [2]. This is 

consistent with our results and adsorption of hydrocarbon on the growth surface is probably the 

source of C content at higher temperature. 

Furthermore, at higher temperature, although the chamber is not deliberately heated, thermal 

radiation from the substrate still increases the temperature of the elements surrounding the substrate 

plate, including the chamber walls, where the DEZ may be decomposed into Zn and ethyl fragments 

before coming into contact with the substrate, reducing the availability of DEZ for reaction with the 

sample growth surface. 

In summary, we propose that deposition temperatures below the ALD window will cause higher 

carbon areal density in the films due to incomplete reaction, while for deposition temperatures above 

the ALD window increased carbon areal density is the result of the decomposition reaction of DEZ 

molecules on contact with the growth surface. Above about 225°C, DEZ decomposes into atomic 

Zn and weakly reactive organic fragments before coming into contact with the growth surface, 

resulting in lower residual carbon areal density in the films.     
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Fig.3. a: Carbon analysis obtained from the NRA spectra (Fig.1); b: Carbon areal density per cycle 

in ZnO film. 

 

3.3 Hydrogen content of the ZnO films 

As it is well known that hydrogen is also involved in the ALD process [20], we employed elastic 

recoil detection analysis (ERDA) to determine the hydrogen depth distribution in the ZnO films. 

Fig.4 shows ERDA spectra from film growth with deposition temperature, and at the lower and 

higher limits of the ALD temperature window. Fig.5 shows the hydrogen concentration depth 

profiles deduced by simulation with SimNRA [49, 53]. Spectra and profiles from intermediate 

growth temperature are shown in supplementary information (Figure S2 and S3). The recoil cross-

sections for the H and D are non-Rutherford. The cross-section data of SigmaCalc[53] and Quillet, 

V[49] for H(α,p)4He and 2H(α,d)4He were used for the simulation, respectively. For all fitting, a 

contamination layer of 20×1015 at/cm2 of CHx (H=3.3×1015 at/cm2) was assumed for the surface 

contamination. This is consistent with what we often observe in ERDA measurements of many types 

of sample, and the conclusions drawn here are not very sensistive to variations of a factor of two in 

this assumed layer. 

Fig.4a shows the ERDA analysis for film deposited at 100℃. The channels from 300 to 275, 

represent the hydrogen in the ZnO films, which could be due either to remaining unreacted -OH 

groups or to adsorbed DEZ molecules that have not reacted with the water vapor. This observation 

and the high level of carbon at this temperature, are consistent with adsorption of DEZ molecules 

which have not reacted completely. According to the DFT calculation by Weckman, DEZ molecules 

form a pre-adsorbed state with the surface -OH group. The low adsorption energy of the interaction 

suggested that the adsorption is not chemical but rather a weak molecular interaction[54]. The low 

temperature couldn’t supply enough energy for complete reaction between -OH and adsorbed DEZ. 

The lower energy peak between channel 230 to 275 shows that hydrogen is also trapped near the 

interface between the Si substrate and the growing ZnO film. It is speculated that un-reacted -OH 

left on the Si surface during the surface preparation remains and/or grows during the initial H2O 

pulses of the ALD process. The low deposition temperature and the absence of post-annealing 

strongly limit hydrogen diffusion which is consistent with the heterogeneous distribution in the 

depth profile of ZnO films.  

Fig.5a shows the hydrogen concentration depth distribution. In all cases, there is a region about 

10nm thick at the surface that is richer in hydrogen than deeper into the sample. This is not due to 

external contamination, as will be seen below, and may be related to roughness of the film surface. 

Outside the ALD window, the films are thinner and so the hydrogen concentration is dominated by 

that of the surface region, and the depth resolution of the ERDA method is hardly sufficient to 
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distinguish the surface and subsurface regions. Within the ALD window the films are thick enough 

that we can reliably distinguish between the surface and bulk regions for hydrogen content, however 

a detailed examination of the hydrogen depth profiles is beyond the scope of the present work. Let 

us consider, then, the total hydrogen contents of the films. In the films deposited at 140℃ and 150℃ 

the hydrogen concentration of 7.8 at% corresponds to the introduction of about 1.2×1015 hydrogen 

atoms/cm2 per cycle, which is nearly twice that observed at lower temperature (100℃), suggesting 

that more hydrogen atoms originating from the organic fragments have been left in the film with the 

increase of growth rate. Although the growth rate of film deposited at 160 ℃ is nearly the same as 

that of films deposited at 150℃, the hydrogen concentration decreases significantly, with about 

34×1015 atoms/cm2, corresponding to about 5.8 atom% (As shown in Fig.S2c and S3c). 

Fig.4c and 5c show the hydrogen content in ZnO films deposited at 175℃, which is smaller even 

than that at the lower range of the ALD window (150℃). Further increasing the deposition 

temperature to 300℃, the hydrogen concentration of the ZnO films decreases to its lowest value of 

about 6 at% (as shown in Fig.4d and 5d). This could be due to a decrease in the -OH concentration 

on the ZnO surface at higher temperature[38] but is also consistent with the observation of reduced 

carbon contamination, which if due to the incorporation of decomposed DEZ organic fragments 

could also lead to a reduction of hydrogen concentration. The ERDA results for other films are given 

in Fig.S3b and Fig.S4b. In conclusion, the hydrogen concentration in the films decreases as the 

deposition temperature increases, however it is not possible to know whether the hydrogen 

originates from residual hydroxyl groups or from DEZ decomposition products, the concentration 

of both of which are expected to decrease with increasing film growth temperature above the ALD 

window.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
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Fig.4. The ERDA spectra obtained from ZnO films as a function of the deposition temperature for 100°C (a), 

150°C (b), 175°C (c) and 300°C (d), for 40 ALD cycles. 
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Fig.5. The hydrogen concentration depth distributions deduced from ERDA in ZnO film as a function of the 

deposition temperature at 100°C (a), 150°C (b), 175°C (c) and 300°C (d). 

However, the dramatic decrease in the C concentration at 140℃ and 150℃ (Fig. 3) is not matched 

by a corresponding dramatic reduction of the hydrogen concentration. Ren reported that neighboring 

hydroxyl could facilitate the H2O half-reaction, with the reaction of H2O with -O-Zn-C2H5 preferred 

over reaction with -OH on the surface[21]. Moreover, the growth rate is very much higher compared 

to other deposition temperatures. If the hydrogen is coming initially from DEZ fragments, then the 

fact that a significant concentration of hydrogen remains in the film suggests to us that the hydrogen 

atoms from the H2O or DEZ fragments could diffuse into the films in the ALD window. In order to 

determine whether the hydrogen is coming from the H2O or DEZ fragments, we used D2O (99.8%) 

as the water precursor. Since ERDA can separate these two isotopes of hydrogen, this allows us to 

distinguish hydrogen coming from the water vapour (deuterium) from that originating in the DEZ 

(hydrogen) in the ERDA spectra.  

Fig.6a shows ERDA spectra obtained from 100℃, 150℃ and 300 ℃ and the corresponding 

SimNRA simulations. At 100°C, the deuterium concentration is only about 17% of the total 

hydrogen concentration, indicating that only about 17% of hydrogen in the film originates from the 

labelled water (deuterium), the remaining 83% coming from DEZ fragments during the ALD 

process. At 150℃, only about 8% of the total film hydrogen comes from the water vapour, this ratio 

being even lower in the film bulk. Hence, we may suppose that most of the -OH groups produced 

during the water ALD cycle can almost completely react within the ALD window, and the higher 

content of hydrogen comes from the DEZ precursor. Previous study shows that DEZ might be 

dissociated into Zinc, ethyl and its fragments and so on, its ethyl groups could undergo further 

reaction to form ethene, ethane and butane in the reactor[50, 55]. Hence, we supposed that the 

redundant hydrogen will diffuse into the films, causing higher hydrogen content in the films. At 300℃ 

the film has a lower overall hydrogen content of about 5.4 atom%. However, the percentage of 

deuterium in the film is greater than 22%, illustrating a prevalence of diffusion phenomena over the 

desorption of fragments.  
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Fig.6. a: Typical ERDA spectra of ZnO films deposited at 100°C, 150°C and 300°C, (40 cycles). The hydrogen 

concentration depth distributions deduced from ERDA in ZnO film as a function of the deposition temperature for 

100°C (b), 150°C (c) and 300°C (d). 

Fig.7 shows ERDA spectra for films produced with different purge times between the precursor 

pulses. Fig.7a shows that the film contains about 29.3×1015 atoms/cm2 of hydrogen, corresponding 

to about 5.1 at%, and about 4.0×1015 atoms/cm2 of D - much less than the H. From Fig. 7b we 

observe that the total H content of the film decreases when the purge time after the water pulse is 

increased. However, the total film thickness also decreases, and the H concentration in the film is in 

fact unchanged by the increased purge time. We suggest that film growth rate decreases due to the 

desorption of water molecules during the purge time, leading to a reduction of the density of reactive 

surface sites. We propose that as -OD displaces -C2H5, H atoms from DEZ molecules or to a lessor 

extent D atoms diffuse into the structure, so that the H(D) concentration does not depend on film 

thickness, but only on the -OD and -C2H5 reaction process. Fig.7c shows the film deposited with a 

long purge time (60s) after the DEZ pulse, illustrating a similar trend with long H2O purge time 

(60s). After the ligand exchange between -Zn-C2H5 and -OD, the long purge time can be used 

effectively to remove unreacted DEZ and C2H5D. In this case, the long purge time could also 

increase the desorption of DEZ molecules, leading again to a slightly lower growth rate compared 

to that obtained with the short purge times of water (30s) and DEZ (30s). The long purge time after 

the DEZ pulse has less influence on the film growth rate than the long water purge time. Fig.7d 
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shows long purge time for both half-reactions. The total H and D areal densities decrease to their 

lowest values of 13.4×1015 and 2.8×1015 atoms/cm2, respectively. However, the growth rate of film 

is also the lowest of these four samples due to the double effect of the reduction of reactive site 

density and the desorption of DEZ. Fig.S4 and Fig.S5 present the films deposited with50ms and 

15ms H2O pulses, 15ms DEZ pulse, but different purge time for water half-reaction and DEZ half-

reaction. The results present the same trend as that in Fig.7. Comparing Figs.7a, S4a and S5a, we 

can clearly see that the purge time has little effect on the H and D concentrations. Table 2 

summarizes the H, D and C contents in ZnO films as a function of purge time, the C content in ZnO 

film is also higher than the film deposited with 100ms and 50ms water pulses. Thus, short water 

pulse time (15ms) means a smaller quantity of -OH groups are formed during the water half-reaction. 

In other words, it's not conducive to removing the ethyl groups from Zn-C2H5.  

 

Fig.7. ERDA spectra of ZnO films deposited with different purge time; a: H2O 30s +DEZ 30s, b: H2O 60s +DEZ 

30s, c: H2O 30s +DEZ 60s, d: H2O 60s +DEZ 60s. The deposition temperature was kept at 160℃, pulse time of 

H2O and DEZ were 100ms and 15ms, respectively. 
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Table 2. The H, D and C content in the films deposited as function of purge time, the deposition temperature was 

kept as 160℃, the ALD cycles were 40 cycles. 

Pulse 

time 

(ms) 

Purge time(s) Zn  O  H  D  C   

Zn/O 

H 

(%) 

D 

(%) 

C 

(%) 
H2O DEZ ×1015 atoms/cm2 

H2O: 100 

DEZ: 15 

30 30 239.9 240.3 29.3 4.0 4.5 1.00 5.1 0.8 0.9 

60 30 169.1 177.6 18.7 3.7 7.1 0.95 5.0 1.0 1.9 

30 60 201.8 203.1 21.0 3.6 7.5 0.99 4.8 0.8 1.7 

60 60 126.8 131.4 13.4 2.8 2.8 0.96 4.8 1.0 1.0 

H2O: 50 

DEZ: 15 

30 30 177.6 183.6 19.2 2.9 3.7 0.97 5.0 0.8 1.0 

60 30 134.0 140.0 10.2 3.0 6.4 0.96 3.5 1.0 2.2 

30 60 165.9 171.2 12.6 3.2 6.0 0.97 3.5 0.9 1.7 

60 60 88.6 93.8 8.1 2.2 2.6 0.95 4.1 1.1 1.3 

H2O: 15 

DEZ: 15 

30 30 66.2 66.2 12.1 1.6 3.1 1.00 8.1 1.1 2.1 

60 30 49.0 60.9 10.5 1.3 3.6 0.81 8.4 1.0 2.9 

30 60 55.1 71.5 10.8 1.3 5.1 0.76 7.5 0.9 3.6 

60 60 36.7 44.2 6.7 1.2 2.5 0.83 7.3 1.3 2.7 

 

The ERDA results reveal that the D concentration in the film deposited within the ALD window is 

lower than that of films deposited either side of the ALD window. This indicates that the -OH groups 

react more readily with DEZ molecules in the ALD window. From the ERDA analysis for ZnO films, 

we supposed that lower deposition temperature will increase the hydrogen in the films even within 

the ALD window. Although the highest growth rate occurs within the ALD window, the film 

composition is different even for the small variations of deposition temperature.  

3.4 The Zn to O atomic ratio and film density 

To further investigate the growth mechanism, the atomic ratio of Zn to O and layer density are 

presented in Fig.8 as a function of deposition temperature. The atomic ratio of Zn to O is close to 1 

corresponding to stoichiometric ZnO (as shown in Fig.8a). However, although the uncertainties are 

quite high, there is a hint that Zn/O is higher either side of the ALD window, and then decreases 

again at even higher temperatures. These seem to be the same temperature regions as was observed 

for carbon.  

Fig.8b summarizes the film density  deduced from atomic areal densities [Zn], [O], [C] and [H] 

and physical thickness h obtained respectively from RBS, NRA, and ERDA spectra and from 

ellipsometry, using the expression: 
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ρ=[𝑍𝑛]
MZnO𝑥C𝑦𝐻𝑧

NA

1

ℎ
 

MZnO𝑥C𝑦𝐻𝑧
= MZn + MO

[𝑂]

[𝑍𝑛]
+ Mc

[𝐶]

[𝑍𝑛]
+ M𝐻

[𝐻]

[𝑍𝑛]
 

where NA is Avogadro's constant and MZnOxCy𝐻𝑧 is the molar mass of ZnOxCyHz. Within the ALD 

window, the film density of 5.61 g/cm3 is close to that for bulk ZnO, and increases slightly with 

increasing deposition temperature above the ALD window. Below the ALD window the film density 

decreases dramatically. This result is similar to that of [37] where a density of about 3.5 g/cm3 was 

also found for ZnO films grown at 100℃. This is also consistent with the view that DEZ molecules 

pre-adsorbed on the Si (100) surface via a weak molecular interaction include fragments of ethyl 

and -Zn-C2H5 bonded with Si-OH leading to higher carbon and hydrogen contents in the film, 

responsible for the lower density of the films. As the growth temperature is increased, the ZnO films 

become denser because of decreasing impurity content. At temperatures above the ALD window, 

the density of ZnO film approaches that of bulk ZnO (5.61 g/cm3).  

 

Fig.8. a: the atomic ratio of Zn to O as a function of the substrate surface temperature. b: The variation in ZnO film 

density as a function of the substrate surface temperature. The dashed line represents the standard bulk density. 

3.5. Preferential growth of ZnO films 

ZnO film grown at temperatures higher than 150℃ are close to the bulk density of crystalline ZnO, 

and so the crystalline structure of the films was investigated by X-ray diffraction, using θ/2θ scans 

in a wide angular range from 20° to 60°. 

Fig.9 shows the X-ray diffraction patterns of ZnO films deposited at temperatures ranging from 100-

300℃. The diffraction patterns of the films grown below 125℃ show no obvious peak, indicating 

practically no discernible long range order. The XRD pattern for the film grown at 150°C matches 

a polycrystalline hexagonal wurtzite ZnO structure, with three dominant peaks identified, (10.0), 
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(00.2) and (10.1) planes (PDF#36-1451) and a dominant crystal orientation of (10.1). As the growth 

temperature is increased to 175℃ and then 200℃, the films continue to show (10.0), (00.2) and 

(10.1) peaks in the XRD spectrum, however, the dominant orientation shifts to (00.2). This shows 

that the orientation of ZnO films changes from polycrystalline to a preferential out-of-plane texture. 

For deposition temperatures higher than 200℃, the orientation corresponding to (10.0) and (10.1) 

has disappeared, indicating that the orientation of (00.2) has completely dominated. According to 

the XRD patterns at different deposition temperatures, we can distinguish three preferential growth 

directions in three different temperature zones. Zone 0: 100-150℃, Zone 1: 150-200℃, Zone 2: 

200-300℃. 

In Zone 0, we suggest that the high carbon contamination in the films, together with the low growth 

temperature reduces atomic mobility and impedes the relaxation necessary for crystalline growth, 

leading to the almost featureless XRD pattern. Near 150° where the carbon contamination is the 

smallest, the films grow in a polycrystalline hexagonal wurtzite structure with little evidence of 

texturing. ZnO crystals are known [56, 57] to grow rapidly in the [0001] direction, and such growth 

on the (00.2) plane, which has the lowest surface energy according to the calculation of 

Fujimura[12][23], could increase the film growth rate.  

However, the observation of (00.2) plane alone is not a guarantee that the growth rate will be higher. 

The decomposition of DEZ that occurs for deposition temperatures higher than 177℃[2], results in 

the increase of desorption of dissociation groups. For deposition temperatures between 200 and 250℃ 

(zone 2), the carbon content in the film clearly increases, and we proposed that DEZ decomposition 

products like CH3-CH2- or CH3-, could in fact inhibit Zn atom incorporation. Deposition 

temperatures higher than 250℃ cause a violent pre-decomposition of DEZ molecules that could 

reduce the growth rate. The higher growth rate at 150°C could be due to the low surface energy of 

the positively charged Zn-terminated surface at the (00.2) plane. At the higher temperatures, the 

ZnO could be terminated by negatively charged oxygen ions which can reduce the growth rate[58]. 

Thus, it is quite plausible to obtain ZnO films with a single (00.2)peak and low growth rate. 
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Fig.9. The XRD spectra of ZnO films deposited at different temperature. 

3.6. The surface structure of ZnO films 

The evolution of surface structure with deposition temperature was investigated by atomic force 

microscopy (AFM). Previous studies only presented ZnO surface structure dependance on growth 

temperature[23, 29] and we are aware of no work in which the dependance of surface structure on 

film thickness was investigated. Fig.10 and Fig.S6 show AFM images of ZnO obtained from 

samples deposited at temperatures ranging from 100-300℃, with the number of ALD cycles 

adjusted to obtain samples of very similar thicknesses, indicated on the AFM images.  

Fig.10a shows the AFM image of ZnO films deposited at 100℃. Long wedge-shaped structures of 

width and length about 70nm and 700nm, respectively are observed, with the a-axis directions 

parallel to the substrate. Increasing the temperature to 150 or 175℃, the XRD result shows clearly 

that (00.2) c-axis preferred orientation appears, and the length of wedge-shaped structures became 

shorter. Overall, the surface structure becomes finer with increasing the deposition temperature, we 

proposed that the atomic arrangement changes during the ALD process. For example, Zinc terminal 

growth could get thicker and rougher nanostructures as compared with oxygen terminal growth in 

the ZnO films. Commonly, the ZnO films grown with oxygen termination prefer to grow along the 

junction between (000ī) and (01ī0) rather than (00.2) surface, leading to a smaller and thiner 

structure. Thus, the surface structure becomes smaller with increasing deposition temperature. The 

wedge-shaped structures have become shorter even for films of practically the same thickness. 

Fig.11 and Fig.S7 show line height profiles derived from AFM pictures. The surface roughness (Rq) 

of the films decreases with increasing deposition temperature. The surface roughness within the 

ALD window is about 5nm, and higher growth temperature reduces the surface roughness, probably 

due to oxygen terminal growth in the ZnO films.  
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Fig.10. The AFM pictures of ZnO films deposited at different temperature, a: 100℃; b: 150℃; c: 175℃; d: 225℃; 

e: 275℃; f: 300℃. 

 

Fig.11. Cross-sectional profiles along a reference line derived from AFM pictures, a: 100℃; b: 150℃; c: 175℃; d: 

225℃; e: 275℃; f: 300℃. 

Conclusion 

Our results show that substrate temperature significantly affects the growth rate of ZnO films grown 

by ALD. We revealed that the C content in the films deposited at different deposition temperatures, 

is lowest within the ALD window. The ZnO film densities increase with deposition temperature, 
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reaching the standard ZnO bulk density at 150℃ and above. The C contamination in the films varies 

with the growth temperature even within the ALD window, reaching its lowest value of about 1 

atom % at 160°C. ERDA shows that the hydrogen concentration reduces with increasing deposition 

temperature. Through isotope labelling (D2O) in the process, ERDA spectra show that the deuterium 

concentration is less than 2 atom %, indicating that the vast majority of -OH groups on the surface 

are probably consumed by DEZ in the ALD window. Hydrogen atomic concentration is 4 to 12 

times higher than the deuterium concentration indicating that the majority of the hydrogen in the 

films originates from the DEZ precursor decomposition products rather than water. In conclusion, 

based on the lower C and H concentrations, the film density very close to the bulk ZnO density, the 

Zn/O ratio of practically 1, and the maximum growth rate per cycle (GPC), we recommend a narrow 

ALD window with deposition temperature between 150 ℃ and 175 ℃ in order to obtain optimal 

ALD ZnO film growth. 
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