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ABSTRACT

We demonstrate the simultaneous manipulation of electrical and thermal transport characteristics of ZnO thin films fabricated via the
prototype atomic layer deposition (ALD) process from diethyl zinc (DEZ) and water precursors. The key ALD process parameter is the
length of the N, purge applied after the DEZ precursor pulse. We characterize the thin films with x-ray reflectivity measurements for the film
growth characteristics, with photoluminescence spectroscopy for structural defects, with electrical transport measurements for carrier den-
sity, electrical resistivity, and Seebeck coefficient, and with time-domain thermoreflectance measurements for thermal conductivity.
Photoluminescence spectroscopy data suggest that elongation of the purge period creates structural defects, which increase the electron car-
rier density; this would explain the enhanced electrical conductivity of the films. At the same time, the defects are likely to hinder the thermal
transport in the films. The, thus, realized simultaneous increase in electrical conductivity and decrease in thermal conductivity are of funda-
mental importance in thermoelectrics. Moreover, the simple control of the intrinsic electrical transport properties is highly desired for the
semiconducting ZnO films in optics and microelectronics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0081657

compound, it is highly attractive for future industrial applications,” "

including the thermoelectrics,”™'” transparent conductors, ™' biosen-

Thermoelectric energy harvesters are increasingly investigated
. . 1 . . . .
for new application areas; a strongly emerging application area is seen

in wearable electronics, which could be powered by flexible thermo-
electric thin-film body heat harvesters.” * The heat to electricity con-
version capability of thermoelectric materials is evaluated by the
figure-of-merit, ZT = S’¢'T/x, which can be maximized by increasing
the Seebeck coefficient (S) and electrical conductivity (o) and decreas-
ing the thermal conductivity (« = K. + Kpp) at the operation tempera-
ture (T). Here, the challenge is that increasing the carrier density (n) to
increase o is bound to increase the electronic part of thermal conduc-
tivity (i.). This underlines the importance of manipulating the pho-
nonic part of thermal conductivity (i,1,) through, e.g., lattice defects or
nanostructuring, that is, using strategies independent of the carrier
concentration.”

The phonon contribution is especially large for metal oxides, such
as ZnO. Zinc oxide is a wide-bandgap semiconductor and is transparent
to visible light, and as a simple, nontoxic, and critical-element-free

sors,'* and solar cells."” For all these applications, high-quality thin films
with tailorable transport properties are needed. Atomic layer deposition
(ALD) thin-film technology is compatible with most of the require-
ments posed by these applications.”*’ ** It is based on reactive gaseous
precursors sequentially pulsed and purged in and out of the reactor to
induce self-saturated surface reactions, thereby allowing precise film
thickness control, large-area homogeneity, and high-aspect-ratio confor-
mality for the produced thin films and coatings. Moreover, ALD is com-
patible with sensitive substrates, such as polymers,”” and uniquely
integrable with textiles as it has been shown to conformally coat the
textile fibers in such a way that the whole textile may become part of the
device; this is especially beneficial considering the aforementioned
wearable thermoelectric applications.”’

Fabrication of ZnO thin films from diethyl zinc (DEZ) and water
precursors is one of the prototype ALD processes.” Also, the literature
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includes a variety of ways to control the electrical and thermal trans-
port properties of these films, through elemental substitutions, """’
intercalation of organic layers,'”'***" precursor,” " and process
parameter optimization,”*”' ** as well as post-deposition processing.””
Among the process parameters, very little has been paid attention to
the purge time optimization,”*”"*" as the inert gas (typically N,) purge
period between the two precursor pulses is often just arbitrary chosen
to be long enough for the complete removal of the excessive precursor
and reaction by-product molecules from the reactor lines and cham-
ber. However, there are few previous studies indicating possible effects
of the purge time and its flow rate’' on the film growth rate’’ and elec-
trical properties”**” of ALD ZnO thin films. In the present letter, we
will systematically elucidate the effects of the purge time after the DEZ
precursor pulse, first on the film growth characteristics and then on
the basic properties of the resultant ZnO films (smoothness, density,
defects). Most excitingly, we will demonstrate how this simple process
parameter can be used to simultaneously enhance electrical conductiv-
ity and suppress thermal conductivity.

We deposited a series of ZnO films from diethyl zinc (>95%,
Strem Chem.) and de-ionized water (H,O) using a commercial ALD
reactor (Picosun R-100); the film depositions were carried out simulta-
neously on silicon (Okmetic Oyj; 2 x 2cm?), borosilicate glass
(Finnish Special Glass Oy; 2 x 1c¢m?), and sapphire (MTI corps
1 x 1cm?) substrates to enable the x-ray diffraction (XRD), x-ray
reflectivity (XRR; Panalytical XPert diffractometer; Cu-K,), photolu-
minescence (PL; Lotis TII Nd:YAG laser at 355nm with Avantes
HS-TEC CCD detector), electrical transport (Physical Property
Measurement System; PPMS; Quantum Design; 9T magnet; standard
four point-probe technique), and thermal transport (time-domain
thermoreflectance or TDTR method) characterization; experimental
details of the characterizations are given in the supplementary
material. Both precursors were kept at room temperature, and N, gas
(99.999%; Parker nitrogen generator: HPN2-5000C-L-230V) was
utilized as both the purge and carrier gas with a precisely regulated
flow rate of 150 sccm. All depositions were carried out exactly at
220 °C with an excessive one-hour stabilization time before the actual
precursor pulsing to avoid even the smallest possible thermal fluctua-
tions during the depositions. Unless otherwise stated, the precursor
pulsing sequence was: 0.1 s DEZ/varied N,/0.2 s H,0/0.4 s N,. The
total number of these ALD cycles was fixed to 600 to keep the precur-
sor intake exactly the same for all the depositions.

All the thin-film samples deposited were confirmed by XRD to
be polycrystalline wurtzite-structured ZnO films with no visible depo-
sition parameter-dependent changes in orientation preference; a repre-
sentative XRD pattern is shown in the supplementary material. In our
initial tests, we varied the N, purge length (after the DEZ pulse) in the
relatively wide range from 0.1 to 2.0 s and analyzed carefully the XRR
patterns of the resultant ZnO films for their thickness, roughness, and
density; the fitting protocol is described in detail in the supplementary
material; and the results are summarized in Fig. 1. It was revealed that
the film thickness (expressed as GPC: growth-per-cycle) and rough-
ness values monotonously decrease with the increasing purge length,
while for the film density, a very weak increasing trend from 5.26 to
5.39 g/cm® could be seen. Similar observations have been previously
reported for ALD ZnO films and explained by an etching effect of the
purge gas on the surface zinc atoms and/or hydroxyl groups.””"***!
Indeed, since the etching effect is likely to be strongest from the
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FIG. 1. Growth characteristics based on XRR data for ZnO films deposited with dif-
ferent N, purge times: GPC (left), film roughness (right), and density (rightmost).

so-called surface hills, it is easy to understand that the partial surface
group removal makes the surface smoother during the film growth, as
noticed here. For the rest of the investigations, we decided on a set of
five ZnO thin-film samples grown with the purge lengths of 0.1, 0.2,
0.4, 0.8, and 1.2 s; these films were deposited simultaneously on differ-
ent substrate types needed for the different characterizations.
Photoluminescence spectroscopy has been widely applied for the
characterization of various defects in ZnO thin films. We carried out
PL measurements for the three samples with purge periods of 0.1, 0.2,
and 1.2 s; the spectra are shown in Fig. 2. The room-temperature
bandgap emission peak for various ZnO nanostructures is reported to
appear in the range from 377 to 397 nm;" for all our samples, this
intense peak is seen around 394 = 2 nm. Then, the possible defects in
ZnO (oxygen and zinc vacancies and interstitials) should be seen as

100 - —12s
——0.2s
—0.1s
—_ 80'
3
s
2 604
n
=
2
E 40'
20 4 650 6;0 GéO 650

350 400 450 500 550 600 650 700 750
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FIG. 2. Photoluminescence spectra for ZnO films deposited with different purge
times of 0.1, 0.2, and 1.2 s (normalized to total intensity).
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weaker peaks at the higher wavelengths, and in general, the
higher bandgap emission peak intensity compared to the higher-
wavelength defect peak intensities indicates a high-quality film struc-
ture,” as is also the case for the present samples. A variety of different
defects with peaks at different wavelengths have been reported for
Zn0.*****" In the 450-750 nm region measured here, the following
defects, if present, should be visible: V,, Oz, O;, VoZn;, and
V. 249%% For the present samples, the only visible defect peak in
this range is seen around 619 nm (2.00 eV), which can be assigned to
interstitial-type negatively charged oxygen defects (O;)."*""" Since
the intensity of this 2-eV peak increases for our ZnO films with the
increasing purge time, it seems that the surface etching effect (presum-
ably removing part of the latest-deposited Zn atoms from the surface)
might simultaneously create O;" centers inside the film, as illustrated
in Fig. 3. Recently, Li et al.” suggested that such negatively charged
oxygen centers would form tetrahedral interstitial sites, where the neg-
ative charge of oxygen is actually balanced by three partially positive
hydrogen atoms. Most importantly, these defects were found to
increase the n-type doping of ZnO, explained by transitions from shal-
low donors (hydrogen) to deep acceptors (oxygen) in the tetrahedral
interstitial site.”

The electronic transport property data (temperature dependence
of charge carrier density, electrical resistivity, and Seebeck coefficient)
for four samples (with purge periods of 0.2, 0.4, 0.8, and 1.2 s) are pre-
sented in Fig. 4. The Hall coefficient was found to be negative for all
the samples implying electrons as the primary charge carriers. For
each sample, the charge carrier density either decreases slightly or
roughly remains the same with the decreasing temperature, see the top
panel in Fig. 4. Electrical resistivity for the samples shows semicon-
ducting behavior increasing with the decreasing temperature.
Comparison within the sample series shows that the carrier density
increases strongly with the increasing purge period, tentatively inter-
preted here to be due to the electron doping through the higher O;
defect concentration. Accordingly, the resistivity decreases in the same

scitation.org/journal/apl

order for the samples. For example, the room-temperature charge car-
rier density is an order of magnitude higher and resistivity is two
orders of magnitude lower for the 1.2-s sample compared to the 0.2-s
sample. We note that the decreased surface roughness seen for the
samples with the increasing purge period (Fig. 1) could also contribute
to the reduction in electrical resistivity. In accordance with the Hall
measurement data, the Seebeck coefficient is negative for all the sam-
ples and decreases (in magnitude) with the increasing purge period as
presented in the bottom panel of Fig. 4. Considering the dependence,
1S) =~ \/p/ n?/3, both the increase in charge carrier density and the
decrease in electrical resistivity contribute to this trend.

The electronic part of thermal conductivity can be estimated
from the electrical resistivity using the Wiedemann-Franz Law, k.
= LT/p, where L is Lorentz number (2.44 x 10 WQK ?). At 300K,
the K. value increases on the order of 0.003, 0.01, 0.03, and
0.1 Wm 'K with the increasing purge period from 0.2 to 1.2 s. All
these values are negligibly small, though, underlining the fact that the
thermal conductivity of our ZnO films is dominated by phonons, and
thus, the effect of the increase in electron carrier concentration on
thermal conductivity is minimal.

The thermal conductivity values measured at 300K for the three
ZnO thin films (and the associated interfaces) with purge periods of
0.1, 0.4, and 1.2 s are presented in Table I. From these data, the overall
Kk value decreases with the increasing purge period, that is, in a way
opposite to the x. value, indicating that also x;, decreases with the
increasing purge period. This could be explained by the suggested for-
mation of the tetrahedral defect sites (besides the charge carriers) dur-
ing the elongated purge periods; these defects cause phonon scattering
and result in the observed reduction in thermal conductivity.”*

The thermal conductivity measurements were conducted using
the time-domain thermoreflectance method; see the supplementary
material for the measurement details. In addition to a trend in thermal
conductivity, we also observed an interesting trend in thermal bound-
ary conductance. Due to the strong decrease in surface roughness with

FIG. 3. Schematic representation of the defect formation mechanism tentatively suggested to explain the transport properties (color code: red: oxygen, white: hydrogen, gray:

zinc, and black: carbon).
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FIG. 4. Temperature dependence of electrical transport properties for ZnO films
deposited with different purge times (0.2, 0.4, 0.8, and 1.2s): carrier concentration
(n), resistivity (p), and Seebeck coefficient (S).

the longer purge periods, we expected to see a corresponding decrease
in resistance at the transducer (Al):ZnO interface. We instead see the
opposite trend. By then examining the thermoreflectance signal in the
early times after the ultra-fast heating pulse, we observe strong effects
of acoustic mismatch due to the large difference in elastic modulus
between Al and ZnO. The large jump in material hardness at the inter-
face causes a portion of the pulse energy to be simply reflected from
the interface and returned to the sample surface rather than transmit-
ted to ZnO. The slightly higher density ZnO films that correspond to

TABLE I. Thermal conductivity values for ZnO films deposited with different purge
times (0.1, 0.4, and 1.2 s) and associated interfaces.

Effective thermal

Purge conductivity Transmission  Secondary peak
time (s) (Wm™'K™) coefficient amplitude (%)
0.1 7.71 0.92 0.55

0.4 7.53 0.92 1.57

1.2 7.00 0.92 2.66

ARTICLE scitation.org/journal/apl

longer purge times result in a larger percentage of energy to be
reflected from the interface, and thus, a lowered measured thermal
boundary conductance. This experimentally observed trend is in
agreement with the trend in transmission coefficient as calculated
using the acoustic mismatch model. Thus, in addition to the observed
decrease in thermal conductivity with the longer purge periods, we
also observe a change in mechanical properties between the films.

In conclusion, our work demonstrates that by controlling the
conventional ALD growth process for ZnO thin films with a single
deposition process parameter only, that is, the length of the N, purge
after the diethyl zinc precursor pulse, it is possible to systematically
control the electrical and thermal conductivity properties of the films.
These changes in transport properties were tentatively explained as fol-
lows: by lengthening the purge period, a small etching effect is
achieved, which removes some Zn atoms from the surface and accord-
ingly creates n-type defects within the growing film. This makes the
films smoother, as the Zn atoms are preferably removed from the
“hilly” parts of the growth surface. Importantly, the electron carrier
density and, accordingly, the electrical conductivity are found to
increase as well. The most attractive result is that despite the increased
carrier density, the thermal conductivity of the films was found to
decrease. This was attributed to the positive effect of the formed
defects, which were assumed to serve as a source of phonon blocking,
enabling the simultaneously enhanced electrical conductivity and sup-
pressed thermal conductivity. Our results are highly valuable consider-
ing the possible thermoelectric applications. Moreover, the possibility
to tailor the intrinsic electrical conductivity of ALD ZnO thin films is
most important for many other applications as well.

See the supplementary material for a detailed description of the
measurement procedures.
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