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Abstract: The transparent conducting oxides ZnO and ZnO:Al are interesting materials for a wide
range of applications. Several of these applications need a large area, single crystalline, and specially
doped thin layers. A common technique for the fabrication of those layers is RF (radio frequency)
-magnetron sputtering. The investigation of the crystal quality of such layers requires methods of
analysis that are destruction free and that are able to obtain information about the concentration and
type of defects versus depth. One such option is the Rutherford backscattering spectroscopy (RBS) in
channelling mode. In this work, we exploit the channelling effect and its energy dependence, which
are sensitive to the type of defects. By using appropriate software and measuring RBS channelling
spectra with different beam energies, we were able to determine the depth distribution of point
defects and dislocation loops. The presence of dislocation loops was proven using other previously
applied analysis methods. The main advantage of RBS in channelling mode is the quantification of
point defects, which can be important for defining the electrical and optical properties of such layers.
The technique demonstrated is applicable to other defective crystals or thin crystalline layers.

Keywords: ZnO:Al; RBS channelling; structural characterisation

1. Introduction

Zinc oxide (ZnO) belongs to a group of transparent conductive oxides, which are a unique class of
materials. It exhibits both high transparency in the visible and near infrared spectral range and high
electronic conductivity. Additionally, ZnO is abundant—therefore cheap—and non-toxic. This makes
the material interesting for a wide range of applications such as thin film solar cells, architectural glass
coatings and flat-panel displays (see, e.g., [1] and references therein). Polycrystalline ZnO is sufficient
for many applications, whereas the development of ZnO-based optoelectronic applications requires
epitaxial monocrystalline thin films (see, e.g., [2] and references therein). Among other techniques for
thin film deposition, RF-magnetron sputtering is attractive, especially due to its high deposition rates
at relatively low substrate temperatures [3]. The substrate type and deposition parameters, such as the
mode and temperature of deposition, affect the crystallinity and the defect density of the layers, and
therefore their electrical and optical properties.

Many techniques are applied for the analysis of defects in thin films. In this work, Rutherford
backscattering spectrometry (RBS) in channelling configuration is used [4,5]. Herein, a well collimated
mono-energetic beam of light ions, usually helium (He) ions or protons, impinges on a target. lons are
scattered into the half-space above the target. A detector measures the energy of the backscattered
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ions. The position of the detector determines the backscattering angle (see Figure 1). The signal of the
detector is electronically processed and the number of ions is counted as a function of their energy.
Thus, the result of the RBS measurement is the number of ions scattered into the detector as a function
of the ion energy, which is called the RBS spectrum. This method is very commonly used, especially
for studying ion-beam induced damage in crystalline solids [6]. It is briefly described in Section 3.
The advantages of this method are that samples do not require special preparation and RBS is nearly
destruction free. By exploiting the channelling effect, the depth distribution of lattice defects can be
extracted from the measured RBS spectra. Additionally, further information about the dominate type
of defects can be obtained when spectra are measured under different conditions. Those conditions are
different temperatures or different energies of the analysing ions.

target

Figure 1. Schematic representation of Rutherford backscattering spectrometry (RBS). The angles of
incidence and exit of the analyzing ions are ¢ and @, respectively. © is the backscattering angle.

In this work, the capability of energy-dependent RBS in channelling mode is demonstrated for
epitaxial ZnO layers sputtered onto single-crystalline ZnO substrates. The existence of point defects
and dislocation loops well describes the channelling RBS spectra measured for the various beam
energies applied. The concentration and depth distribution of both types of defects were determined.

2. Experimental Conditions

ZnO and Aluminium-doped ZnO (ZnO:Al) layers grown homoepitaxially on the Zn-terminated
surface of undoped ZnO <0001> substrates were investigated by energy-dependent RBS in
channelling configuration.

The layers were prepared by RF-magnetron sputtering at a constant power of 50 W and a substrate
temperature of 300 °C (for more details of the experimental set-up and the deposition procedure
see [7]). Aluminium doping is obtained by using a special ceramic target (ZnO/Al,O3 98/2 wt.%). The
Al content of the films, measured by RBS, is about (2 + 0.2) at.% [8]. The layer thickness was measured
with a surface profilometer [9]. Table 1 presents the various deposition frequencies applied, and the
composition and thickness of the investigated layers.

Table 1. Overview of the investigated ZnO samples and their parameters.

Sample Discharge Frequency Al Fraction Thickness
(MHz) (at.%) (nm)
AB5897 13.56 0 565
AB6008 13.56 2 735
AB6200 27.12 0 1215
AB6227 27.12 2 785

The RBS measurements were carried out with He ions at energies of 1.4, 2.0, 2.5 and 3.0 MeV.
The backscattered ions were registered with the detector placed at 170° with respect to the direction
of the incident ion beam (see Figure 1). An aligned spectrum is obtained when the ions penetrate
into the crystal along a low-index axis. Random spectra were taken with the samples being tilted
5 degrees off axis and rotated around an axis perpendicular to the sample surface. The minimum
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yield Xmin is calculated from the energy spectra of backscattered ions measured in aligned (Y1) and in
random (Yy,) direction with Xmin = Ya1/Yra. Energy-to-depth conversion was performed using common
SRIM (Stopping and Range of Ions in Matter) energy loss data [10]. The minimum yield Xmin Versus
depth z (i.e., the xmin(z) spectra) obtained for the different beam energies were used in order to obtain
information about the type and concentration of defects within the sputtered ZnO layers. With respect
to RBS in channelling configuration, all defects in a crystal manifest as displaced lattice atoms. In this
work, the DICADA code [11] and a previous version DICADAI1 [12] are applied for defect analysis,
which are based on the discontinuous model of dechannelling [13,14]. With the DICADA code, Xmin
spectra can be calculated as a function of depth z for a given relative concentration of displaced lattice
atoms 714,(z) for compound and single crystals. Conversely, the relative concentration of displaced
lattice atoms versus depth, n4,(z), can be calculated from the measured minimum yield Xin(z). The
program version DICADAL is applicable only to elementary targets but includes both point defects
and extended defects. Therefore, this version was used to quantify the amount of point defects and
dislocation loops in the epitaxial layers by fitting calculated xmin(z) spectra to the measured ones. For
this, the binary material ZnO has to be approximated by an elementary one with mass and atomic
number taken as a mean value of that of the two elements of the original crystal. The usability of
this approach has already been demonstrated for defect studies of ion-implanted SiC [15]. For the
calculations we used an average atomic number of Z,, = 19 and an average mass of n1,, = 40.69 u.
The Debey temperature was taken to be 416 K [16] and the lattice parameters are a = 3.2498 A and
¢ =5.2066 A (JCPDS 36-1451).

3. RBS Method

As already mentioned above, an aligned RBS spectrum is obtained when the ions enter a
monocrystalline solid in the direction of a low-index axis. The atoms of the crystal are arranged in
rows which form channels along the low-index axis. Within these channels the ions perform a guided
movement due to the periodic atomic potentials—this is called the channelling effect. It occurs if the
angle ¥ between the ion velocity and the atomic rows is below a critical value ¥.. The consequence of
channelling is a reduction in the probability of the occurrence of direct backscattering events. Thus,
a significant decrease in the yield of backscattered ions is observed in comparison to the yield measured
in random direction. Defects in crystals appear as atoms being displaced from their original lattice
sites. Direct backscattering takes place when an ion gets backscattered in a single collision with a
displaced lattice atom. Additionally, the displaced lattice atoms disturb the movement of the ions
within the channels, resulting in an increase of ¥. When ¥ exceeds the critical angle ¥, the guided
movement of the ions is ceased, and eventually backscattering takes place in a further scattering
event. This process is called dechannelling. Both processes occur simultaneously. In the case of direct
backscattering, backscattering of the ions takes place at the depth at which the displaced lattice atom is
located. Backscattering of ions due to dechannelling is the consequence of all defects within the layer
the ions traversed up to the depth where the backscattering event takes place. This contribution to the
aligned backscattering spectra is called the dechannelling background.

In previous works, it was demonstrated that the contribution of direct backscattering and
dechannelling to the aligned RBS spectra depends on the kind of defects [4,5]. Point defects, point
defect complexes and amorphous zones (here summarized as point defects) are characterised by
uncorrelated-displaced lattice atoms. In this case, the contribution of direct backscattering is significant.
Conversely, in the case of extended defects, a correlated displacement of lattice atoms occurs and the
contribution of direct backscattering is negligible. This means that the measured aligned RBS spectra
are mainly determined by the dechannelling of the analysing He ions. This effect is illustrated in
Figure 2, which shows Xmin(z) spectra calculated for <001> oriented silicon damaged within the first
0.25 um (data taken from [17]). Additionally, the spectrum of the perfect crystal, )(ng (z), is shown for
comparison. Curve A is calculated assuming a Gaussian distribution of randomly-displaced lattice
atoms with a maximum concentration of 0.5 at a depth of 0.1 um. A clear damage peak due to direct
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backscattering occurs in this case. Behind the damaged layer, the minimum yield does not drop down
to the value of the perfect crystal, because of the dechannelling of the ions that passed through the
damaged layer. Curve B in Figure 1 was calculated for a 0.25 pm thick layer containing a certain
amount of dislocation loops. No damage peak is visible in this spectrum. The end of the damaged
layer is indicated by the change in the slope of i With depth z at 0.25 um.
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Figure 2. Minimum yield xp,in versus depth z calculated for 1.4 MeV He ions and <001> Si with different
defect states within the first 0.25 um: Gaussian distribution of point defect complexes (solid line, A)
and box-like distribution of dislocation loops (dashed line, B). The Xin(z) spectrum of undamaged Si
is given as a dotted line for comparison. For details see text.

Theoretical and experimental investigations revealed that the minimum yield xmin at a given

depth behind a damaged layer depends on the beam energy E [4,5]. For the analysis, the dechannelling
perf

probability vy is relevant with y = In [(1 = x| - )/(1 = Xmin)]. In a first approximation and with 1 —

)(fne Z.rn ~ 1, one obtains v ® Xmin. A dependence of the minimum yield according to y ~ E€ is obtained
for uncorrelated displaced lattice atoms with k = (=0.5 to —1) depending on the distribution and
concentration of the displaced lattice atoms [5,18]. In the case of extended defects, a beam energy
dependence of v ~ E? is obtained for stacking faults and y ~ E%° for dislocation loops [12,19]. That is,
the beam energy dependences are distinctly different for uncorrelated and correlated displaced lattice
atoms. This effect has been used to obtain information about the kind of defects in ion-implanted

crystals by RBS in channelling configuration. In this work, it was applied to sputtered ZnO layers.

4. Results and Discussion

Figure 3 depicts the energy spectra of backscattered He ions for all the samples investigated
and all the ion energies applied. Oxygen resonances [20] enhance the yield of backscattered ions
for beam energies of 2.5 MeV around channel 170, and of 3 MeV around channel 210. The random
spectra of Al doped ZnO show a slightly reduced Zn backscattering yield within the deposited layer
due to the presences of Al atoms. For all applied beam energies, this decrease corresponds to an Al
concentration of 2%, which is in agreement with the composition of the sputter target. As a reference
for perfect ZnO, aligned spectra were measured on undoped ZnO <0001> substrates. In Figure 3 it
can be seen that the backscattering yield of the sputtered layer is rather high for sample AB5897 (ZnO
deposited with 13.56 MHz). This points to a stronger contribution of direct backscattering than in other
layers and indicates the formation of a heavily damaged layer. For the other three ZnO layers, the
backscattering yield in aligned direction is significantly lower, indicating a low level of damage. The
spectra are characterised by a strong dechannelling of the analysing He ions. In this case, the end of
the sputtered ZnO layers can be identified by the change in the slope of the spectra with decreasing
channel numbers, and therefore decreasing ion energy. For 1.4 MeV He ions, the maximum depth of
analysis (backscattering on Zn atoms only without superposition of backscattering from O ions) is
about 700 nm. This is less than the thickness of most layers (see Table 1). Therefore, the end of the
sputtered layers is less visible in the 1.4 MeV He spectra.
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Figure 3. Energy spectra of He ions of different ion energies backscattered in homoepitaxial ZnO
and ZnO:Al layers fabricated under various sputtering conditions. Spectra in aligned and random
directions for a ZnO single crystal are shown for comparison. Beam energies and names of the samples

are indicated in the figure.

The minimum yield Xmin is calculated as explained in Section 2 and shown in Figure 4 for all
beam energies and each sample. It can be seen that in general the energy dependence of Xmin is weak.
The minimum yield xp,in averaged over depths ranging from 600 to 650 nm was analysed with respect
to its energy dependence according to EX. The obtained values of k are between —0.24 and +0.03.
According to theory, a value of k =~ 0.0 points to the existence of stacking faults. However, in epitaxially
grown layers one usually expects the existence of dislocations, which were indeed found in these
homoepitaxial ZnO layers by transmission electron microscopy [7]. Therefore, one can assume that the
weak energy dependence of the RBS minimum yield results from the superposition of point defects
and dislocation loops both occurring in the sputtered layers. As described above, point defects result
in a decrease in Xmin With increasing beam energy and dislocations result in an increase, thus yielding

a weak energy dependence in the case of superposition.
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Figure 4. Minimum yield X, versus depth z for each sample and all of the He ion energies applied.

The names of the samples are given in the figure.
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To demonstrate the effect of point defects and dislocation loops on the structure of the minimum
yield Xmin Versus depth, the minimum yield for different defect distributions were calculated with
DICADALI (see Section 2). Figure 5 plots the results of the test calculations in comparison with the
spectrum of minimum yield xpin for sample AB6008 (ZnO:Al deposited with 13.56 MHz) and analysis
with 2 MeV He ions. For the calculations shown in Figure 5a a box-like depth profile of randomly
distributed displaced lattice atoms (representing point defects) was assumed with a thickness of 800 nm
and various concentrations. The spectra in Figure 5b were calculated assuming a box-like distribution
of dislocation loops within the first 700 nm and various areal concentrations. A Burger’s vector
perpendicular to the loop plane and parallel to the channel direction was assumed. The magnitude of
the Burger’s vector was chosen to be ¢ = 3.84 A and the loop radius 2500 A. Figure 5 reveals that there
are two significant differences between the two sets of calculated spectra. First, in the case of point
defects, the calculated xmin spectra shift to higher values starting from the surface with increasing
defect concentration. This is not the case for dislocation loops even though their concentration was
assumed to be constant over depth up to the surface. Second, there is always a slight decrease in Xmin
at the end of the layer in the case of point defects. However, in the case of dislocation loops, the end of
the layer is only indicated by a change in the slope of Xmin versus depth.

0.4 T T y T T T T T
n,=0.02 = AB6008, 2.0 MeV |
0.3 n,=0.04 .
n,=0.06
£ 0.24
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Figure 5. Minimum yield X, versus depth z for sample AB6008 (ZnO:Al deposited with 13.56 MHz)
measured with He ions of 2.0 MeV energy (symbols). The impact of the different type and number
of defects on the xp,in, spectra are demonstrated by DICADA1 calculations (solid lines), (a) shows the
impact of point defects represented by randomly distributed displaced lattice atoms with various
relative concentrations n4,. In (b), spectra are depicted assuming dislocation loops of various areal
concentrations. For details see text.

When comparing the measured Xmin spectrum in Figure 5 with the calculated ones, it becomes
obvious that both types of defects have to be taken into account to represent the measured spectra
by calculated ones. In doing so, the contribution of dislocation loops is determined by the height
of the minimum yield at depths behind the sputtered layer. Therefore, it is a precondition for
this type of analysis that the DICADA code well describes the dechannelling background for point
defects (i.e., uncorrelated-displaced lattice atoms). This is indeed the case, as was shown in previous
publications [21,22]. Further, it has to be mentioned that information about the type and size of
dislocation loops cannot be easily obtained with ion channelling [12]. However, the advantage is
that, when assuming a certain type and size of loops, their contribution to the dechannelling of the
analysing He ions can be quantified. This is useful when analysing a set of layers produced under
different deposition conditions, as in this work. A similar procedure was applied for ion-implanted
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layers to study the number of point defects and dislocation loops as a function of the ion fluence by ion
channelling [23,24].

Based on the results presented above, for each sample, the xmin spectra for all four beam energies
applied were fitted by calculated xmin Spectra assuming one and the same distribution of point
defects and dislocation loops for all beam energies. The conditions for the corresponding DICADA1
calculations are as given above. The depth distributions of point defects and dislocation loops were
varied until an optimum agreement between the calculated and measured spectra was obtained for all
beam energies applied. The achieved fit of the spectra is demonstrated in Figure 6, which compares
the measured and calculated spectra for the lowest (1.4 MeV) and highest beam energy (3 MeV). For all
of the samples investigated, a good agreement was obtained. This also holds for the two medium
beam energies (not shown). The resulting depth distribution of point defects and dislocation loops
are plotted in Figure 7. The amount of both types of defects decreases with increasing deposition
frequency. This is true for both materials, ZnO with and without Al. This is in good agreement with
former investigations [25], since higher deposition frequencies lead to lower voltage at the sputtering
target. This discharge voltage determines the maximum energy of ions or energetic atoms, bombarding
the growing film. Bombardment with higher-energy particles may cause more defects.

1.4 MeV 3.0 MeV
0.8 ‘ : : : : : ‘
0.6} s >/
0.4l AB5897 AB5897
ZnO Zn0O
0.24 13.56 MHz 13.56 MHz
0.0 ) ‘ ‘ ‘
£
E 02
=
o AB6008 AB6008
o 01 ZnO:Al ZnO:Al
> 13.56 MHz 13.56 MHz
€ ‘ e
&
= AB6200 AB6200
é ZnO ZnO
27.76 MHz 27.76 MHz
0.051 AB6227 AB6227
ZnO:Al ZnO:Al
00 ‘ ‘ ‘ _ 27.76 MHz ‘ ‘ ‘ | 27.76 MHz
08002 02 06 08 10 12 00 02 04 06 08 10 12 14
depth z in ym

Figure 6. Measured (symbols) and calculated (solid lines) minimum yield xp,in versus depth z for He
ion energies of 1.4 MeV (left column) and 3.0 MeV (right column). The names of the samples are given

in the figure.

Furthermore, the profiles generally show a lower amount of both types of defects for the layers
containing Al. The reduction in the concentration of dislocation loops with increasing frequency is the
same for both types of material, ZnO and ZnO:Al. The impact of the frequency on the reduction in the
concentration of point defects is higher for samples containing no Al. One possible explanation is that
the number of point defects is generally low in layers containing Al.
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Figure 7. Depth distribution of the defect concentrations used to calculate the i, spectra plotted in
Figure 6 for the various homoepitaxial ZnO and ZnO:Al layers investigated, which are indicated in the
figure. Please note the different ordinate scales in different parts of the figure.

5. Summary and Conclusions

ZnO and ZnO:Al were deposited on <0001> ZnO by RF-magnetron sputtering applying two
different discharge frequencies. The crystalline quality of the deposited layers was investigated by
energy-dependent RBS measurement in channelling configuration. For this, He ions with energies
of 1.4,2.0,2.5, and 3.0 MeV were used. RBS analysis is quick, almost destruction free and does not
require special sample preparation.

The minimum yield Xmin of the backscattered ions measured as a function of the beam energy
is sensitive to the type of defects. For all layers studied here, the xpin spectra measured with the
ions of the different beam energies were well represented, assuming point defects and dislocation
loops as the main type of defects in the layers. It is worth noting that an agreement was indeed
possible using the same defect profiles (one for point defects and one for dislocation loops) for all
beam energies. The existence of dislocation loops was proven by transmission electron microscopy
in previous publications. The possibility of quantifying the number of point defects is a significant
advantage of RBS. This information can be important for understanding, e.g., the electrical and optical
properties of such layers.

Two main results can be deduced from our RBS studies: (1) The quantity of defects decreases with
increasing RF frequency during the deposition. This holds well for both, ZnO and ZnO:Al layers; and
(2) ZnO:Al layers are less damaged than those without Al for a given RF frequency. These results are
in agreement with previous findings for similarly deposited layers investigated by other techniques.
We were able to show the depth distribution of those two types of defects for both highly and lowly
disturbed epitaxial layers.

Our study reveals that by exploiting the channelling effect and its energy dependence, more
information can be obtained about the type and concentration of defects in crystals than by using only
one ion energy. The procedure demonstrated here can be taken as an example that can also be applied
to other defective crystals or thin crystalline layers.
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