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The results of the Rutherford backscattering/channeling study of ZnO layers are presented. ZnO layers were
deposited on the silicon single crystals and GaN epitaxial layers at low temperature by atomic layer deposition.
Deposition temperature varied between 100 and 300 ◦C. A random spectra analysis was performed to determine
layer thickness and composition. In turn, analysis of the aligned spectra allows us to study evolution of ingrown
defects. The Rutherford backscattering study supports the results of X-ray photoelectron spectroscopy measure-
ments, performed separately, that the ZnO-ALD layers deposited at low temperature contain a higher oxygen
content. Composition measurements, performed as a function of growth temperature, show that oxygen content
decreases with the increasing temperature of the atomic layer deposition growth process.
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1. Introduction

During the last few years we have demonstrated that
ZnO is an attractive material for several new applications
in electronics (cross-bar memories [1], transparent elec-
tronics [2]), photovoltaic [3] and optoelectronic devices,
such as light-emitting diodes (LEDs), optically pumped
lasers, and transparent thin �lms transistors [3�5]. It is a
transparent semiconductor compound with a direct wide
band gap (3.37 eV at room temperature, RT), large exci-
tonic binding energy (60 meV), insensitive to visible light
and amenable to wet etching and resistant to radiation
damage.
A direct band-gap and the related transparency make

some of the above mentioned applications of zinc oxide
possible [2�4]. In many features ZnO is similar to GaN,
but the production of GaN is much more di�cult and
expensive than that of ZnO, so zinc oxide became a good
alternative to gallium nitride for optoelectronic applica-
tions. Unfortunately, problems with the p-type proper-
ties of ZnO have not been solved yet. This limits appli-
cations of ZnO in light emitting devices. Thus, control
of electrical properties of ZnO is crucial. In the present
work we address this problem by investigating the stoi-
chiometry of ZnO layers grown at low temperature (im-
portant for some of applications [1�4, 6]) by atomic layer
deposition (ALD).
Zinc oxide of wurtzite structure can be produced as a

bulk crystal by several growth methods, including a hy-
drothermal one. In turn, thin �lms of ZnO (amorphous,
polycrystalline or monocrystalline) can be deposited by
a range of techniques, including sputtering, molecular
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beam epitaxy (MBE), metalorganic chemical vapor de-
position (MOCVD), pulse laser deposition (PLD) and
atomic layer deposition [1�4, 6]. In the present work we
investigate the properties of ZnO �lms grown by ALD.
This method enables very uniform layers with large sur-
faces, excellent precision of thickness control, and a low
growth temperature to be obtained [7].
The latter property of ALD (low growth temperature)

is important for several applications. For example, for
production of ZnO/organic material hybrid structures
[8, 9]. Thus, ALD-grown ZnO �lms deposited in the low
temperature regime (below 300 ◦C) have been intensively
investigated recently because of their great potential for
such novel electronic applications as switch elements in
three-dimensional memories [1] and inorganic partners of
hybrid organic-inorganic structures [8, 9].
Control of defects and related conductivity in the ZnO

layers grown at low temperature by ALD still remains
a challenge as it is signi�cantly di�erent from the ZnO
�lms grown at higher temperatures [2�4, 6]. Zinc inter-
stitials and oxygen vacancies are among the main native
defects in the ZnO crystals and �lms [10], therefore the
stoichiometry control of this material is of great impor-
tance as it in�uences its electrical characteristics.
In the present work we employed the Rutherford

backscattering (RBS)/channeling technique [11] for eval-
uation of the properties of ZnO layers. RBS is a nonde-
structive technique which is used for quantitative depth
pro�ling and thickness measurements, especially for thin
�lms [12] and multilayers [13, 14]. The energy loss of the
ions gives depth information. The �lm thickness can be
calculated provided the material density is known. Since
the spectrum intensity is proportional to the local content
of an element, the shape of the energy spectrum re�ects
its depth pro�le. In the case of the crystalline layers it is
possible to detect interstitials and other kinds of lattice
disorder with the ion-channeling technique.
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2. Experimental

Thin layers of ZnO were deposited by ALD using a Sa-
vannah 100 ALD system from Cambridge Nanotech. Di-
ethylzinc (DEZn, Zn(C2H5)2) and deionized water were
used as organic zinc and oxygen precursors. We used high
purity N2 as a purging gas. A series of polycrystalline
zinc oxide �lms deposited on silicon (Si 〈001〉 substrates)
by ALD at di�erent temperatures, and crystalline layers
on 〈0001〉 GaN/Al2O3 templates were analyzed.
Film thickness, stoichiometry and crystallinity were

determined from the RBS/channeling investigations (see
Ref. [11] for a description of the method). Experiments
were carried out using a 1.7 MeV 4He+ ion beam from
the Van de Graa� accelerator at the Helmholtz Zentrum
Dresden-Rossendorf (HZDR), Germany. Backscattered
particles were detected at 160◦ with respect to the beam
direction, and the beam was collimated to a diameter of
1.25 mm. Energy resolution and full width at half max-
imum (FWHM) of the detection system was 18 keV. All
spectra were collected with the charge 40 µC and as rotat-
ing randomly in order to avoid channelling e�ect. During
rotation of the sample an angular scan was recorded to
detect if the layer was crystalline. If the result was pos-
itive, the channelling spectrum was also measured. The
SIMNRA backscattering spectra simulation code [15] was
applied for random spectra analysis.
Scanning electron microscopy (SEM) investigations

were performed with a Hitachi SU-70 microscope. SEM
spectra were taken at relatively low accelerating voltages
either at RT or at 5 K. Surface morphology was investi-
gated by an atomic force microscope (AFM).
Electrical parameters were also investigated. The

Hall measurements were performed in the van der Pauw
geometry using the RH2035 PhysTech GmbH system
equipped with a permanent magnet producing the mag-
netic �eld B = 0.426 T. The e-beam evaporated bi-layers
of Ti(100 Å)/Au(400 Å) were used as ohmic contacts
to ZnO.

3. Results

3.1. Composition analysis of ZnO layers on Si

Figure 1 shows the typical RBS random spectra of ZnO
deposited on Si by the ALD method at di�erent growth
temperatures. The large peak on the right-hand side is
due to the zinc atoms whereas the oxygen signal appears
on the Si background. To avoid overlapping of spectra
we examined layers with slightly di�erent thicknesses.
RBS is not equally sensitive to various elements. The

height of the RBS signal depends on the scattering cross-
-section which is proportional to the square of the atomic
number of the element. Thus, for light elements the RBS
signal is much lower than for heavy ones [11]. There-
fore, it is quite di�cult to separate the signal from such
elements as nitrogen, carbon or oxygen, from the high
background of much heavier substrates. Consequently,
it is quite di�cult to evaluate the contribution of light

Fig. 1. RBS random spectra for the ZnO layers de-
posited on Si by the ALD technique at di�erent tem-
peratures.

elements. Moreover, the results obtained strongly de-
pend on the background cut o� method. To avoid such
ambiguous results the SIMNRA simulations were per-
formed. The layer thicknesses obtained from these simu-
lations vary from 110 to 180 nm, depending on the num-
ber of ALD cycles and the growth temperature. Fig-
ure 2a shows some di�erences in the slopes of the Zn
low energy edge from the theoretical ones (predicted for
the experimental FWHM). This led us to the conclusion
that sample surface roughness could be responsible for
this e�ect. Sample surface roughness was estimated to
be about 10 nm. The presence of roughness of this range
was con�rmed by independent AFM measurements, as
shown in Fig. 2b.

Fig. 2. Roughness analysis for the ZnO layer deposited
on Si at 200 ◦C: (a) Zn signal from the RBS random
spectrum, (b) the AFM image.

Zinc content in the ZnO layers was also evaluated from
the RBS random spectra. It has been found that the
O:Zn content exceeds 1 for each of growth temperatures.
Figure 3 shows the dependence of the O:Zn ratio on the
deposition temperature. As can be seen, oxygen content
decreases with the increasing growth temperature. The
results are summarized in Table. Importantly, the stoi-
chiometry of the ALD layers reveals no in�uence of the
substrate used (Si or GaN/sapphire template).
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TABLE

Layer thicknesses and O:Zn ratio for the ZnO �lms determined by the RBS
and electrical properties determined by the Hall measurements.

Sample
Growth

temperature
[◦C]

Thickness
[nm]

O:Zn
ratio

Carrier
concentration n

[cm−3]

Mobility
[cm2/(V s)]

S635 100 162 1.08(7) 1.7× 1017 3

S705 130 178 1.07(6) 2.0× 1019 20

S703 160 165 1.07(1) 3.6× 1019 22

S701 200 136 1.06(8) 8.6× 1019 26

S180a 240 111 1.06(6) 1.1× 1020 21

Fig. 3. O:Zn ratio curve obtained by the RBS method.

The growth temperature strongly in�uences the elec-
trical properties of ZnO layers [5]. Therefore, Table in-
cludes not only a list of the samples with their growth
temperature together with the O:Zn ratio and their thick-
ness, as found from the RBS study, but also the results of
the Hall measurements. The latter results show that for
the layers grown in the temperature range of 100�300 ◦C
the carrier concentration changes by two orders of mag-
nitude. The origin of the correlation between the sample
stoichiometry and room temperature electron concentra-
tion is not clear. Some of our recent investigations (see
e.g. [16]) indicate that zinc interstitials are the dominant
shallow donor in the ZnO layers grown by ALD at low
temperature. One of the possibilities, in line with the
data shown in Table, is that OH groups are common in
oxygen rich layers, which may contribute to the electri-
cal properties of ZnO layers [17]. Oxygen interstitial is
considered to be a deep donor in ZnO [18].
Stoichiometry measurements by X-ray photoelectron

spectroscopy (XPS) were also performed [19]. These in-
vestigations show the presence of N, C, and hydrogen
in the ZnO �lms. All of these elements can form com-
pounds with oxygen (e.g. OH, CO, CO2, NO, NO2, etc.).
Thus we expect that the SIMNRA simulations of the RBS
spectra result in an overestimated oxygen content in our
�lms. Therefore, the absolute values of the O:Zn ratio
are slightly di�erent from those in the RBS and XPS
investigations. However, in both cases the experiments

indicate that the layers are oxygen rich and that the oxy-
gen content decreases with the temperature.
The RBS analysis does not take into account the con-

tent of light elements like hydrogen, carbon or nitrogen.
The H analysis is impossible by this method, but C or
N signals should be visible in the RBS spectra, which
is not the case, as shown in Fig. 1. Simulations of the
RBS experimental spectra with the data provided by the
XPS (C and N contents) were performed, but were not
consistent with the experimental results. This is likely
to be due to di�erent depth regions examined by these
two methods. XPS examines only the near surface layer,
whereas RBS can reach much deeper regions. Thus, we
cannot exclude the C and N presence at a very low level
if these elements are located mostly in the close surface
region of the examined layers.

3.2. The quality of crystalline ZnO �lms

ZnO layers deposited on Si do not reveal an overall
crystalline arrangement in the RBS measurements and
the main crystalline axis was not found in any of the
channelling experiments. ZnO �lms deposited on Si sub-
strate are polycrystalline, as can be seen in Fig. 4a,b
showing the SEM image of the ZnO layers grown by
ALD at 100 and 300 ◦C. The layer deposited at 100 ◦C
has small rice-like grains, whereas the layer deposited at
300 ◦C much larger and irregular grains. On the contrary,
the layers deposited on the GaN/sapphire templates at
300 ◦C reveal crystalline structure. Channeling spectra
were collected for two ALD layers grown on the GaN/sap-
phire template and for two commercial bulk crystalline
samples (MaTecKTM and Semiconductor Wafer Inc. �
SWI). Figure 5a shows a couple of random and aligned
spectra for the ALD layer (S722 sample) grown thicker
than the polycrystalline ZnO/Si �lms. For higher than
500 nm layer thickness the ZnO/GaN interface can be
hardly seen. Figure 5b shows the aligned spectra for all
4 samples. The χmin parameter measured just behind the
surface peak is 3.0% and 3.4% for the ALD layers. For
commercial bulk samples (MaTecK and SWI) this value
is 2.5% and 4.5%, respectively. Thus we conclude that
the crystalline quality of ALD layers grown at 300 ◦C on
the GaN/sapphire templates is very good.
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Fig. 4. SEM image of the ZnO layers deposited on Si
at (a) 100 ◦C, (b) 300 ◦C.

Fig. 5. (a) RBS random and aligned spectra for the
ZnO layer deposited on GaN at 300 ◦C measured with
1.7 MeV He ions, (b) the RBS aligned spectra obtained
for the ZnO layers deposited on GaN by ALD and two
commercial ZnO bulk crystals.

4. Conclusions

Polycrystalline ZnO �lms and epitaxial ZnO layers
were grown at low temperature by ALD. RBS/channel-
ing measurements were carried out. The composition and
thickness of the layers were determined. The layers are

oxygen rich. Clear dependence of the oxygen content on
the growth temperature was revealed. At higher growth
temperatures a lower oxygen content was found. We ob-
served also a correlation between growth temperature,
oxygen content and conductivity, but no clear explana-
tion is proposed.
The RBS/channelling investigations indicate a highly

crystalline quality of the ZnO layers grown by the ALD
on GaN/Al2O3 templates at 300 ◦C.
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