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A B S T R A C T

In this work, atomic layer deposition (ALD) has been employed to prepare high-mobility H-doped zinc oxide
(ZnO:H) films. Hydrogen doping was achieved by interleaving the ZnO ALD cycles with H2 plasma treatments. It
has been shown that doping with H2 plasma offers key advantages over traditional doping by Al and B, and
enables a high mobility value up to 47 cm2/Vs and a resistivity of 1.8 mΩcm. By proper choice of a deposition
regime where there is a strong competition between film growth and film etching by the H2 plasma treatment, a
strongly enhanced grain size and hence increased carrier mobility with respect to undoped ZnO can be obtained.
The successful incorporation of a significant amount of H from the H2 plasma has been demonstrated, and
insights into the mobility-limiting scatter mechanisms have been obtained from temperature-dependent Hall
measurements. A comparison with conventional TCOs has been made in terms of optoelectronic properties, and
it has been shown that high-mobility ZnO:H has potential for use in various configurations of silicon
heterojunction solar cells and silicon-perovskite tandem cells.

1. Introduction

Thin films of transparent conductive oxides (TCOs) are commonly
used as transparent electrodes in a wide range of solar cell architec-
tures, such as silicon heterojunction (SHJ), Copper indium gallium
selenide (CIGS), and perovskite solar cells. Often-employed TCO
materials are based on indium oxide (In2O3), zinc oxide (ZnO) and
tin oxide (SnO2). Ideally, such TCO layers are both highly conductive
and optically transparent in order to minimize ohmic and optical losses,
respectively. In order to achieve a sufficient level of conductivity,
typically on the order of 1 mΩcm or lower, the carrier density in these
materials is raised to the order of 1019–1020 cm−3 by the introduction
of n-type dopants, such as Sn in In2O3, Al or B in ZnO and F in SnO2.
However, increasing the conductivity by increasing the carrier density
comes at the expense of reduced optical performance: At high carrier
densities, the plasma frequency of the TCO enters the near infrared
(NIR) range, and the free carriers start to affect the dielectric function in
the NIR through the so-called Drude contribution. The extinction
coefficient k is increased, leading to free-carrier absorption (FCA),
whereas the refractive index n is decreased, leading to a non-ideally
matched antireflection coating and thus free-carrier reflection (FCR).
This is especially detrimental for solar cells for which the absorber layer
has a band gap in the NIR, such as SHJ solar cells. For example, the

optical losses induced by free-carrier effects in conventional Sn-doped
In2O3 (ITO) used as front electrode in SHJ solar cells in terms of
photocurrent have been quantified by optical simulations to be around
2.4 mA/cm2, compared to the 44 mA/cm2 available in the AM1.5 g
spectrum [1]. Because of these adverse effects induced by the free
carriers, it is preferred to achieve a high level of conductivity through a
high carrier mobility (i.e. low scattering of electrons) rather than
through a high density of electrons.

In order to achieve a high mobility, the TCO material must be
engineered such that electrons experience as little scattering as
possible. In TCO materials there are various scattering mechanisms
that play a role. Scattering from phonons and ionized dopants is in a
sense unavoidable, and are therefore labelled as intrinsic scatter
mechanisms. Other scatter mechanisms are related to material quality,
and are called extrinsic scatter mechanisms. Examples of the latter
mechanisms include scattering at grain boundaries, at impurities and at
ineffective or clustered dopants. Therefore, the general aim is to
mitigate the extrinsic scatter mechanisms such that the mobility limit
set by the intrinsic scatter mechanisms is reached. For the carrier density
range of interest of around 1020 cm−3, the upper limit for the mobility
set by the intrinsic scatter mechanisms is about ~55 cm2/Vs for ZnO-
based and ~130 cm2/Vs for In2O3-based TCOs. [2,3].

In the case of In2O3-based TCOs, ITO has historically been the TCO
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material of choice. Nonetheless, its typical mobility value of
20–40 cm2/Vs [4] is well below the mobility limit set by the intrinsic
scatter mechanisms. Therefore, in recent years there has been a strong
interest in various high-mobility In2O3-based TCOs which employ novel
dopants such as H, W and Mo. [5–8] Especially H-doped In2O3

(In2O3:H) has been shown to yield record high mobility values of
130 cm2/Vs, which is as high as the mobility limit [3]. This high-quality
material has been prepared both by sputtering [5] and by atomic layer
deposition (ALD) [6]. The enhanced mobility lowers the required
carrier density to the low 1020 cm−3 regime, thereby almost completely
negating IR-losses and enhancing the Jsc of SHJ solar cells when applied
as the front electrode [9,10]. The enhanced mobility enabled by the H
dopant compared to the traditional Sn dopant is mainly ascribed to two
key factors: Firstly, grain boundary scattering has been found to be
negligible in H-doped In2O3. This has been attributed to the fact that H-
doped In2O3 has very large grains of a few hundred nanometer.
[3,5,6,11] In addition, the grain boundaries are well-passivated by
the available H. Secondly, inactive H dopants have been shown to not
contribute to electron scattering. [3].

Although such high-mobility In2O3-based TCOs yield excellent
performance, concerns regarding the scarcity and price of indium are
a strong driver to replace In2O3-based TCOs with doped ZnO-based
TCOs. Despite many efforts, the level of performance in terms of optical
transparency and electrical conductivity offered by Al- or B-doped ZnO
TCOs is not on par with the In2O3-based TCOs. Experimentally-obtained
mobility values are typically well below 30 cm2/Vs. Therefore, keeping
the aforementioned mobility limit of ZnO films of ~55 cm2/Vs in mind,
there is a lot of room for improvement of doped ZnO TCOs.

Similar as for In2O3, also in the case of ZnO hydrogen has emerged
as a very promising alternative dopant. Ab initio calculations show that
bond-centered (BC) H is the most stable configuration and acts as a
shallow donor. [12,13] Experimentally, the beneficial effect of H on
ZnO has been reported being either through H being embedded during
deposition [14,15], by annealing in H2 atmosphere [16], or through
exposure to H2 plasma [17,18]. For example, Ding et al. showed that
mobility values as high as 58 and 46 cm2/Vs could be obtained for 2 µm
and 350 nm thick films by exposing these films to H2 plasma after
deposition. [18] Gaspar et al. recently showed that high-mobility ZnO:H
can be prepared by the addition of H2 during rf reactive magnetron
sputtering. [19] They achieved an optimized mobility value of
47.1 cm2/Vs and a carrier density of 4.4×1019 cm−3, resulting in a
resistivity value of 2.8 mΩ cm. In addition, Thomas et al. have shown
that ZnO:H can be prepared by ALD. [15] They interleaved standard
ALD ZnO cycles comprised of diethylzinc (DEZ, Zn(C2H5)2) and H2O
exposures with H2 plasma exposures, and reached much higher carrier
density values of up to 4.6×1020 cm−3, respectable mobility values
around 20 cm2/Vs and low resistivity values down to 0.7 mΩcm.

In this work, we employ a process consisting of thermal ALD in
conjunction with interleaved H2 plasma treatments to prepare ZnO:H
films, similar to the approach of Thomas et al. [15] It will be shown that
the H2 plasma treatment has an etching component that can be
employed to strongly enhance the structural and optoelectronic proper-
ties of the ZnO:H films. More specifically, by growing ZnO:H films in a
regime where film nucleation is in strong competition with etching
from the H2 plasma, a strong enhancement of the grain size and a
preferential c-axis orientation can be obtained. Under such conditions,
our process results in high-mobility (~47 cm2/Vs) and conductive
(~1.8 mΩcm) ZnO:H with excellent IR-transparency. Furthermore,
insights into the doping by the H2 plasma and into the electron scatter
mechanisms in our high-mobility ZnO:H have been obtained from
effusion and temperature-dependent Hall measurements, respectively.
Finally, the material properties of ALD ZnO:H are compared to
conventional TCO materials, and the potential of ALD ZnO:H for the
application in various Si solar cell configurations is discussed.

2. Experimental section

Silicon wafers coated with ~430 nm of thermal oxide were used as
substrates. ~75 nm thick H-doped ZnO films were deposited in an
Oxford Instruments OpAL ALD reactor at a substrate temperature of
200 °C. DEZ and deionized water vapor were used as precursors for ZnO
growth. A schematic of the setup is shown in Fig. 1.

H doping was achieved by interleaving H2 plasma treatments every
n ALD cycles, in a so-called supercycle fashion as shown in Fig. 2. The
integer n, i.e. the number of ZnO cycles in between the H2 plasma
treatments, is called the cycle ratio. A remote inductively coupled
plasma was used for the H2 plasma treatment, with a plasma power of
100 W, a H2 flow of 50 sccm and an exposure time of 4 s being the
standard condition.

Film growth was monitored in-situ by spectroscopic ellipsometry
(SE). The SE setup used for these measurements is a J. A. Woollam Co.
Inc. M-2000D spectrometer with an XLS-100 light source (0.7−5.0 eV
of photon energy). For analysis of the SE data, the dielectric function of
the ALD ZnO:H films was modeled using a combination of a Tauc-
Lorentz, Gaussian and Drude oscillator. [20] The electrical properties
were determined from Hall measurements (Ecopia HMS-5300 Hall
Effect Measurement System). In addition, temperature-dependent Hall
measurements down to 80 K were performed using a stage cooled by
liquid nitrogen. The surface morphology was evaluated by atomic force
microscopy using a NT-MDT Solver P47 microscope in tapping mode

Fig. 1. Schematic of the Oxford Instruments OpAL ALD reactor used in this work. The
spectroscopic ellipsometer used for in-situ film thickness determination is shown as well.
Note that multiple precursor pots have been used in this work (for DEZ and H2O), but that
only one is shown.

Fig. 2. Schematic of the so-called supercycle approach used to prepare ZnO: H. After n
cycles of ALD ZnO, the film is exposed to a H2 plasma treatment. Together, these n ZnO
cycles and H2 plasma treatment constitute a supercycle.
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using TiN-coated Si tips (NSG10/TiN, NT-MDT). X-ray diffraction
measurements were performed using a Panalytical X′Pert PRO MRD
employing Cu Kα (1.54 Å) radiation. Transmission electron microscopy
(TEM) analysis (JEOL ARM 200 probe corrected TEM, operated at
200 kV) was used to study cross-sections of films using focused ion
beam (FIB) made lamellas. Thermal effusion measurements were
performed in a high vacuum (7.5×10−7 Torr) quartz tube. A linear
ramp rate of 20 °C/min was used and the effused H2 molecules were
detected using a quadrupole mass spectrometer (QMS). The H2 flow
was calibrated as described in reference [21].

3. Results and discussion

3.1. Influence of the H2 plasma treatment on the film growth

The H2 plasma treatment was found to have a pronounced influence
on the film growth, which can be used to strongly improve the
properties of the ZnO: H. However, before discussing the influence of
the H2 plasma on the film growth of ZnO: H, it is instructive to first
review the different stages of film growth for undoped ZnO by ALD. In

Fig. 3(a), a typical growth curve for ALD ZnO is shown. Such a curve is
obtained using in-situ SE, where the film thickness is monitored as a
function of the number of ALD cycles. As can be seen, the growth is
characterized by a short nucleation delay during the first ~10 cycles.
This is followed by an island-like growth mode typical of ALD ZnO, as
can be seen in the inset top-view transmission electron microscopy
image in Fig. 3(a). This growth regime is accompanied by an enhanced
growth rate. [22] Afterwards, the islands coalesce and steady–state film
growth with a growth per cycle (GPC) of 0.16 nm is obtained.

As will be shown, the H2 plasma treatment slightly influences the
growth of ZnO by etching of the ZnO. Therefore, the etch rate of ZnO
films upon extended H2 plasma exposure in our setup has been studied.
This has been done by exposing a 50 nm-thick ZnO sample to H2

plasma, and monitoring the thickness decrease in real-time by in-situ
SE. For our standard plasma condition of 100 W plasma power and 50
sccm of H2 flow, a etch rate of 0.23 nm/min was found (see Fig. S1 of
the Supplementary Information). In the 4 s of H2 plasma used in the
supercycle, it is thus expected that only 0.015 nm is etched. Since this is
much less than the steady-state growth-per-cycle (GPC) of 0.16 nm for
the ZnO process, a strong etching effect is not to be expected during
steady-state growth.

However, the H2 plasma treatment has been found to strongly
influence especially the initial growth during the ALD process. Using in-
situ SE, the initial ALD growth has been monitored for various cycle
ratios n, as shown in Fig. 3(b). When going to cycle ratios n=6 and
n=3, a strong increase in the nucleation delay is observed compared to
the case of non-intentionally doped ZnO (iZnO, i.e., no H2 plasma step
is used). This can be understood from the fact that even though the
amount of ZnO etched during the H2 plasma step is much less than the
steady-state GPC, it can become comparable to the GPC during the
nucleation phase of the ZnO layers, which is much lower than the
steady-state value. Note that for a cycle ratio of n=2, no film growth
was observed even after 200 cycles, showing that for such conditions
the H2 plasma is able to prevent film growth altogether. The absence of
film growth for such low cycle ratios can be circumvented by first
growing a thin seed layer of ~5 nm iZnO, followed by thickening of the
film at e.g. a cycle ratio of n=1, as can been seen in Fig. 3(b).
Throughout this work, several films have been deposited on top of such
seed layers. Films grown on a 5 nm iZnO layer are denoted by an
asterisk (*). In addition, select films were grown on a 5 nm ZnO:H seed
layer which itself was grown using a cycle ratio n of 3. These films are
denoted by a double asterisk (**).

Besides influencing the initial growth of the film, the H2 plasma
treatment has been found to strongly enhance the grain size. This can
be seen from the AFM images in Fig. 4. Going to a cycle ratio of 6 and 3
progressively leads to an enhanced feature size and an increase in film
roughness with respect to the iZnO film. From the AFM images a rough
estimation of the surface grain size has been made by manual counting
of the areal grain density. Values of approximately 50, 85 and 110 nm
have been obtained for the iZnO, n=6 and n=3 films, respectively.
Interestingly, a film comprised of a 5 nm iZnO seed layer which is
subsequently thickened with a process using n=3 has a strongly
reduced feature size compared to the n=3 film grown without a seed
layer (Fig. 4(c) and (d)), and a grain size of 50 nm has been estimated
for this film, similar to that of the iZnO film.

The increase in grain size with decreasing cycle ratio n is thought to
originate from etching of the ZnO layer by the H2 plasma during the
nucleation of the film. At low cycle ratio n, more nuclei are etched
during the initial stages of growth. This reduces the nuclei density,
leading to an enhanced grain size. However, when an iZnO seed layer is
used, the initial layer has an equally high density of nuclei as when no
H2 plasma is used, explaining the difference between Fig. 4(c) and (d).
Note that this enhanced crystal size induced by the H2 plasma treatment
is in strong contrast to Al- and B-doping which leads to interruption of
crystal growth and thus a reduced grain size compared to the undoped
case [23].

Fig. 3. (a) Growth of an undoped ALD ZnO layer as a function of the number of ZnO
cycles. The various stages of growth are indicated. The top-view transmission electron
microscopy image in the inset shows the island growth during initial film growth. (b)
Growth of ALD ZnO:H layers for varying cycle ratios n. In this example, the cycle ratio
n=1 layer was grown on top of an iZnO seed layer.
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Fig. 4. AFM images of ZnO film grown (a) without H2 plasma treatment, (b) using a cycle ratio n of 6, (c) using a cycle ratio n of 3, and (d) using a cycle ratio n of 3 on top of a 5 nm iZnO
seed layer. The root mean square roughness σ is given.

Fig. 5. Cross-sectional TEM images (top row), close-up TEM images (middle row) and SAED patterns (bottom row) of (left column) iZnO films grown without H2 plasma and (right
column) ZnO:H films grown using a cycle ratio n=3.
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The beneficial effect of the H2 plasma treatment on the film
morphology has been corroborated by cross-sectional TEM. In Fig. 5,
a comparison between iZnO and ZnO:H grown with a cycle ratio n of 3
is shown. Upon close inspection, three main differences between the
two films can be discerned. Firstly, the H-doped sample shows a
rougher top surface morphology, in line with the AFM results. Secondly,
the H-doped sample features large columnar grains that extend to the
film surface, whereas the iZnO has smaller grains with a less prominent
structure. Thirdly, when looking at selected area electron diffraction
(SAED) patterns in Fig. 5 (acquired from an area containing a 1.3 µm
long part of the ZnO layer), the arc segments in the pattern of the doped
ZnO sample suggest a< 002> texture, whereas the continuous rings of
the iZnO sample point to a more random crystal orientation.

The change in film crystal morphology induced by the H2 plasma
treatment can also clearly be seen from XRD measurements, as shown in
Fig. 6. The iZnO reference sample has dim peaks originating from
various orientation, with the (100) direction being the most pro-
nounced. For the powder spectrum of ZnO, shown in the top panel of
Fig. 6, the (101) direction has the highest intensity. Therefore, the iZnO
has a slight< 100> texture. For decreasing cycle ratio n, a strong
increase in the (002) orientation and a decrease in the other orienta-
tions is observed, showing that the H2 plasma treatment induces a
strong c-axis< 002> texture. As shown in the inset of Fig. 6, at the
same time the diffraction peak belonging to the (002) orientation
becomes narrower, whereas the (100) diffraction peak broadens. This
points to an enhanced vertical grain size for the (002) oriented grains,
in line with the observed columnar crystal morphology, and a lower
vertical grain size for the (100) oriented grains. Interestingly, for the
cycle ratio n=1** sample which is prepared on a 5 nm n=3 seed layer,
the preferred (002) orientation is manifested more strongly compared
to the film grown with n=3. This suggests that the preferential
orientation is not merely determined during the nucleation phase by
etching of initial nuclei by the H2 plasma treatment, but is also
influenced by the H2 plasma during steady-state film growth. It should
be noted that such beneficial effect of seeded growth of ZnO on the
grain size has also been demonstrated in the field of low pressure metal-
organic chemical vapor deposition by Fanni et al. [24].

3.2. Influence of the H2 plasma on the film properties

The influence of the H2 plasma treatment on the electrical proper-
ties has been determined from Hall measurements. The film resistivity
ρ, carrier density Ne and mobility µ as a function of cycle ratio are
shown in Fig. 7. Films were either grown without a seed layer, on a
5 nm iZnO seed layer or on a 5 nm seed layer grown with cycle ratio
n=3.

A few key observations can be made from Fig. 7. When going to
lower cycle ratio n, the resistivity is observed to decrease, which is due
to both an increase in carrier density and in mobility. The increase in
carrier density hints at successful doping of the ZnO by H. The increase
in carrier mobility most likely stems from both the observed increase in
grain size at lower n, and the possibility of grain boundary passivation
by the embedded H, both reducing the contribution of grain boundary
scattering. Interestingly, the carrier mobility is much higher for the

Fig. 6. XRD 2θ scans of ZnO:H films prepared at various cycle ratios n. The Miller indices
of the diffraction peaks of ZnO are indicated. (Inset) Full width at half maximum (FWHM)
of the peaks belonging to the (100) and (002) orientations. The dashed lines show the
FWHM values of ZnO films prepared without H2 plasma treatment. For the n=1** film, no
(100) peak was discernable. The top panel shows the powder spectrum of ZnO (RRUFF
database, entry R060027.1).

Ω

Fig. 7. Resistivity, carrier density and mobility for films prepared using varying cycle ratios (black squares). Films grown on a 5 nm iZnO seed layer are marked by red circles, whereas the
film grown on a seed layer grown using n=3 is marked by blue triangles.
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n=3 sample grown without an iZnO seed layer. This directly correlates
to the observed reduced grain size when using an iZnO seed layer.
Conversely, when comparing the n=1 samples grown on either an iZnO
or an n=3 seed layer, a higher mobility is observed on the n=3 seed
layer. This is thought to stem from the reduced nuclei density in the
n=3 seed layer, and hence larger grain size for this sample. This
underlines the importance of controlling the initial growth in order to
achieve carrier mobility values close to the mobility limit of 55 cm2/Vs
for the carrier density range of these films (3×1019−8×1019 cm−3)
[2].

As also can be seen from Fig. 7, the H2 plasma is effective in doping
the ZnO as the carrier density increases from 3.4×1019 cm−3 for iZnO
to 7.8×1019 cm−3 for the ZnO:H film grown using a cycle ratio of
n=1**. The latter condition also gives the most conductive ZnO: H, with
a high mobility of 46 cm2/Vs and a resistivity of 1.8 mΩ cm. It is
instructive to compare the results of this work to the aforementioned
work of Thomas et al. In that work, much higher carrier density values
of up to 4.6×1020 cm−3 were reported using a very similar approach to
grow ALD ZnO: H, albeit at lower carrier mobilities of typically< 20
cm2/Vs. This shows that in principle higher doping densities can be
obtained using H2 plasmas. Nonetheless, we have explored the para-
meter space in our system in terms of plasma conditions but were so far
not able to achieve a higher doping level. Therefore, it can be
speculated that the plasma-doping process is quite dependent on the
exact system configuration used, and is likely related to the plasma
source configuration. Nonetheless, in both systems (Cambridge Nano-
tech Fiji 200 ALD system in their case, and an Oxford Instruments OpAL
in our case) a remote inductively coupled plasma was used. A table with
all the conditions tried in this work as well as resulting film properties
can be found in the Supplementary Information.

3.3. Incorporation of H and scattering in ZnO:H films

The incorporation of H in the films by the H2 plasma treatment has
been confirmed using effusion measurements. An iZnO sample and the
most conductive sample grown with a cycle ratio n=1** have been
studied and the results are shown in Fig. 8. Plotted is the hydrogen
effusion rate per cm2 for films of comparable thickness as a function of
temperature. For both materials, an effusion peak near 400 °C is
observed followed by an almost constant effusion rate up to highest
temperature in case of the iZnO material while for the ZnO:H an
effusion maximum near 800 °C is observed. Qualitatively the effusion

spectra resemble those of ZnO films grown by LPCVD from DEZ and
water vapor and deposited by sputtering, respectively. They were
attributed to material with a fairly open structure of grain boundaries
in the first case and a more dense material in the second case [25]. The
nature of the H effusion peak near 400 °C is not quite clear. For
crystalline ZnO, H2 surface desorption has been reported at tempera-
tures as low as 180 °C [26]. A surface desorption peak near 400 °C was
attributed to H diffusing into bulk ZnO and effusing at higher
temperature [27]. It might be that the peak arises from rupture of
grain boundary related cavities when the pressure of trapped H2 gets
high.

From integration of the calibrated H signal, an atomic H density of
9.0×1020 H at./cm3 and 3.8×1021 H at./cm3 have been found for the
iZnO and doped ZnO sample, respectively. We attribute the hydrogen
content of the iZnO sample to unintentional H doping during the ALD
process, most likely caused by the H2O reactant. This is much like ALD
In2O3:H grown from InCp and H2O/O2, which is also unintentionally
doped by the H2O reactant [28].

Interestingly, these atomic densities are much higher than what
would be needed to account for the observed carrier density, assuming
H+ is the only dopant: only 3.7% of the H in the iZnO sample and 2.0%
of the H in the doped sample needs to be active as dopant. Although
these seem to be quite low numbers, this is very similar to the value of
3.7% we previously found for crystallized ALD In2O3:H. [3] In the case
of ALD In2O3:H, the inactive H was found to not lead to scattering, since
the mobility of the ALD In2O3:H was at the mobility limit set by phonon
and ionized impurity scattering. Since in this doped film the mobility of
46 cm2/Vs is quite close to the semi-empirical mobility limit of
~55 cm2/Vs, it is also expected that inactive H does not lead to strong
scattering in ZnO: H.

To further investigate the scattering mechanisms that are limiting
the carrier mobility in our films, temperature-dependent Hall measure-
ments have been carried out over a temperature range of 80–350 K. In
Fig. 9, the temperature-dependent carrier density and mobility for the
iZnO, cycle ratio n=3 and cycle ratio n=1** ZnO:H films are shown. As
can be seen, for all films the carrier density is independent of the
temperature, which is line with their degeneracy. For the iZnO film, a
maximum in mobility is found around 260 K, whereas the cycle ratio
n=3 ZnO:H film has a maximum around 150 K, and a monotonic
increase in mobility with decreasing temperature is found for the cycle
ratio n=1** ZnO:H film. Also, for both the doped samples, a stronger
increase in mobility with decreasing temperature is found. The follow-
ing can be inferred from these trends: At higher temperatures the
mobility is most likely reduced by enhanced phonon scattering. Since
the doped samples experience a stronger decrease at higher tempera-
tures, the mobility of these films is thought to be relatively more limited
by phonon scattering. This is line with their mobility values being closer
to the mobility limit. The decrease in carrier mobility at lower
temperatures observed for the iZnO and cycle ratio n=3 ZnO:H films
points to transport being limited by thermionic emission across grain
boundaries. The fact that the maximum in mobility occurs at lower
temperatures for the cycle ratio n=3 film than for the iZnO film can be
explained by a reduced contribution of grain boundary scattering, both
by the enhanced grain size and possibly a reduced barrier height at the
grain boundary by passivation with H. Note that it was attempted to fit
the mobility curves using existing models for temperature-dependent
carrier transport across grain boundaries, phonon scattering and
ionized impurity scattering in order to extract their relative contribu-
tions to the total scattering and the barrier height for thermionic
emission over the grain boundaries. Unfortunately, although satisfac-
tory fits could be obtained, the solutions were found not to be unique.

3.4. Comparison to other TCOs and prospects for solar cell applications

In the foregoing it has been shown how high mobility (47 cm2/Vs)
ZnO:H with a resistivity of 1.8 mΩcm can be prepared by ALD. In this

Fig. 8. Effusion rate of hydrogen versus temperature for an iZnO film and our best n=1**

ZnO:H film, which consists of a seed layer grown with n=3 and subsequently thickened
with cycle ratio n=1. The total H content in the film, expressed in terms of H at./cm3 is
indicated.
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section, the developed ZnO:H is compared to other TCO materials in
terms of electrical properties and spectral absorption coefficient. Also,
the potential of the developed ZnO:H for various Si heterojunction
configurations is discussed.

The electrical properties and absorption coefficient of ITO, In2O3:H,
ZnO, ZnO:B, ZnO:Al and ZnO:H are compared in Table 1 and Fig. 10,
respectively. As can be seen, the best film grown with the H2 plasma
treatment has a sheet resistance of 237 Ω/sq. This is a strong
improvement over the sheet resistance of 903 Ω/sq for an ALD iZnO
film, and this improvement is due to the strong increase in both carrier
mobility and carrier density. Despite the higher mobility, the sheet
resistance of ZnO:H is still higher than for Al- and B-doped ZnO due to
the much lower doping level of ZnO:H. However, the low doping level
and high mobility of ZnO:H lead to very promising optical properties:
Compared to Al- and B-doped ZnO, ZnO:H has negligible free carrier
absorption and a lower bandgap. Both can be explained by the lower

carrier density of ZnO:H, which leads to a smaller Drude contribution
and less widening of the optical band gap through the so-called
Burstein-Moss shift [29].

When assessing the potential of the developed ZnO:H film for SHJ
solar cell applications, it is important to consider that TCOs are used in
different configurations in these types of cells, which lead to different
requirements for the TCO. When applied as the front contact electrode
of SHJ cells, the TCO should be ~75 nm thick for antireflection
purposes, have little FCA and FCR to enable a high Jsc, and have a
sufficiently low sheet resistance to avoid FF losses. Holman et al.
observed significant fill factor reductions in SHJ solar cells for front
TCO sheet resistance values exceeding 100 Ω/sq, although this is of
course dependent on the exact metal grid design. [31] At the rear side,
the TCO is usually thicker (> 100 nm) and thus has a less stringent
resistivity requirement, whereas the sheet resistance does not play a
role when full area metallization is applied. Also, especially at the rear
side a good performance in the NIR is desired, since it is mostly the low-
energy photons that make it to the rear of the cell. [32] On the other
hand, in a c-Si/perovskite tandem cell the bottom c-Si cell should be
tuned to the NIR as much as possible, making it prerequisite that the
front TCO does not have a strong Drude contribution. [33] In addition,
since the current in a tandem cell is lower, the sheet resistance can be
about three times higher compared to a single junction SHJ solar cell
for an equal ohmic power loss. [33] Finally, the formation of a proper
electrical contact between the TCO and both the carrier-selective layers
and metallization should be verified.

Looking at Table 1, the sheet resistance of 75 nm of ZnO:H of
237 Ω/sq seems to be too high for application as front TCO in a SHJ
cell. Nonetheless, its optical performance would be very good. In
Table 1, the expected Jsc when using these TCOs in SHJ solar cells
with a conventional 5 nm a-Si: H(i)/10 nm a-Si: H(p)/75 nm TCO front
contact has been simulated with OPAL 2, using the optical constants of

Fig. 9. Temperature-dependent carrier density Ne (top panel) and carrier mobility μe
(bottom panel) of an iZnO film, a n=3 and a n=1** ZnO:H film.

Table 1
Electrical properties and simulated Jsc of a SHJ solar cell with the various TCOs at the front side. Simulations were performed with OPAL2. All TCOs were ~75 nm thick. The In2O3:H
sample was prepared at 100 °C and post-deposition crystallized at 200 °C. All ALD ZnO TCOs were prepared at 200 °C [22,30].

TCO Deposition technique Dopant precursor Cycle ratio n µe (cm2/Vs) Ne (1020 cm−3) Rs (Ω/sq) Jsc (mA/cm2)

ITO [22] Sputtering ITO target – 36 5.3 53 39.6
In2O3:H ALD H2O – 138 1.6 36 40.7
iZnO ALD – – 27 0.3 903 40.6
ZnO:Al ALD DMAI 10a 13 7.0 93 37.8
ZnO:B ALD TIB 15b 16 4.1 133 39.3
ZnO:H ALD H2 plasma 1** 46 0.8 237 40.5

a 10 cycles of ALD ZnO, followed by 1 cycle of dimethylaluminum isopropoxide (DMAI) and H2O.
b 15 cycles of ALD ZnO, followed by 1 cycle of triisopropyl borate (TIB) and H2O.

Fig. 10. Absorption coefficient for various TCOs as listed in Table 1. For reference, the
photon flux in the AM1.5 g spectrum is shown as well.
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the TCOs as determined from spectroscopic ellipsometry as input. [34]
The optical constants of the a-Si:H layers were taken from the work of
Holman et al. [31] As can be seen, for ZnO:H a very high Jsc is obtained
from the simulation, close to the best In2O3:H, mainly due to the high
mobility and lower carrier density which lead to negligible FCA and
FCR. Yet, for application as a front TCO, a further reduction in the
resistivity of the ZnO:H should be targeted by enhancing the doping
level. This could either be pursued by further optimization of the H2

plasma treatment, or by enhancing the carrier density by co-doping
using Al or B dopants, thereby benefiting simultaneously from the
enhanced grain size induced by the H2 plasma and the higher doping
level that is easily achievable with these classical dopants.

For application as rear TCO in a bifacial SHJ cell, the resistivity of
ZnO:H seems to be around the required value, whereas its resistivity
does not play a role for a SHJ cell with full rear metallization. In terms
of optical potential, the excellent optical performance in the NIR of
ZnO:H should make it highly suited as rear optical spacer for such cells.
Finally, the ALD ZnO:H seems very suitable for use as TCO in a c-Si/
perovskite tandem cell: due to the reduced current in such cells the
sheet resistance of 237 Ω/sq is adequate. In addition, the excellent
performance in the NIR of ALD ZnO:H nicely aligns with the require-
ment of a NIR-tuned bottom c-Si cell in such tandems.

4. Conclusions

In this work, high-mobility ZnO:H films have been prepared using
thermal ALD of ZnO in conjunction with H2 plasma treatments. It has
been shown that by choosing a deposition regime in which film growth
and etching by the H2 plasma are in strong competition can lead to a
strong increase in grain size and associated enhancement of the
mobility to values as high as 47 cm2/Vs. Besides increasing the grain
size, the H2 plasma is able to dope the ZnO:H to an intermediate doping
level of 8×1019 cm−3, and a minimum in resistivity of 1.8 mΩ cm has
been reached. The successful incorporation of H in the film has been
corroborated by effusion measurements, and temperature-dependent
Hall measurements suggest that grain boundary scattering is strongly
reduced in ZnO:H. In a comparison with other ZnO- and In2O3-based
materials it has been shown that ZnO:H exhibits excellent NIR-
transparency, but that the resistivity of ZnO:H is higher due to its
lower carrier density. Finally, the application of ALD ZnO:H as TCO in
SHJ solar cells has been discussed and it has been shown that ZnO:H has
promising properties to be used as rear TCO in SHJ cells as well as front
TCO in SHJ-perovskite tandem cells.
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