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Abstract: Low temperature (at 100 ◦C and below) growth of ZnO thin films by atomic layer deposition
(ALD) is demonstrated. Properties of the layers grown with two different oxygen reagents: ozone
and water are compared. Diethylzinc (DEZ) was used as metal precursor. Electrical and structural
properties of films obtained at several different growth temperatures, ranging from 50 ◦C to 250 ◦C
were analyzed. It turned out that the film grown in the water-based process at 250 ◦C and all films
grown with ozone have more ordered crystallographic structure with the privileged growth direction
(001) perpendicular to the substrate than water-based samples grown in temperatures 100–200 ◦C.
Higher free electron concentration at room temperature was observed for ozone-based samples
grown at 100 ◦C and 150 ◦C in comparison to water-based samples obtained at the same growth
temperature. Low value of resistivity in case of ozone-based samples grown at 100 ◦C is a promising
result, however lower electron mobility requires further optimization.
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1. Introduction

In2O3:Sn (ITO), widely used as a transparent electrode has become too expensive due to increasing
costs of indium. Thus, alternative transparent conductive oxide (TCO) materials are intensively studied
for this application. The list of investigated materials is long (icluding, e.g., SnO2, SnO2:Sb, SnO2:F,
ZnO, ZnO:Al (AZO), ZnO:Ga (GZO), ZnO:F (FZO), CdO, Cd2SnO4, CdSnO3, CdIn2O4, Zn2SnO4,
MgIn2O4, CdSb2O6, and In4Sn3O12 [1–7]). In most of the cases reported electrical (resistivity) and
optical (transparency) properties of these materials are good enough for their use as TCO films [8–12],
with ZnO-based layers considered as the most likely replacement of ITO [9–12]. This is not only due to
good electrical and optical parameters of ZnO-based TCO films, but also to low costs of this material.

ZnO can be deposited by several methods [8–12], including VAPE (vacuum arc plasma
evaporation) [8], MOMBD (metal organic molecular beam deposition) [9], MOCVD (metal organic
chemical vapor deposition) [10], sputtering [11], PLD (pulsed laser deposition) [12], or ALD (atomic
layer deposition) [13,14]. Recent investigations demonstrated that the ALD technology is one of
the most prospective deposition methods of ZnO-based TCO films [13,14]. ALD is a highly flexible
growth method allowing uniform coating of large substrates and multi-substrate processes. For ZnO
deposition by ALD both inorganic [14,15] and organic [14,16–19] zinc precursors are possible. In the
latter case the best results were achieved with dimethylzinc (DMZ, Zn(CH3)2) and diethylzinc (DEZ,
Zn(C2H5)2), using water as an oxygen precursor [16,17]. The parameters of ALD grown ZnO layers
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reported by our group, i.e., free electron concentration in the range of 1020 cm−3, resistivity in the range
of 10−3 to 10−4 Ωcm, and transparency between 80% and 90%, are sufficient for TCO applications [20],
as verified by us in various test devices [21,22]. For example, ZnO films were used as transparent
electrodes in GaN-based structures [21], electrodes in Si-based photovoltaic (PV) devices [22], and
inorganic elements in hybrid diodes [14,18]. The parameters given above were achieved in films
deposited at relatively low temperatures (in the range of 150–200 ◦C) or in intentionally doped samples.
However, this deposition temperature is still too high for some applications, which was the motivation
for the present work.

An advantageous property of the ALD process is the relatively low deposition temperature. Our
group reported that high quality ZnO films can be deposited at temperatures below 200 ◦C [16,17].
Nevertheless, as already stated above, for some applications a lower deposition temperature will be
advantageous. For example, conventional Si-based photovoltaics can soon be replaced by the one
based on organic films [23,24]

To improve the time stability of such devices, the deposition temperature of the top transparent
electrode should be reduced. In the present work we consider such a possibility by testing two ALD
procedures. The properties of ZnO films deposited with either water or ozone as oxygen precursor are
compared to verify the feasibility of low temperature ALD processes.

This attempt was undertaken in spite of earlier reports stating that ozone-based ALD processes
require higher deposition temperatures [14,25–35]. Properties of ZnO films deposited by ALD with
either water or ozone as an oxidant were already compared in Ref. [32]. However, while the water-based
ALD films were grown at a wide range of temperatures, starting from 120 ◦C, the ozone-based ALD
films were deposited at higher temperatures, from 230 to 300 ◦C. The data on growth conditions were
quite confusing or even contradicting. It was even claimed that ZnO cannot be grown using ozone
at low temperature. Apparently, due to modified surface reactions a higher growth temperature is
required [32]. Surprisingly long pulse times were also claimed [35]. These limitations on growth
conditions are, however, not confirmed by the present data.

2. Materials and Methods

2.1. Substrate Preparation

The zinc oxide layers were deposited on 1 × 1 cm2 quartz plates (for optical and electrical
examinations in particular) and on high resistivity silicon (100). The substrates were washed before
mounting in the growth chamber. This was done to eliminate any contaminants that may affect the
adhesion of the ZnO films to the substrate and thus ensure the homogeneity of the deposited layers.
The washing process in the ultrasound cleaner (bath temperature 37 ◦C) was repeated three times
for 5 minutes: once in isopropanol and twice in deionized water. Subsequently, the substrates were
thoroughly dried in nitrogen purge of 5.0 purity.

The prepared substrates were placed in the reactor growth chamber. Prior to the process, the
reactor chamber was preheated to a predetermined growth temperature. The process was carried out
under vacuum below 0.5 Torr. In the case of ozone-based ALD processes, before each deposition process
the test procedure of the ozone generator was run according to manufacturer’s recommendations.

2.2. ALD Technology

The growth of the films was carried out in the Savannah-100 Cambridge NanoTech (now Veeco)
reactor using nitrogen of 6.0 purity as the purging gas. We used an organic metal precursor: diethylzinc
(DEZ, Zn (C2H5)2, CAS number 557-20-0), and as an oxygen precursor either deionized water or
ozone. Ozone was generated from the Savannah Ozone Generator with access to oxygen of purity 5.0.
The maximum capacity of the ozone generator was ~120 mg/L (~7.5 wt.% O3). First, we performed
the test processes to establish the growth rate at given times of precursor pulses at different growth
temperatures (Tg) for ozone-based processes. We tested several pulse times for both ozone and DEZ at
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various growth temperatures. Surprisingly, quite short pulse times turned out to be possible, even
100 times shorter than the ones reported in Ref. [35]. The pulse length is thus close to the ones used
in Ref. 34. Finally, we selected 20 ms for ozone, since for longer pulses (up to 50 ms) similar growth
rates (0.73 Å/cycle and 0.72 Å/cycle, respectively) were found and lack of uniformity was observed.
For DEZ we increased the pulse time to 60 ms, since for shorter ones non-uniform deposition was also
observed. In the case of water-based ALD processes we used procedures optimized previously [16,17],
The same zinc conditions for water-based processes as in case of ozone-based, were giving similar
results. Therefore, the zinc pulse length was 60 ms in all cases. Purge times 4s and 8s were tested, no
effect on the growth rate was observed. Thus, 4 s for ozone-based processes was selected. Then we
carried out the deposition processes using the above optimized growth parameters. The number of
cycles was chosen to obtain layers of similar thicknesses (d, about 100 nm) for each growth temperature
and oxygen precursor. This was based on our previous observation that resistivity of the films depends
on their thickness [16,17]. To verify the optimized growth conditions we tested the resulting coatings
for their structural, electrical, and optical properties.

2.3. Measurements Equipment

A NanoCalc 2000-UV/VIS (Micropack GmbH, Ostfildern, Germany) system with specific software
(Micropack GmbH, Nanocalc 2.3.3, Ostfildern, Germany) was applied to measure the thickness of
the layers. Top-view and cross section images (to verify film thickness) of the coatings were taken
by scanning electron microscopy (SEM) with 1,5 nm resolution, using a Hitachi SU70 spectrometer
(Hitachi Ltd. Tokyo, Japan). A secondary electron detector was used, and images were collected
at 15 kV electron accelerating voltage. The crystallinity and phase composition of the layers were
determined by X-ray diffraction (XRD) investigations. A Panalytical X’Pert Pro MRD diffractometer
(Panalytical, Almelo, Netherlands) was used, equipped with: A X-ray tube generating radiation at
a wavelength of 1.54056 Å, a hybrid two-bounce Ge (220) monochromator, and a Pixel detector [36].
Measurements were performed in two diffraction modes: in coplanar and non-coplanar Grazing
Incidence X-ray diffraction (GIXRD) geometries [37,38]. The θ/2θ XRD scans in the first geometry
allowed us to determine lattice parameters, the FWHM of diffracted peaks, as well as identify the
phase and orientation. The second geometry was used to separate the XRD signal coming from the Si
substrate and to determine precisely the phase and orientation of the crystallites [38]. The incident
X-ray beam angle was equal to 1º, which allowed us to detect diffraction peaks stemming only from the
ZnO layer. Electrical parameters were obtained from Hall effect measurements. A RH2035 Phys-Tech
GmbH system operating at a magnetic field of B = 0.426 T was used. The measurements were carried
out at room temperature in the Van der Pauw mode. Electrical contacts (Al) were sputtered by a
PVD 75 Kurt J. Lesker system. The content of non-intentional dopants was determined with use of
secondary ion mass spectroscopy (SIMS) in a CAMECA IMS6F system. SIMS measurements were
performed with a cesium (Cs+) primary beam, at an energy of 14,5 keV with the current kept at 50 nA.
The size of the raster was about 150 × 150 microns and the secondary ions were collected from a central
region of 60 microns in diameter. Secondary ions H−, NO−, C−, Si− and ZnO− as reference signal were
collected. Transmission spectra were measured in the wavelength range from 300 to 800 nm at room
temperature using a Varian-Cary5000 spectrophotometer.

3. Results

Details on the growth parameters for both types of ALD processes are given in Table 1.
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Table 1. Parameters of atomic layer deposition (ALD) processes applied to obtain ZnO layers with use
of diethylzinc (DEZ) and either water or ozone as precursors.

DEZ
Pulse [s]

Purge [s]
Water/
Ozone

Pulse [s]
Purge [s] Tg [◦C]

Water-Based Ozone-Based

d [nm]
Growth

Rate
[Å/cycle]

d [nm]
Growth

Rate
[Å/cycle]

0.06 4 0.02 4 50 104 0.7 107 0.4
0.06 4 0.02 4 100 100 1.4 100 0.5
0.06 4 0.02 4 150 98 1.8 102 0.5
0.06 4 0.02 4 200 99 1.6 104 0.7
0.06 4 0.02 4 250 102 1.4 104 0.8

The observed growth rates of ZnO deposited with the use of ozone was considerably lower
than that in the case of water-based ALD (ZnO/water) processes. This is in line with previous
observations [14,32]. However, despite the earlier report claiming that deposition temperatures
exceeding 200 ◦C are required [32]), ZnO films can be grown even at 50 ◦C, making the ozone-based
ALD process highly attractive. Even though much shorter DEZ and ozone pulses were applied than in
Refs. [32] and [35] (both were in the range of ms instead of seconds) the resulting growth rate is quite
similar to the ones reported in Reference [32]. The growth rate for the ozone-based processes increases
with growth temperature, but it is still lower than that for the water-based process, contrary to the
results given in Reference [32]. At temperatures above 150 ◦C the growth rate for the water-based
processes slightly decreases.

The relevant data on the growth rate are shown in Figure 1a. We used these data to estimate the
required number of ALD cycles to obtain ZnO films with comparable thicknesses for the water-based
and the ozone-based ALD processes.
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Figure 1. (a) Growth rate of ZnO layers vs. growth temperature for water-based and ozone-based
processes. (b) Crystallite size in the obtained layers depending on crystallographic orientation: (10.0)
and (00.1).

Figures 2 and 3 show SEM images (top views and cross-sections) of ALD films grown on silicon at
five different growth temperatures with use of ozone and water as oxygen precursors, respectively.
Significant differences are observed for the two types of the ALD processes in the top-view images.
For both types of precursors a columnar growth was observed, which is typical for ZnO grown by
ALD [16,17]. Columnar growth and column orientation in both types of ALD processes are better
seen in the cross-section images, also shown in Figures 2 and 3. In the case of water-based processes
the columns are disordered (i.e., not well oriented), while the ozone-based samples exhibit more
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ordered columns (oriented along the growth direction) for growth temperatures of 100 ◦C and above.
The ozone-based ZnO film grown at the lowest temperature (50 ◦C) is amorphous.
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Figure 3. SEM images of analyzed ZnO water-based samples: top-view (top panel) and cross section
(bottom panel). The results for samples grown at 50 ◦C (a), 100 ◦C (b), 150 ◦C (c), 200 ◦C (d), and
250 ◦C (e) are shown.

SEM results are supported by XRD examinations. First X-ray diffraction θ/2θ scans were measured
in a wide-angle range. The observed broadening of the relevant XRD peaks allowed us to estimate the
column diameters with use of the Scherrer formula (Figure 1b). For the less well oriented water-based
films the average column size was determined for both observed alignments, i.e., perpendicular and
parallel to the growth direction. Figure 4 shows the results of non-coplanar GIXRD measurement for
the water-based (Figure 4a) and ozone-based samples (Figure 4b). Only the wurtzite phase of ZnO is
observed in the layers. As can be seen in all the ozone-based samples as well as in the water-based
ZnO layer obtained at 250 ◦C the 00.2 XRD reflection is dominant. In other water-based ZnO layers
more crystallographic orientations are registered.
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Despite different growth rates the average diameters of columns aligned in the growth direction
are similar for both types of ALD samples, as shown in Figure 1b. However, columns parallel to the
substrate (in water-based samples) are noticeably narrower.

SIMS investigations were performed to determine the concentration of unintentional impurities in
the films (see Figure 5). Carbon and hydrogen concentrations are the highest in both types of samples
deposited at 50 ◦C. This may be due to high concentration of precursors and reactions taking place
during the growth process at the lowest temperature. The impurity concentrations drop rapidly with
increasing growth temperature and become comparable in water- and ozone-based layers grown at
200◦ C and 250 ◦C.
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Figure 5. Secondary ion mass spectrometry (SIMS) data show concentration of unintentional dopants:
(a) carbon and (b) hydrogen in ZnO ozone-based and water-based ALD samples.

In Table 2 we present electrical parameters for all the samples grown above 50 ◦C. The layers
grown at 50 ◦C with ozone or water were highly resistive. The carrier concentrations in the ozone-based
samples grown at 100 ◦C and 150 ◦C are significantly higher than in the water-based samples for
corresponding growth temperatures. The carrier mobility is consistently higher in the water-based
samples than in ozone-based samples. Table 3 shows the electrical parameters for all the samples after
five minutes annealing in argon gas.

Table 2. Electrical parameters of investigated ZnO water-based and ZnO ozone-based samples:
resistivity (ρ), carrier concentration (n), carrier mobility (µ).

Tg [◦C] ρ [Ω·cm] n [cm−3] µ [cm2/V·s]

ZnO/O3 ZnO/H2O ZnO/O3 ZnO/H2O ZnO/O3 ZnO/H2O

100 1.9 15 1.5 × 1019 1.4 × 1017 0.4 3
150 1.7 × 10−1 6.9 × 10−2 5.5 × 1019 7.5 × 1018 1 12
200 6.4 × 10−2 6.6 × 10−3 1.6 × 1019 3.4 × 1019 6 27
250 1.2 × 10−2 9.6 × 10−3 2.9 × 1019 2.3 × 1019 17 28

Table 3. Electrical parameters of investigated ZnO water-based and ozone-based samples: resistivity
(ρ), carrier concentration (n), carrier mobility (µ); after post-growth annealing in argon (5 min. 500 ◦C).

Tg [◦C] ρ [Ω·cm] n [cm−3] µ [cm2/V·s]

ZnO/O3 ZnO/H2O ZnO/O3 ZnO/H2O ZnO/O3 ZnO/H2O

100 9.4 × 10−2 2.5 × 10−2 2.2 × 1019 1 × 1017 13 24
150 1.8 × 10−2 2.2 × 10−2 4.6 × 1019 1 × 1018 7.4 27
200 1 × 10−1 2.9 × 10−2 8.5 × 1019 9.7 × 1019 7.1 22
250 1.3 × 10−2 1.9 × 10−1 3.7 × 1019 4.9 × 1019 13 6.8
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Figure 6a,b shows the optical transmission spectra for two types of the ZnO films. Due to higher
electron concentration in the ozone-based films the absorption edge is surprisingly shifted to shorter
wavelengths, which may be due to the Burstein-Moss effect. This is only a tentative explanation.
The role of the Burstein - Moss effect can only be verified for water-based samples grown at low
temperatures using the approach described in reference [39]. For ozone-based samples the data were
too scattered to verify this statement.
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The transparency of the films is in the range of 80% for spectra not calibrated for quartz transmission.
After calibration the transmission approaches 90%, i.e., it is better than required for the TCO films.
Concluding, optical parameters of both types of films are sufficient for the intended applications.

4. Discussion

Several oxygen precursors were tested for ZnO deposition by the ALD technology [14]. Among
them ozone was considered as a potentially attractive oxygen precursor not only for ZnO but also for
many other oxides [25–31]. The possibility of low temperature deposition was underlined in the case
of Y2O3 growth [31]. However, for ZnO, it was concluded that the use of O2, O3, and N2O instead
of water allows similar growth rates to those achieved in water-based processes, but only at higher
deposition temperatures [14]. The available published data on the ozone-based growth processes of
ZnO seem to confirm this conclusion [32–35]. ZnO ozone-based films were deposited at temperatures
above 200 ◦C [32–35]. Moreover, the low temperature deposition was claimed to be impossible [32].
Surface etching by ozone was reported [40], questioning the use of ozone in the ALD processes of
ZnO. Another mechanism which can account for a low growth rate is the ozone absorption at the
ZnO surface [34]. Ozone absorption at ZnO surface may reduce the surface concentration of hydroxyl
groups (OH), which are important to initiate the ALD process. It was also proposed that ozone may
react with hydrocarbon groups in the DEZ precursor forming CO2 and H2O. The water produced in
this reaction will react with DEZ leading to ZnO deposition [32]. Such possibilities require further
investigations. We can only conclude that the mechanism of growth is still not clear. We could not
verify whether the model analyzed in Ref. 35 accounts for our data.

The present data indicate, however, that low temperature deposition of ZnO is possible and
that ZnO/ozone films have quite attractive properties. As shown in Table 2, up to two orders of
magnitude higher electron concentrations can be achieved by replacing water pulses with the ozone
ones. Only for deposition temperatures in the range of 200–250 ◦C the electron concentration for
the two types of ALD processes tested by us becomes comparable. These data should be compared
with the ones given Ref. [32]. Whereas the higher resistivity of ozone-based films agrees with the
previous observation [32], data on carrier mobility and concentration differ. In both types of samples,
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the electron mobility and concentration increase with increasing deposition temperature. This agrees
with our previous observation for water-based samples [16,17]. The present data do not support the
proposition given in Ref. 32. It was proposed that the higher resistivity of ozone-based films may
be due to silicon contamination of samples deposited on Si substrates. To verify such a possibility
electrical measurement were performed for samples deposited on quartz. These data are given in
Tables 2 and 3. A significantly higher resistivity of ozone-grown films is also observed in the case of
films grown on quartz substrates. Moreover, SIMS data do not confirm high Si concentration in the
samples grown on silicon.

Hydrogen concentration was of interest to explain increased free electron concentration (see Table 2)
observed in ozone-based ALD ZnO samples. We also wanted to verify previous suggestion that the
layer crystallization may depend on defects/dopants concentration in the films (influence of carbon
was suggested in [14,41]). In fact, high carbon concentration detected in ZnO/ozone films grown at
50 ◦C may be responsible for the suppression of crystallization of these films, since such films are
amorphous. This assertion requires, however, further investigations. Carbon concentration is still high
in films grown at 100 ◦C but they are already crystalline. Moreover, optical transmission data suggest
that samples grown at 50 ◦C contain different compounds.

SIMS investigations (see Figure 5b) show much higher hydrogen concentrations in ZnO/ozone
films deposited at extremely low temperatures from 100 ◦C to 150 ◦C. This might be the reason for
the higher free electron concentration in ozone-based films. Hydrogen is considered as a shallow
donor dopant in ZnO [42,43]. However, present data do not support this explanation. With increasing
deposition temperature both hydrogen and carbon concentrations drop rapidly, whereas the free electron
concentration either is only weakly affected (in ozone-based samples) or even rises (in water-based
processes). This question the role of hydrogen as the dominant shallow donor in our ZnO films, in
particular those obtained at higher temperatures (200 ◦C and 250 ◦C). In previous investigations it
was suggested that interstitial zinc can be the dominant shallow donor in ALD-deposited ZnO [16,17].
This was proposed for films grown with water as oxidant. Interstitial zinc may possibly occur also in
ozone-based samples.

Despite the higher free electron concentration, the observed resistivity of ozone-based ZnO films is
higher than that of films grown with water as oxygen precursor. The data presented in Table 2 indicate
consistently lower carrier mobility in the ozone-based samples. This reduces the sample conductivity
and thus increases the resistivity. A similar situation was also reported in Ref. 32. The resistivity in
ZnO/ozone samples is too high for TCO applications.

The lower mobility may be due to the better column alignment in the ZnO/ozone films and/or
a higher defect concentration in such films. SEM and XRD investigations indicate that films grown
with water are less ordered, with many columns aligned perpendicular to the growth direction, i.e.,
along the current flow. Considering the expected inhomogeneous character of carrier scattering
(the dominant mechanism being due to scattering at grain/column boundaries [44]), more efficient
scattering is expected in the films with columns aligned along the growth direction. Such situation
may occur in the films grown with ozone. The data presented in Figure 1b show that the average sizes
of grains/columns in both types of the films are quite comparable and depend only weakly on the
deposition temperature. Thus, not column diameters but their orientation seems to be more important.

However, we cannot reject an alternative explanation. Lower electron mobility in the ZnO/ozone
samples can relate to a higher defect concentration in such films. To check this, we annealed the films
in argon, first at 100 ◦C and subsequently at 500 ◦C (for five minutes). Then we measured the electrical
properties of the annealed samples. The lower annealing temperature had practically no effect on
the sample properties. For the higher annealing temperature, we observed a significant change of
carrier mobility (see Table 2). The effect of annealing at this condition requires further investigations.
In our previous studies [16,17] we observed that annealing at temperatures about 500 ◦C and higher
introduces some defects, such as vacancies, which affect the electrical parameters of samples. After
post-growth annealing the electron mobility of the sample grown with ozone at 100 ◦C increased by a
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factor of 8, whereas the electron concentration was nearly the same. However, the electron mobility in
this sample was still lower than that in the ZnO/water samples. In the latter the mobility also increased
after post-growth annealing, but only in the case of samples grown below 200 ◦C.

These results are still not conclusive. However, we believe that the first explanation (column
orientation) is more likely to account for the observed differences in electrical properties of the films
grown at the lowest temperature. This statement seems to be supported by the observed decreasing
difference in electron mobility of ZnO/ozone and ZnO/water films grown at 200 ◦C and 250 ◦C. While in
layers grown at 100 ◦C the mobility in the ZnO/ozone film is nearly 10 times lower than in the ZnO/water
layer, it is quite comparable for higher growth temperatures (17 cm2/Vs and 28 cm2/Vs, respectively).

The data shown in Figure 1b may partly explain the spread of information on ozone based ALD
processes. The growth rate for ALD processes with use of water is higher. This is in agreement with the
general conclusion given in Ref. 14. Several mechanisms were proposed to explain why ozone-based
processes require higher growth temperatures and why growth rates are lower. For example, in
Reference 40 etching of the surface layer by ozone was claimed. Ozone reaction with DEZ or ozone
absorption on the surface [32,34,35] were also proposed. Despite these suggestions the present data
prove that ultra-low temperature ALD processes with ozone as oxidant are possible, resulting in
ordered films with a high electron concentration at room temperature. For some applications (e.g., in
hybrid structures) this is an important conclusion. For TCO applications further process optimization
is necessary to reduce the resistivity of ozone-based films, whereas optical parameters are already
as required.

5. Conclusions

The present data indicate attractive properties of ZnO films grown with ozone as oxidant. High
quality films can be deposited at very low growth temperature. This is important as tested by us
feasibility of the ALD deposition method for applications in organic-based electronics, optoelectronics,
and photovoltaics. The obtained films show high transparency, but still too high resistivity. However,
further optimization of ozone-based processes is possible.
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