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A postdeposition thermal treatment has been applied to sputtered Al-doped zinc oxide films and
shown to strongly decrease the resistivity of the films. While high temperature annealing usually
leads to deterioration of electrical transport properties, a silicon capping layer successfully
prevented the degradation of carrier concentration during the annealing step. The effect of annealing
time and temperature has been studied in detail. A mobility increase from values of around
40 cm2 /Vs up to 67 cm2 /Vs, resulting in a resistivity of 1.4�10−4 � cm has been obtained for
annealing at temperatures of 650 °C. The high mobility increase is most likely obtained by reduced
grain boundary scattering. Changes in carrier concentration in the films caused by the thermal
treatment are the result of two competing processes. For short annealing procedures we observed an
increase in carrier concentration that we attribute to hydrogen diffusing into the zinc oxide film from
a silicon nitride barrier layer between the zinc oxide and the glass substrate and the silicon capping
layer on top of the zinc oxide. Both are hydrogen-rich if deposited by plasma-enhanced chemical
vapor deposition. For longer annealing times a decrease in carrier concentration can occur if a thin
capping layer is used. This can be explained by the deteriorating effect of oxygen during thermal
treatments which is well known from annealing of uncapped zinc oxide films. The reduction in
carrier concentration can be prevented by the use of capping layers with thicknesses of 40 nm or
more. © 2010 American Institute of Physics. �doi:10.1063/1.3269721�

I. INTRODUCTION

Highly doped zinc oxide films are a prominent example
of a transparent and conducting oxide �TCO� material. The
research on TCO materials is driven by the wide range of
possible applications of TCO films in many optoelectronic
devices.1–3 Among the various applications, thin film photo-
voltaics is a main driver for material research and deposition
process development of TCO materials.

In the case of silicon-based thin film photovoltaics, tan-
dem solar cells with a bottom cell made of hydrogenated
microcrystalline silicon ��c-Si:H� are already being pro-
duced. Microcrystalline silicon has a similar absorption be-
havior to crystalline silicon and thus can absorb light up to
1100 nm. This also has a severe demand on the TCO front
contact, as a high optical transmission is required up to this
wavelength. This means that a minimization of resistivity of
the TCO layer cannot be carried out by maximizing the car-
rier concentration in the films, as high doping levels lead to a
low plasma wavelength and thus to absorption in the near
infrared �NIR� wavelength region. A maximization of mobil-
ity is favored instead and thus this is a key research topic in
the development of high quality TCO films.

High efficiency solar cells have been prepared on vari-
ous TCO substrates. Zinc oxide films used in this context are
either produced by low pressure chemical vapor deposition
�LPCVD� �Ref. 4� or magnetron sputtering. At present the
best �c-Si:H solar cells on sputtered ZnO films are achieved

on RF sputtered ZnO:Al films that undergo a chemical etch-
ing procedure for texturing the film surface. The resulting
roughness leads to strong light scattering that causes trapping
of light in the absorber layer, thus increasing the current
collection in the long wavelength region.5 In the as-deposited
state the mobilities of these films reach up to �45 cm2 /Vs.6

As an alternative to �c-Si:H, polycrystalline silicon
�poly-Si� films can used as absorber layers in thin film solar
cells. Single-junction efficiencies above 10% have already
been reported7 and an adaptation of the formation process to
a substrate configuration including a TCO front contact is
being worked on.8 In this approach the poly-Si layers are
formed by crystallization of amorphous silicon by solid
phase crystallization �SPC� at 600 °C.

In a recent publication9 it was already shown, that such a
postdeposition thermal treatment can lead to improved mo-
bility in aluminum-doped zinc oxide thin films if they are
protected from oxidation by a silicon capping layer. After a
20 h long treatment the mobility was raised from 42 to
53 cm2 /Vs while the carrier concentration remained at
3.5�1020 cm−3.

The aim of this work was to study the influence of the
annealing conditions on the mobility change and the effect of
capping layer thickness on long-term thermal stability. Rea-
sons for the observed increases in mobility and carrier con-
centration are discussed.

In Sec. II the experimental procedures for film deposi-
tion, thermal treatments and characterization are discussed.
The results are organized into four parts. In the first part we
discuss the influence of temperature treatments on uncappeda�Electronic mail: florian.ruske@helmholtz-berlin.de.
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films �Sec. III A�, in Sec. III B the influence of the capping
layer deposition process and its thickness is discussed while
in Sec. III C the influence of annealing time and temperature
is examined. In Sec. III D we investigate the influence of the
capping layer on the Hall measurements and prove the reli-
ability of the measurements with the capping layer in place.

II. EXPERIMENTAL DETAILS

The aluminum-doped zinc oxide �ZnO:Al� layers used
for this investigation were all prepared by nonreactive radio
frequency �RF� magnetron sputtering using a ceramic target
with an Al2O3-concentration of 1 wt %.6 A substrate tem-
perature of around 300 °C was used in all cases.

Two different glass substrate were used: for the anneal-
ing studies on uncapped ZnO:Al layers, films deposited onto
Corning 1737 glass were used. In the experiments on capped
ZnO:Al films Schott Borofloat 33 glass with an 80 nm thick
SiN diffusion barrier deposited by plasma-enhanced CVD
�PECVD�, supplied by CSG Solar, were used. This type of
substrate exhibits a coefficient of thermal expansion similar
to the one of silicon and is thus suitable as substrate in the
production of polycrystalline Si solar cells by a SPC process
at 600 °C.

The ZnO:Al samples on the CSG substrate were thor-
oughly cleaned and then coated with n-type amorphous sili-
con films by PECVD. Alternatively, silicon layers were de-
posited using e-beam evaporation. In this case no intentional
doping of the silicon capping layer was carried out.

Annealing was carried out in a quartz tube furnace under
nitrogen atmosphere in all cases. Details on temperature pro-
files can be found in the appropriate result sections.

Optical measurements were carried out using a Perkin
Elmer Lambda 19 spectrophotometer equipped with an inte-
grating sphere in the spectral range from 250 to 2500 nm. In
order to gain more information on the three-layer stack, re-
flection was measured from the film side and the glass side
additionally to transmission. The spectra were analyzed by
simultaneously fitting all three spectra, where a Tauc–
Lorentz oscillator10 was used for the dispersion of the amor-
phous silicon layer while the model used to describe the
ZnO:Al layer has already been presented elsewhere.11

From the fits to the optical spectra the film thicknesses of
all involved layers were confirmed and the modeled plasma
frequency �p was used to calculate the carrier concentration
in the ZnO:Al film, using electron effective masses as de-
scribed elsewhere.12 Hall measurements were carried out us-
ing a standard van der Pauw geometry at room temperature.

III. RESULTS

A. Annealing of uncapped ZnO:Al films

The thermal stability of Al-doped ZnO films is known to
depend on the deposition conditions of the films.13,14 In order
to find out the behavior for our films, we annealed uncapped
ZnO:Al layers in the same annealing environment as the
capped layers discussed in the following sections. The ex-
periments were carried out at 450 and 500 °C. At these tem-
peratures the degradation of electrical properties was slow
enough so that we could observe the change in electron con-

centration and mobility over time. In all cases the samples
were directly placed into the preheated oven. The results for
the carrier concentration as determined by Hall measure-
ments are shown in Fig. 1.

As can be seen the carrier concentration of the films
strongly decreased with increasing annealing time. After 16 h
of annealing at 450 °C, it was reduced by more than 80% as
compared to the initial state, while degradation by two orders
of magnitude was observed in the case of annealing at
500 °C. The mobility was reduced along with the carrier
concentration �see Fig. 2�.

Other annealing experiments on doped ZnO have been
carried out by various groups. Reports describing improved
electrical transport often refer to sol-gel deposited films,15–17

but for films deposited by sputtering or pulsed laser deposi-
tion �PLD�, improved electrical transport has only been re-
ported for annealing at moderate temperatures of 350 °C in
nitrogen18 and up to 500 °C in vacuum.19,20

For temperatures of 400 °C and higher only annealing in
hydrogen21,22 or forming gas23 leads to improved conductiv-
ity. In nitrogen, oxygen,23 and air21,24 a decrease in conduc-
tivity is obtained. This effect was found to be reversible.25,26

FIG. 1. �Color online� Carrier concentration of ZnO:Al films after thermal
annealing in nitrogen ambient vs annealing time. Initial carrier concentration
of all films was between 3 and 4�1020 cm−3.

FIG. 2. �Color online� Mobility of ZnO:Al films after thermal annealing in
nitrogen ambient versus carrier concentration. The dotted lines are mobili-
ties calculated using Seto’s model �Ref. 32� to describe the contribution for
grain boundary scattering. For the two curves different values for defect
density Qt at the grain boundaries have been assumed.

013708-2 Ruske et al. J. Appl. Phys. 107, 013708 �2010�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



The lowest decrease in conductivity was generally re-
ported for annealing in vacuum. Here resistivity increase was
mainly observed for temperatures above 600 °C or for
higher residual gas pressures.24 The effect has also been used
to decrease carrier concentration in a controlled way.27 In
nitrogen a high thermal stability, along with a remarkable
improvement of electrical transport, was only reported for
rapid thermal annealing of epitaxial films.28

From the above cited results it becomes clear, that oxy-
gen is a main driver for resistivity increase. Unless hydrogen
is added to the ambient, even low oxygen concentrations like
in nitrogen gas or in the residual gas in vacuum annealing
lead to decreased conductivity. It has been suggested that
oxygen can decrease the conductivity by chemisorption at
grain boundaries, thus increasing the contribution of grain
boundary scattering.25 In this case mainly a decreased carrier
mobility is expected.

A decrease in carrier concentrations could be caused by
the formation of oxygen interstitials, which has been experi-
mentally observed.26 Theoretical work has suggested a for-
mation of a large amount of zinc vacancies even at low oxy-
gen partial pressures instead.29

In order to find out more on the degradation of our films,
the measured mobilities have been plotted as a function of
the carrier concentration in Fig. 2. The annealing procedure
moved the films toward lower carrier concentration and
lower carrier mobility. As already described by Minami et
al.24 this is not an effect caused by deterioration of crystal
quality or defect formation, but a natural cause of grain
boundary scattering in polycrystalline films, which leads to
lower mobilities for lower carrier concentrations in the range
of carrier concentrations obtained in this series.

In order to visualize the effect of grain boundary scatter-
ing, mobility values have also been calculated and plotted
into Fig. 2. The curves were calculated using the mobility
limit proposed by Ellmer et al.,30 who used the expression
derived by Masetti31 for mobility in monocrystalline silicon
and adapted the parameters to experimental results for zinc
oxide, and the grain boundary scattering theory by Seto.32

For the latter model, a grain size of 50 nm and defect densi-
ties Qt of 1.5�1013 and 2.0�1013 cm−2 have been used.
The total mobility reaches a maximum in the range of some
1020 cm−3 charge carriers. For higher carrier concentrations
total mobility is limited by ionized impurity scattering, while
grain boundary scattering is the limiting factor for lower car-
rier concentrations.

While no perfect agreement between theory and experi-
ment is observed, the general trend of decreasing mobility
with decreasing carrier concentration in the examined range
is well described using defect densities close to the values
proposed by Ellmer et al.30 Thus we cannot conclude any
deterioration of transport properties, other than barrier height
at the grain boundaries, due to the annealing. It should be
noted that one cannot expect a better agreement between
theory and experiment due to the simplicity of the Seto
model and the fact, that the curves are calculated assuming a
constant defect density Qt. The general trend of the data in
Fig. 2 even suggests a decrease in Qt with annealing, as also
found by Ellmer et al.30

B. Annealing of capped ZnO:Al layers using different
capping layers

The degradation of ZnO:Al films during annealing, as
observed and described in the previous section, can be suc-
cessfully prevented using a suitable barrier layer on top of
the ZnO film. Silicon was found to be a suitable barrier
layer,9 as it seems to prevent oxygen migration into the ZnO
film. In these first investigations a silicon film with a thick-
ness of around 290 nm has been used as a capping layer. We
aimed at decreasing the thickness of the barrier film in order
to find the minimum film thickness required to guarantee
thermal stability for annealing at 600 °C. Capping layers of
n-type amorphous silicon with thicknesses of 15, 50 and
150 nm deposited by PECVD were used as well as undoped
layers with a thickness of 40 nm deposited by e-beam evapo-
ration.

An annealing temperature of 600 °C was chosen, as this
is a common temperature used for crystallization of amor-
phous silicon and thus the ZnO:Al/Si stacks have to with-
stand this temperature. At this temperature it was impossible
to directly place the samples into the preheated oven, as se-
vere cracking was observed for some samples. Instead the
samples were placed into the oven at 250° and preheated for
1 h, before the temperature was raised up to 600 °C using
different heating ramps. After reaching maximum tempera-
ture the samples were cooled down again at the same speed.
Further samples were held at 600 °C for up to 72 h before
cooling down again. The experiments are summarized in
Table I.

A first inspection of the samples after annealing showed,
that the silicon thickness has a strong influence on the me-
chanical stability of the layer stack upon annealing. Only the
samples with a thin Si capping layer of 15 nm showed crack-
ing, which for some samples appeared a few days after the
annealing process. The cracking did not result in strong light
scattering, so optical spectra could be recorded and evalu-
ated, yielding local information on electrical transport prop-
erties. As cracking did also not affect the complete sample
surface, Hall measurements could be carried out as well.

The carrier concentrations determined by Hall measure-
ments are shown in Fig. 3. For the thickest a-Si:H layers of
150 nm, Hall measurements were difficult to carry out and

TABLE I. Summary of annealing experiments carried out with various sili-
con capping layers with different annealing conditions. The treatment time t
includes both the heating time from 250 to 600 °C and the plateau time �p,
the time for which the sample was kept at maximum temperature.

Thermal treatment

Ramp speed R
�K/min�

Plateau time �p

�h�
Plateau temperature Tp

�°C�
Treatment time t

�h�

5 0 600 2.3
2 0 600 5.8
1 0 600 11.7
0.5 0 600 23.3
1.6 24 600 31.3
1.6 72 600 79.3
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were thus omitted in the figure. For these samples the evalu-
ation of electrical transport properties was done only by
analysis of optical data.

For short treatment times we found significantly in-
creased carrier concentrations as compared to the unannealed
films. The lowest increase is obtained for the capping layer
deposited by e-beam evaporation, while for the capping lay-
ers deposited by PECVD the increase in carrier concentration
is larger for higher capping layer thicknesses. This is also
confirmed by the evaluation of optical spectra for the 150 nm
thick capping layers, for which the ZnO:Al layers underneath
show the highest carrier concentrations after annealing �not
shown in Fig. 3�.

For longer treatment times the samples with the thinnest
silicon cap of 15 nm show reduced carrier concentration
which even falls below the initial value if held at 600 °C for
several hours. Apparently the thickness of the capping layer
is too low to offer long-term thermal stability.

For the other capping layer thicknesses there is only a
very slight trend for lower carrier concentrations for longer
treatment times. A final conclusion is hard to draw, as varia-
tions most probably caused by inhomogeneity of the un-
treated samples and by variations in the effect leading to the
increased carrier concentration, which will be discussed in
Sec. IV, also occur. For our purposes the samples can be
regarded as stable at the tested annealing conditions.

The Hall measurements of the annealed samples also
showed the beneficial effect of thermal treatments on the
mobility of the ZnO films. The mobility values for the
samples are shown in Fig. 4. For all samples the mobility
was raised during annealing and already after ramping the
temperature to 600 °C values around 55 cm2 /Vs were
achieved. For the samples held at 600 °C the highest values
of mobility measured were around 65 cm2 /Vs, which were
achieved for Si capping layers with a thickness of 40 nm or
more. Thus longer annealing at the peak temperature has a
significant effect.

C. Influence of annealing temperature

Due to the results obtained in the previous section, fur-
ther experiments were carried out with a capping layer thick-

ness of 50 nm deposited by PECVD and a ramping speed R
of 1.6 K/min. Different plateau temperatures ranging from
500 to 650 °C and different plateau annealing times between
0, thus only the temperature ramp, and 72 h were investi-
gated. Higher temperatures than 650 °C could not be tested
as the glass substrates used do not withstand such tempera-
tures for a long time. The resulting carrier concentrations are
shown in Fig. 5.

As for the previous experiments, the carrier concentra-
tion is raised as compared to the level of untreated films.
Regardless of plateau temperature, all values are in a similar
range around 7�1020 cm−3. This value was maintained even
for longer annealing up to 24 h and only the longest anneal-
ing time of 72 h led to a slight reduction in carrier concen-
tration.

The corresponding mobility values are shown in Fig. 6.
In all cases the mobility is raised by a factor of 1.5 above the
untreated value even for very short treatment times. For a
given plateau temperature the mobility already shows a
strong increase during the ramp and is further raised in the
first 6 h at plateau temperature, with only smaller changes for
longer annealing times.

FIG. 3. �Color online� Carrier concentration as determined by Hall measure-
ments of capped ZnO:Al layers treated as described in Table I. Before an-
nealing the films exhibited carrier concentrations determined by Hall mea-
surements of �5.2�0.2��1020 cm−3, regardless whether measured before
or after silicon capping. The range is marked by the gray bar.

FIG. 4. �Color online� Mobility determined Hall measurements of capped
ZnO:Al layers treated as described in Table I. Before annealing the films
exhibited mobilities of 42�0.5 cm2 /Vs, regardless whether measured be-
fore or after silicon capping.

FIG. 5. �Color online� Carrier concentration of ZnO:Al films capped with
silicon after thermal treatment at various temperatures for different times.
Before annealing the carrier concentration of the films was around
�5.5�0.2��1020 cm−3.
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A strong dependence on the plateau temperature is also
found, with the maximum mobility achieved raising with
plateau temperature. For the maximum temperature of
650 °C, the gain as compared to 600 °C is mainly seen in
the speed at which the maximum mobility is reached, longer
annealing only leads to a small increase in mobility. Never-
theless the highest mobility observed at 67 cm2 /Vs was
reached for annealing at 650 °C.

The combination of high mobilities with rather high car-
rier concentrations means that the films exhibit very low re-
sistivities even below 140 �� cm. For clarity the values are
also displayed in Fig. 7. This means that postdeposition treat-
ment using silicon capping of the films has increased the
conductivity of the already high quality films by a further
factor of 2.

Resistivities below 200 �� cm have already been re-
ported by other researchers. High quality films have been
repeatedly achieved by PLD,33–36 with Agura and
co-workers33 having published a minimum resistivity of
85 �� cm. These high values were mostly achieved by a
very high carrier concentration, exceeding 1021 cm−3, while
maximum mobilities were around 50 cm2 /Vs. For sputtered
films similar properties were achieved by Igasaki on sapphire
substrates.37,38 Nevertheless the emphasis in TCO research

for photovoltaics is on high mobilities. As deposited films,
usually prepared by various magnetron sputtering processes,
on glass usually have mobilities up to around 40 cm2 /Vs at
carrier concentrations between 2 and 8�1020 cm−3 �see for
instance �Ref. 39��. Nevertheless significantly higher mobili-
ties have been reported.

A non exhaustive summary of high mobility ZnO thin
films with carrier concentrations above 1�1020 cm−3 is
given in Table II. There is a clear trend for lower mobilities
with increasing carrier concentrations that can be attributed
to the effect of ionized impurity scattering.49–51 This effect,
as well as the influence of grain boundary scattering has been
discussed in comprehensive reviews.30,39,52

As grain boundary scattering plays an important role in
films with doping levels in the low 1020 cm−3 regime we can
conclude, that high mobilities can only be reached if the
defect density at the grain boundaries can be kept low. In this
respect some of the results given in Table II are remarkable
in that the deposition processes and postdeposition treat-
ments used seem to limit defect densities at the grain bound-
aries to a minimum. Note that some of the results have been
achieved by heteroepitaxial growth on sapphire28,40 or plac-
ing substrates perpendicular to the target in magnetron

FIG. 7. �Color online� Resistivity of the ZnO:Al films already discussed in
Figs. 5 and 6 after thermal treatment at various temperatures for different
times. Before annealing the films had resistivities around 270 �� cm. After
annealing the films display very low resistivities for sputtered films.

FIG. 6. �Color online� Mobility of ZnO:Al films capped with silicon after
thermal treatment at various temperatures for different times. Before anneal-
ing the films exhibited mobilities of 42�0.5 cm2 /Vs.

TABLE II. Examples of publications that have shown high mobilities in zinc oxide films with carrier concen-
trations above 1�1020 cm2 /Vs. Films have been deposited by radio frequency magnetron sputtering �RFMS�,
direct current magnetron sputtering �DCMS� and PLD.

Material Substrate
Deposition

method
Ne

�1020 cm−3�
�

�cm2 /Vs�
�

��� cm� Reference

ZnO:Al, ZnO:Ga Sapphire PLD �1 �70 �900 40
ZnO Glass RFMS 1.1 120 450 41 and 42
ZnO:�Al, H� Glass RFMS 1.7 �50 �700 43
ZnO:Al Sapphire RFMS+RTA 1.8 66 520 28
ZnO:B Glass DCMS 2.0 60 400 44
ZnO:Al Glass DCMS 2.6 57 420 45
ZnO:Al Glass RFMS 4.3 53 273 46
ZnO:Al Glass RFMS �5.5 49 �230 47
ZnO:Al Silica RPMS 6.0 46 226 48
ZnO:Al Glass RFMS+Anneal 6.9 67 135 This work
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sputtering.41,42 Adding the postdeposition treatment at high
temperatures while preventing degradation of the film via a
capping layer has been the key in this work to achieve high
carrier mobilities above 65 cm2 /Vs even at carrier concen-
trations above 5�1020 cm−3.

D. Verification of Hall measurements

All Hall measurements carried out in the presented work
were done after the annealing process, with the capping layer
still present on the ZnO:Al film. This has led to the question,
whether the result of the Hall measurement is significantly
influenced by the capping layer. If the two layers can be
regarded as parallel conductors, no influence is expected.
This is mainly due to the high resistivity of the capping layer
��5�104 � cm for the PECVD deposited Si films� and its
low thickness. A higher conductivity of the capping layer is
only obtained if the cap crystallizes during the annealing
procedure. This was only the case for treatments over 6 h at
600 °C or higher as confirmed by Raman spectroscopy.
Even in this case the mobility of a Si layer deposited on glass
was determined to be 27 cm2 /Vs, which will not influence
the overall resistance of the two layer stack significantly.
Nevertheless a redistribution of carriers could take place be-
tween the layers and high mobility paths could be formed at
the interface between the layers.

The most simple approach to check this is to remove the
capping layer and repeat the measurement. This was
achieved by plasma etching in a PECVD reactor for silicon
deposition on 10�10 cm2 substrates. The samples were
glued by silver paste to a glass substrate and etched in an RF
discharge with NF3 gas at room temperature. Due to the high
selectivity of this process no ZnO etching was detected even
though a long etch time was chosen in order to be sure, that
all silicon was removed.

The feasibility of the procedure was only questioned by
the high sensitivity of resistivity of the surface regions of
ZnO films to exposure to plasmas or different atmospheres at
elevated temperatures, which is often used in sensor devices.
In order to investigate this effect, Hall measurements were
carried out on some samples directly before and after the
plasma treatment, thus with the Si cap in place and after its
removal. For these samples the mobility values determined
before and after etching were equal within the experimental
error, considered to be around 5%. The change in sheet re-
sistance was negligible.

For the rest of the samples discussed in Sec. III B the
decapping procedure was carried out on a different part of
the sample than the Hall measurements shown before. Here
both higher and lower mobilities were determined after the
decapping, with deviation around 10% in both directions.
Thus no systematic influence of the capping layer on the Hall
measurement was found.

In summary we have shown the reliability of our Hall
measurements for Si capping layers for cap thicknesses up to
at least 50 nm. The Hall data shown can thus be regarded as
correct within its experimental error.

IV. DISCUSSION

The results discussed in Secs. III B and III C show
clearly, that postdeposition thermal treatment of capped lay-
ers is an appealing way to increase the conductivity of al-
ready high quality ZnO:Al layers. The capping layer effi-
ciently prevents degradation of the films as it was observed
for uncapped layers. Only for very thin capping layers
�15 nm� a slight degradation was observed for longer anneal-
ing times.

As was already pointed out earlier, oxygen in the anneal-
ing atmosphere is a major cause for the reduction in carrier
concentration during high temperature annealing of un-
capped films. While for the thin capping layers oxygen mi-
gration through microcracks cannot be ruled out, also bulk
diffusion through an intact capping layer could occur. This
would explain the fact, that thicker capping layers offer a
higher protection from the influence of oxygen.

For the capped layers, an increase in carrier concentra-
tion was observed after short thermal treatments. Several ef-
fects could cause this effect:

• activation of intrinsic or extrinsic donors;
• passivation of acceptors states;
• creation of intrinsic donors; and
• diffusion of extrinsic donors into the ZnO:Al.

The first three possibilities, like an activation of excess
�inactive� Al dopants, can be ruled out, as the large differ-
ences found in between different samples �see Fig. 3� cannot
be explained. Also a similar treatment which we reported
earlier has shown to lead to no change in carrier
concentration.9 The only difference from the experiments in
this work is the lack of a SiN layer between the ZnO:Al and
the glass substrate.

Thus the special setup of the samples used in this study
has to be taken into account. The SiN barrier between the
glass substrate and the ZnO:Al film was deposited by
PECVD and thus contains a significant amount of hydrogen.
Also the capping layers deposited by PECVD contain large
amounts of hydrogen in the as-deposited state. The hydrogen
will readily diffuse at the treatment temperatures and is a
well known source of excess carriers in ZnO:Al films.53–55

In order to clarify this effect, experiments with sputtered
SiN layers were carried out and showed, that the increase in
carrier concentration is significantly reduced with these
hydrogen-free barrier layers. Thus the hydrogen from the
SiN layer can be regarded as responsible for a part of the
increase in Ne.

Further carriers can originate from the capping layer.
Considering that the hydrogen concentration in the PECVD
Si layers is in the range of 5�1021 cm−3, even a very thin
layer of 15 nm contains enough hydrogen to explain an in-
crease in Ne in the order of some 1019 cm−3.

The assumption, that also the hydrogen in the capping
layer is a source for additional carriers on the ZnO film after
the annealing procedure is also supported by the fact, that the
carrier concentration for short annealing times seems to scale
with capping layer thickness, with the capping layer depos-
ited by e-beam evaporation showing the lowest increase in
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carrier concentration due to the lack of hydrogen. Thus we
conclude that the increase in carrier concentration is caused
by the diffusion of hydrogen from both the capping layer and
the SiN barrier into the ZnO:Al layer.

Finally a strong increase in mobility is seen after the
annealing procedure. As ionized impurity scattering is only
influenced by the amount of carriers in the films, the anneal-
ing must have an effect on one or several of the other scat-
tering mechanisms. It is reasonable to assume, that the main
effect is a decrease of defects at the grain boundaries, but
also the decrease of neutral impurity scattering or scattering
at crystallographic defects such as dislocations could be a
possible reason. Unfortunately most of the defects respon-
sible for the scattering cannot be easily accessed spectro-
scopically, so a final conclusion is hard to derive.

It is worthwhile to also take a look at the optical prop-
erties of the films. One expected advantage of high mobili-
ties is a sharper raise of the absorption coefficient close to
the plasma frequency, meaning that the absorption in the
transparent spectral range will remain low even close to the
plasma edge.

From the data gathered this is hard to derive, as the
silicon capping layer, depending on thickness, strongly
changes the transmission and reflection spectra. Thus a thor-
ough fit of the optical data was preformed and the dielectric
function of the ZnO:Al film was derived from the fit �Fig. 8�.
The procedure was done for a capped but untreated sample
and for an annealed sample with a comparable carrier con-
centration. Thus the differences of the optical spectra can be
solely attributed to the different mobilities.

From the absorption coefficient we can clearly see the
beneficial effect of the increased mobility. In the visible
range at low wavelength the absorption in the treated film
with the higher mobility is smaller than in the untreated
sample. Even at low absorption coefficients this can have a
significant effect in solar cells, when light trapping schemes
are applied, that will increase the red-response of low band-
gap solar cells like �c-Si solar cells.5 The absorption of the
high mobility film for higher wavelengths is not an issue for
the solar cell as long as the plasma frequency is below the
bandgap of the absorber.

V. SUMMARY

In summary we have presented a way to strongly in-
crease the conductivity of ZnO:Al films by high temperature
treatments. The key to prevent degradation of the films dur-
ing heat treatment is to use a capping layer. We found amor-
phous silicon to be a suitable material that provides protec-
tion from oxygen diffusion into the ZnO:Al even at low
thicknesses.

The treated films repeatedly exhibit remarkably high
mobilities well above 60 cm2 /Vs, a value that is hard to
achieve with any deposition method for films with carrier
concentrations in the 1020 cm−3 range. Thus ZnO:Al can dis-
play very low resistivities below 150 �� cm. The annealing
procedure presented is also fully compatible with large area
technology. Thus, such high mobility ZnO:Al films can be
optimum front contacts for solar cells with low bandgap ab-
sorbers, as the plasma frequency can be kept low by low
doping and high conductivities can be reached nevertheless.
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