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Abstract

Aluminium doped ZnO (AZO) is an interesting low cost transparent conducting oxide with further use as an inorganic transport
layer in multilayer solar cells. Here we present our work on atomic layer deposited (ALD) thin films where, with optimised
growth conditions, we can obtain resistivities of 1x107* Qcm even in 50-80nm thin films grown at low temperatures (250°C).
We discuss the influence of crystallographic texture for ALD grown films by comparing plain glass, c-plane Al,Os, and a-plane
Al,O5 substrates. We show that the doping mechanism in ALD grown AZO is more complex than for e.g. sputtered material as a
substantial hydrogen interstitial related background doping occurs. We compare results from as grown samples with those briefly
annealed at 320°C in nitrogen. This process leads to an increased Hall mobility due to improved grain boundary passivation, but
reduced carrier concentration due to partial loss of hydrogen interstitials.
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1. Introduction

Transparent conducting oxides (TCOs) remain an important
material class as front contacts for large area optoelectronic de-
vices such as displays, thin film solar cells and smart windows
[1-6]. One such material is Aluminium doped ZnO (AZO,
ZnO:Al), which is of particular interest for low cost devices
such as solar cells [7-9]. In order to achieve the required front
contact sheet resistance of much less than 100 Q/0, an AZO
thickness of several hundreds nm is typically required. This
poses a problem for many new low cost organic or halide per-
ovskite solar cells, which typically use much thinner, smoother
In,05:Sn (ITO) or SnO,:F (FTO) front contacts. However, ZnO
and ZnO:Al are often used in the tunnelling contacts between
consecutive cells in tandem solar cells, in particular in a-Si/uc-
Si tandem cells [10-12]. In this case only very thin films are
required, as the conduction band offset between absorbers and
the ZnO/AZO is of larger importance to the cell’s internal series
resistance than the conductivity of the material. The concept of
such ZnO based tunnelling contacts can also be used in organic
and halide perovskite cells [13, 14], and there is growing in-
terest in bulk hetero-junction cells based on organic/inorganic
structures [15, 16]. For such structures the critical issue is to
get high conductivities in thin TCO films (< 100 nm) at depo-
sition temperatures compatible with the adjacent organic layers
or plastic substrates.
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One emerging deposition technique to obtain high quality,
ultra-thin oxide layers is atomic layer deposition (ALD) [17—
19]. Widely used for the growth of high quality gate oxides,
such as Al,O3, ALD could become of increased interest in the
field of TCOs. The inherently better performance of ALD grown
TCOs, compared to nanoparticle assembled TCO layers, could
make ALD attractive for thin film, and specifically low temper-
ature processed tandem solar cells. In this work we therefore fo-
cus on the conductivities of thin ZnO:Al structures (50-80 nm)
with an emphasis on the inherent transport properties in terms
of scattering mechanism dependent on crystallographic texture,
as well as the type of carrier generating defects. Using opti-
mised procedures we are able to achieve good conductivities in
very thin films, while maintaining a high electron mobility even
at higher carrier concentrations.

2. Experimental details

Samples have been grown by atomic layer deposition (ALD,
Model: Veeco Instruments, FijiTM G2 ALD) on a variety of
substrates using diethyl-zinc (DEZ) as Zinc precursor, Trimethy-
laluminium as Al precursor, and water as oxidising agent. All
ALD precursors have been supplied by Sigma Aldrich. The in-
struments base pressure was 2.5x10# Pa. High purity Argon
(flow: 30 sccm) was used as carrier gas, N, was used as purg-
ing gas (flow: 100 sccm) to remove by-products. During purg-
ing the chamber pressure was at 41 Pa with peaks of 47-52 Pa
during precursor deposition pulses. Super-cycles with varying
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Figure 1: Overview of the electrical properties
of ALD grown AZO on a-plane Al,0O5 as func-
tion of nominal Al content. Data for as grown
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numbers of Al and Zn pulses have been used to vary the Al con-
centration. All substrates were initially treated to a water pulse
(0.1s). Afterwards, every metal precursor pulse (0.1 s) was fol-
lowed by a water pulse (0.1s) with a 10s wait/purge step in-
between. All pulse cycle times were chosen to be 40%-60%
longer then previously determined saturation times for these
precursors to ensure reproducible growth in a full saturation
regime (Instrument manufacturer reference data). A sample
thickness of ~50 nm plain ZnO was achieved by 500 DEZ/H,0-
cycles on a-plane Al,O5;. The ratio between Al and Zn pulses
was increased, while keeping the number of total pulses as close
to 500 as possible (e.g. 3% sample: [1 Al- every 32 Zn-pulses];s
= 495 pulses). The substrate temperature during deposition was
kept at 250°C, precursor lines were pre-heated to 150°C. The
growth rate per cycle on a-plane sapphire (0.1 nm/cycle) was
lower than under similar conditions on glass (0.16 nm/cycle).
The latter is fully consistent with previous reports for films
grown at 250°C [20]. The substrate dependent difference will
be discussed below in terms of different crystallographic texture
of the growing films.

The crystallographic properties of all films were analysed
by X-ray diffraction (XRD) in symmetric /26 scans, as well as
grazing incidence 26 scans to analyse the predominant crystal
orientation of the polycrystalline films. Both an Rigaku Smart-
lab Ultima IV and Bruker D8 Advance system using Cu Ka
sources have been employed, the latter was equipped with a
monochromized source using a Ge(002) double bounce mono-
chromator. X-ray reflectivity (XRR) measurements were used
to determine each individual samples thickness d to accurately
calculate the film resistivity.

Electrical characterisation were done in a home built four
point probe station using a square Van-der-Pauw geometry and
silver paint based contacts. For Hall measurements a maximum
field of 800 mT was used. The sample bias was kept between
10-20 mA with higher currents used for more conductive sam-
ples in order to maintain a comparable voltage drop over all

Carrier concentration (cm™)

concentration.

samples. All electrical measurements were done using a Keith-
ley 2400 source meter.

To investigate the influence of grain boundary scattering on
the electron transport within the films all electrical measure-
ments were performed before and after a brief nitrogen an-
nealing cycle, where the sample temperature was increased to
320°C and immediately cooled down afterwards. The setup
for this annealing procedure has been described elsewhere [21].
During the anneal only the sheet resistance is measured, using
a linear arrangement of 4 gold plated, spring loaded contacts.

Normal incidence optical transmission and reflection mea-
surements were performed in a PerkinElmer 650S UV-VIS spec-
trophotometer equipped with an integrating sphere.

3. Results

In line with previous work, the resistivity of the ALD grown
ZnO films decreases with increasing Al content up to a nomi-
nal Al concentration of 3.5% [22-25]. Beyond that the carrier
concentration continues to increase, saturating at 9x 10®° cm™3,
though the decrease in electron mobility leads to an overall in-
crease in resistivity. Figure 1 shows the resistivity, carrier con-
centration, and mobility as a function of nominal doping level,
as well as the mobility as function of carrier concentration for
polycrystalline films grown on a-plane sapphire. Both as-grown
and N, annealed films are shown. For annealed films the dop-
ing efficiency was calculated assuming Aly, as the main dopant
[19]. ALD grown AZO shows a much more complicated pic-
ture, compared to e.g. spray pyrolysis, or sputtered AZO:

e The low growth temperature, as well as the use of H,O
as oxidising agent leads to a substantial amount of hydro-
gen interstitials in addition to the Al substitutional dop-
ing. Nominally undoped ZnO therefore already shows a
significant conductivity.
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e The crystallographic texture changes with increasing Al
content (see below and e.g. [22]). In a bulk anisotropic,
hexagonal material, a change of dominant crystalline ori-
entation can alter the measured sheet resistance and hence
the derived conductivity. While such changes are seen in
other growth methods, mechanisms and magnitude differ
in ALD grown films, as will be discussed below.

In ALD grown films, the Al is not homogeneously dis-

tributed. Instead distinct high concentration Al layers

have been observed by transmission electron microscopy

[25-27]. Therefore ionised impurity scattering for isotrop-
ically distributed scattering sites can be mitigated leading

to higher electron mobilities in highly doped films than

e.g. seen in conventionally grown AZO [8, 28, 29].

In the following we will decouple these effects for our films
by systematically comparing films with similar thickness, but
different crystallographic texture as well as altering hydrogen
content by post-annealing.

3.1. N anneal — The contribution of H; to o:

In comparison to AZO grown by magnetron sputtering and
spray pyrolysis, we notice stark differences during nitrogen an-
neal cycles up to 320°C. For conventional growth methods, in-
creases in carrier mobility without significant changes in the
carrier concentration are observed [21]. ALD grown samples
instead show a consistent reduction in carrier concentration af-
ter the anneal of ~1x10?° cm=3 for low Al doping concentra-
tions. For the highest measured Al content an even higher car-
rier losses of up to 4x10?°cm™ is found. As no significant
changes in crystalline quality are seen in XRD measurements
before and after annealing, it suggests that during the brief N,
anneal the chemical environment of one carrier generating de-
fect is altered. In the range of up to 5% Al content the loss

in carrier concentration is entirely independent of the Al con-
centration. It has been noted, that for high Al concentrations
the formation of AlO, clusters can reduce doping efficiencies.
Wau et al.[27] has shown that for high overall Al incorporation
(>5%) Al diffusion into grain boundaries and AlO, cluster for-
mation leads to a decrease in doping efficiencies. This is con-
sistent with the noticeable decline in carrier concentration and
doping efficiencies for our films with more than 5% nominal Al
content.

The loss in carrier concentration upon the brief N, anneal
cycles however is inconsistent with a further migration of Al
itself. In such a case the effect would scale with Al content,
and show some onset threshold with Al concentration related to
the solubility limit of Al within ZnO. In contrast, below 5% Al
content, we observe a change independent of Al concentration.
A similar reduction of ~1x10?° cm~ is even seen in nominally
undoped samples, clearly indicating the involvement of a dif-
ferent doping mechanism.

We also observe a distinctly different resistance vs. temper-
ature behaviour in such ALD grown films compared to spray
pyrolysis or magnetron sputtered films (see Fig. 2d). Indeed,
such samples show a significantly simpler behaviour during N,
annealing and changes are dominated by grain boundary passi-
vation at temperatures above 250°C [21, 30]. In sputtered, or
SP grown films of similar dopant concentration no irreversible
resistivity increases in the 150-210°C range are observed, the
carrier concentration remains unchanged after full (320°C) an-
nealing cycles, nor do we observe pronounced changes in the
slope of resistance vs. temperature curves after the initial grain
boundary passivation (see Fig. 2d). We therefore attribute the
non-reversible resistivity increases in the 150-210°C range, only
seen in ALD films, to the loss of a specific carrier (see black cir-
cle in Fig. 2¢). The reversible change of slope above 220°C is



caused by the presence of deep donor levels in the more defec-
tive ALD grown material.

We thus conclude that the intentional, substitutional Aly,
site is not affected. Instead another unintentional defect must be
responsible. There has been an intensive discussion of whether
oxygen vacancies, or hydrogen interstitials are the main unin-
tentional n-type dopant in ZnO [31, 32]. Our results for ALD
grown ZnO support the latter, as it is feasible that hydrogen in-
terstitials can diffuse out of the thin films during the N, anneal,
reducing the defect and therefore carrier concentration. In con-
trast oxygen vacancies would more likely form during anneal-
ing in oxygen free environments, hence an increase in carrier
concentration would be expected in these circumstances. Fig-
ure 2(a) shows the normalised sheet resistance of a 1%, 3%,
5%, and 8% Al content sample during a heat cycle in nitro-
gen atmosphere. For heat treated samples (cool-down cycle) in
the 50°C- 200°C range, the behaviour of all samples is con-
sistent with degeneratively doped ZnO, where all carriers are
already thermalized and increased phonon scattering leads to
an increased resistivity at elevated temperatures. Only the 8%
doped film shows a semiconducting behaviour, despite an even
higher carrier concentration, illustrating the highly defective
nature of such highly doped films. This suggests the high Al
content already leads to significant modifications in the con-
duction band structure and thus energetic position of the dopant
levels in addition to the already reported problems of dopant
clustering [27].

At higher temperatures the excitation of carriers directly
from deep donors (possibly V) to conduction band starts to
dominate and the resistivity decreases. While this behaviour
is expected for ZnO there are, as already discussed, signifi-
cant deviations from this characteristic during the initial heat
up in N, for the ALD-grown material. In particular there is
an additional increase in resistivity in the region from 150°C-
200°C most prominent for the lowest doped sample (here 1%,
see Fig. 2(a)). We attribute this to a significant reduction in car-
rier concentration due to the loss of hydrogen interstitials (H;).
Figure 2(c) illustrates for a 3% sample, that this change is irre-
versible, and only seen in the initial heatup after growth. For
higher Al concentration the overall behaviour is dominated by
the substitutional doping and therefore the loss in H; leads to
less pronounced resistance changes in this temperature range.
The behaviour is consistent with earlier first-principle studies,
showing that significant H; diffusion is expected above 125°C
[33]. The ALD process, where water is used as an oxidizing
agent, naturally is expected to have a higher hydrogen con-
centration compared to vacuum processed material. The larger
loss in carrier concentration for films > 5% Al, suggests either
a higher initial H; concentration in the defective highly doped
ZnO, or the onset of AlO, clustering, leading to additional re-
duction in carrier concentration.

A second deviation from the stabilised resistance versus tem-
perature curve occurs above 215°C, where the resistivity de-
creases dramatically again. The latter is seen more dramatically
for spray pyrolysis grown material (Fig. 2(d)), and is linked to
the passivation of grain boundaries, specifically the removal of
charged oxygen species [21]. The behaviour of the ALD grown

films is consistent with this. The effect being reduced at higher
carrier concentrations and a higher carrier mobility being ob-
served after annealing. (see Fig. 1).

3.2. The influence of Al content on crystalline texture

The hexagonal crystal structure in ZnO also leads to an
anisotropy in the optical, and electrical properties of the ma-
terial. Therefore the crystallographic texture of the thin film
can also influence the films conductivity. Chemical vapour de-
posited, as well as magnetron sputtered ZnO often show pre-
ferred texturing with the growth direction being parallel to the
c-axis of ZnO. During ALD growth the intermittent growth of
AlO, terminated surfaces can potentially affect the preferred
growth direction. To investigate this we analysed the crystallo-
graphic texture as well as coherent crystal domain size for a set
of different doping concentrations for films grown on a-plane
Al O;.

Figure 3 shows the XRD measurements of a set of samples
with increasing Al content grown on a-plane Al,O3. Already in
the raw data it is seen, that in addition to an expected shift in
peak positions caused by the Al dopant induced strain, also the
dominant growth direction is altered by the introduction of the
Al Peaks from (101) and (002) planes dominate with a change
of dominant texture as function of doping level. The peak posi-
tion gradually shift to higher angles, indicating a compression
of the lattice spacing. In contrast to homogeneous, substitu-
tional doping, the largest change in crystallographic texture is
seen between the undoped samples and the smallest Al con-
tent. Undoped samples show a strong (101) plane expected for
an epitaxial relationship of the ZnO with the a-plane sapphire.
However, they also show a strong (002) reflex. The samples are
therefore polycrystalline with a preferred a- and c-plane ori-
entation of the individual crystals rather than being epitaxial.
Upon introduction of the periodic AlO, layers in small concen-
trations the system almost fully reverts to an a-plane orientation,
with a dominant (101) reflex. Increasing the dopant concen-
tration (and the internal strain), reverts the system back to an
a-plane, c-plane mixed state, with a growing c-plane contribu-
tion. Up to a dopant concentration of 5% there is a fairly linear
change of peak position (and c—axis lattice constant) with Al
dopant content. For higher nominal doping levels this shift is
stronger, indicating a higher rate of Al incorporation. A simi-
lar effect was previously seen in ALD AZO grown on quartz,
where at a nominal 8% level the true Al content was found to
be almost twice that much, while for 3% the true content was
comparable to the nominal one [22]. In our case, based on the
linear relationship of nominal Al content with carrier concentra-
tion and XRD peak position of up to 5%, we conclude a similar
Al enrichment only occurs for higher doping levels, explaining
the deterioration of crystalline quality as well as the significant
reduction in doping efficiency above 5%.

A more detailed analysis of the XRD patterns reveals the
detailed relationship of a— and c—lattice parameter as well as
the (110) texture coefficient with Al content (see Fig. 3(b,c)).
The a- and c- axis were calculated from the measured positions
of the (002), (101), (100) reflexes using the generic equation
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Figure 3: (a) X-ray diffractogram of AZO thin films grown on a-plane Al,O5 substrates. Data for different Al content have been stacked proportional to the Al
content. (b) lattice parameter calculated from the (002) (c-axis), and (101), (100) (a-axis) reflex positions. (c) Texture coefficients for the 002 and 101 reflex (top)
in absolute and relative values. Coherent domain size calculated via the Scherrer formula using the average value from the 002 and 101 reflex (bottom)

linking the d-spacing d of a given reflex with Miller index (hkl)
to the lattice parameter a and c for a hexagonal crystal structure:
1 4 h* + hk + k? P

2?3 a?

+ —
2

The (002) reflex is solely linked to the c—lattice parameter, the
(100) to the a—lattice parameter. As the (100) reflex is weak
for most samples, a has also been calculated from the (101) po-
sition using c¢ as determined from the (002) peak. The given
value of a has been averaged between both methods, and the
deviation used to approximate the error in determining the lat-
tice constant. All ALD grown ZnO thin films, even in the un-
doped case, show a significant deviation from stoichiometric
ZnO with both a— and c—axis compressed by ~3.5% compared
to bulk ZnO due to the overall defective nature of the low tem-
perature grown films. Analysis of the crystal structure of a 3%
sample grown on a-plane sapphire from a corresponding graz-
ing incidence measurement, reveals a similar lattice in-plane
compression, ruling out any substrate induced uniaxial lattice
distortion. A similar lattice compression has been observed in
electrochemically altered ZnO nanoparticles where the effect
was linked to the formation of oxygen vacancies [34].

For the doping range of 1% to 6% the c—axis further com-
presses linearly with the Al content, while only very small ad-
ditional changes in a— are observed. For higher concentra-
tions of >6% we observe deviations from an expected linear
behaviour, and deterioration of coherent domain size. This co-
incides with the increased hydrogen content in as-grown films
above 5%. This raises the question if such highly cation doped
films could see increased performance for hydrogen storage rel-
ative to more typically employed plain ZnO [35, 36]. The more
defective nature of these highly doped films is also responsible
for the observed limitations in Al doping efficiency and deteri-
oration of conductive properties (see Fig. 1)

In this discussion we have, until now, implicitly excluded
the thickness of the grown films. The measured sheet resis-
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Figure 4: (a) Thickness of the ZnO films as function of nominal Al content. (b)
Film thickness for the same films as function of the texture coefficient for the
002 (c-plane) oriented grains.

tance and measured thickness from XRR was used to calculate
the shown resistivities, eliminating the influence of differences
in thickness onto the sheet resistance. As shown, there are sig-
nificant changes in the crystalline orientation of the ZnO films
upon increasing the Al content. As the ALD growth cycle is
self saturating, assuming a constant fraction of surface atoms
are used as adsorption sites for the precursors, a change in crys-
tal orientation has a major impact on the observed growth rate.
This is an expected consequence of the different surface atom
density of different crystallographic planes. Indeed while the
total number of cycles has been kept constant, the actual re-
sulting film thickness did vary with Al content. The relation-
ship between Al content and film thickness is however non-
monotonic and therefore unrelated to an e.g. change of den-
sity (see Fig. 4). The overall behaviour is however very similar
to the one of the texture coefficient TCyy, (see Fig. 3). If we
assume a strict linear relationship between growth rate and sur-
face atom density one can understand the change in growth rate
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Figure 5: XRD pattern for 3% nominal Al content for growth on three different substrates (a-, c-plane Al,O3, and glass). Measured data have been area normalised
for better comparison and the area with a strong Al,O5 substrate signal was excluded. The adjacent table lists core sample properties of these samples including
electrical properties after the N, anneal cycle. For comparison the crystallographic parameters and texture coefficient of the a-plane sample as determined by a

grazing incidence X-ray diffraction (GIXD) measurement are also listed.

upon change of Al content, simply as a consequence of the al-
tered surface texture. In Fig. 4 we plot the film thickness as
function of Al content and texture factor. The straight line in
Fig. 4 illustrates the expected change in surface atom density
for a simple hexagonal lattice if one changes from 100% of the
surface area being (101),(TCyp, = 0) to 100% (002) oriented
grains (TCop, = 3). The excellent agreement of the actual data
for the samples grown on a-plane sapphire illustrates that vari-
ations in the film thickness in the ALD grown samples is not
directly caused by e.g. density changes or non-stoichiometric
Al inclusion, but are solely due to the change in dominant crys-
tal orientation.

3.3. The influence of substrate induced texture

In order to evaluate if the change in crystallographic tex-
ture also directly influences the resistivity and carrier mobility
we have investigated thin films of 3% doped ZnO grown simul-
taneously on various substrates (a-plane Al,Os, c-plane Al,O5,
glass). The precursor cycle, temperature, total pressure etc. was
therefore identical for all samples, yet crystallographic texture
is expected to differ.

Figure 5 shows symmetric ®/20 XRD scans of these sam-
ples, showing distinctly different texture. The film on c-plane
Al,O5 has a strong (002) peak, indicating an almost exclusive
crystal orientation where the ZnO c-axis is out-of plane (TCgyp,
~ 3). For the sample grown on a-plane Al,O5 and glass there is
still a preference for that orientation (TCpp, = 2). A distinct dif-
ference however is seen between the distribution of other crystal
orientations. For the glass substrate, (100) is the second most
frequent plane, while for the a-plane Al,Oj the it was the (101)
reflex. As growth conditions were identical this behaviour must
be caused by the initial nucleation on these substrates. It has
been seen previously that ZnO crystalline orientation can vary
between substrates in the case of Si and GaN [37].

As previously discussed, this change in texture is linked to
the different film growth rates. Indeed for a set of 3% samples

film thicknesses of 62, 71, and 81 nm were found for the simul-
taneously grown a-plane, c-plane Al,O3, and glass respectively.
On the sapphire substrates, this is in line with the expectations
of the change in surface atom density for the different orienta-
tions of a hexagonal unit cell (see Fig. 4). On the amorphous
glass we observe an even higher growth rate, consistent with the
model. One easy way to look at the growth rate as a function
of film texture is the d-spacing of the actual reflex observed
in XRD. Assuming no substantial differences in the adsorp-
tion probability for each individual Zn site (or OH group) for
the different terminations, the precursor adsorption per cycle is
proportional to the number of available sites. Consequently the
number of cycles to complete a full ZnO plane remains similar
for each plane. The growth rate is then also proportional to the
d—spacing. The cycle normalised growth rate for the 3% doped
ZnO on glass, c-plane Al,O5 and a-plane Al,O3 was found to be
1.62, 1.44, and 1.24 A/cycle. The half values of the d-spacing
of the (100), (002), and (101) reflexes of 1.40, 1.30, 1.24 A re-
spectively, closely follow the observed trend. The differences
between substrates are a bit larger, as also surface morphology
of the grains will have an effect.

Not surprisingly, the resistivities, mobilities, and carrier con-
centrations also vary with the substrate. The highest conduc-
tivity, mobility and carrier concentration was observed for the
Zn0O:Al grown on the c-plane Al,O;. As the sample grown on
glass and a-plane Al,O; show comparable properties, despite
different crystal size and thickness, we conclude that these dif-
ferences relate to the actual conductivity anisotropy of ZnO,
or different barrier heights at grain boundaries depending on
the relative orientation between adjacent grains. For the sample
grown on c-plane Al,O; the highest texture factor was observed,
meaning there is a higher probability that neighbouring grains
have the same orientation.
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Figure 6: Optical measurements of ZnO:Al films grown on a-plane Al,O3. (a) compares the measured transmission (7') and reflectance (R) of thin films with the
plain substrate (gray line). (b) shows the absorption coefficient, calculated from the 7+R measurement. As the substrates absorption is negligable in the studied
spectral range, this is therfore a direct measurement of @. (c) shows the onset of absorption as evaluated by Tauc-plots as function of the films carrier concentration.
In the 0-5% doping region, the latter follows a power law with exponent 3/2 (dashed curve)

3.4. Optical properties

Given the intended use of the films as intermediate contact
layers in solar cells, their optical properties are also of impor-
tance. Figure 6 summarises the transmission and reflectance
measurements for the set of samples grown on a-plane Al,Os3.
Transmission is above 80% for the visible and near infrared
range (see Fig. 6a). However, we stress that all changes in
the raw transmission below the material’s band gap are due to
changes in reflectance of the entire stack of thin film and sub-
strate. Such reflective losses will differ in full device structures,
and can be even used to minimise overall reflectance of more
comlex stacks [38], or help UV backreflection into top cells
[39].

Analysing T+R data allows for the calculation of the ab-
sorption coefficent of the thin film itself [40, 41]. For these
films, within the instrumental error, no actual absorption below
the band gap is observed. Only the most defective sample (8%)
shows residual defect related sub-gap absorption. Due to the
high mobility, no free carrier absorption is observed within the
accessible spectral range. Measurements before and after the
brief N, anneal show no significant changes.

As visible light absorption does not change significantly, the
observed changes in transmission can therefore be attributed to
varying reflectance, primarily due to film thickness and crystal-
lographic texture. ZnO is an anisotropic material with different
refractive index and bandgap for light polarised along the c-axis
(myc) or perpendicular to it (1, .) [42]. For unpolarised optical
measurements in polycrystalline ZnO, we therefore have an ef-
fective medium with the overall refractive index depending on
the ratios between n). and n, ., which will depend on the texture
coeflicients

Likewise the observed increase in UV transmission by the
expected blue shift upon doping, is not solely caused by the
well known Burstein-Moss effect. Figure 6¢ shows the onset
of optical absorption fitted by a Tauc plot as function of car-
rier concentration. The increase in the onset of absorption fol-

lows a power law with exponent 3/2 (dashed curve). For the
Burstein-Moss effect an exponent of 2/3 would be expected, or
an exponent of 1 if one includes effects due to ZnO’s polar na-
ture [43]. This discrepency clearly illustrates that other effects
contribute in the case of ALD grown films. These include the
texture change, size confinment due to the highly anisotropic
nature of the dopant distribution, and for higher Al concentra-
tion (>6%) the amorphisation of the crystalline structure. As all
these effects are intrinsically linked we can not seperate their
individual contributions. The ALD grown samples show an
overall stronger gap opening than expected for homogeneously
doped films, and are hence good candidates for UV enhanced
ZnO based front contacts.

4. Conclusion

We have shown that ALD growth of Al-doped ZnO at 250°C
results in a highly conductive, fully transparent material well
suited to for example being an intermediate contact layer in a
variety of devices. The lowest observed resistivity was 8.5x 10~
Qcm seen in only 70 nm thick layers grown on c-plane Al,O;.

By annealing of up to 320°C in an inert N, atmosphere, we
were able to show that in ALD grown films, hydrogen signifi-
cantly contributes to the conductivity in the low doping regime
(< 1%). The films texture has a profound impact on film thick-
ness (i.e. growth per ALD cycle) and varies for different sub-
strates, and also Al concentrations. The root cause for the dif-
ferent textures are the initial nucleation processes depending
on the substrate termination, and differences in Zn adsorption
on Al terminated intermediate layers. It is therefore important
when transferring growth processes from one substrate to an-
other, or changing dopant concentration, to carefully check the
growth rates and thin film orientation. Analysing the films tex-
ture by XRD gives an excellent tool to estimate the potential
impact on the growth rate, as it is linked to the d-spacing of the
dominant texture observed in symmetric XRD scans.
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