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Abstract

A novel supercycled atomic layer deposition (ALD) process which combines thermal ALD process with in situ O,
plasma treatment is presented in this work to deposit ZnO thin films with highly tunable electrical properties. Both
O, plasma time and the number of thermal ALD cycles in a supercycle can be adjusted to achieve fine tuning of
film resistivity and carrier concentration up to six orders of magnitude without extrinsic doping. The concentration
of hydrogen defects are believed to play a major role in adjusting the electrical properties of ZnO films. Kelvin
probe force microscopy results evidently show the shift of Fermi level in different ZnO films and are well associated
with the changing of carrier concentration. This reliable and robust technique reported here clearly points towards
the capability of using this method to produce ZnO films with controlled properties in different applications.
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Background

Once defined as the future material, zinc oxide (ZnO)
has attracted the interest of science community for over
half a century due to its superior optical and electrical
properties [1]. Recently, the rapid growth of transparent
conductive oxide industry has further revived its applica-
tion as transparent electrodes in flat panel displays, touch
screens, low emissivity coating, thin film solar cells, etc.
[2, 3]. Furthermore, ZnO has found numerous applica-
tions in electronic devices including light-emitting diodes,
photo detectors, and power devices [4, 5]. These different
types of applications require ZnO films to have various
electrical parameters, and some applications even demand
multi-layer of ZnO films with different electrical proper-
ties [6]. For example, numerous efforts have been made to
develop transparent resistive random access memory
(TRRAM) for the realization of fully integrated transpar-
ent electronics [7, 8]. As one of the most promising candi-
dates, ZnO-based TRRAM uses a highly resistive ZnO
film as the active switching layer while highly conductive
ZnO films are ideally demanded to act as transparent elec-
trodes [8—10]. The capability of controlling the electrical
properties such as resistivity and carrier concentration of
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the ZnO films is therefore a key requirement. Doping is
usually used when the property modification is needed
and a variety of dopants have been applied to change ZnO
film properties [11-13]. However, doping is always com-
plex and could lead to the secondary phase formation
[14]. Modulation of the electrical properties of undoped
ZnO by a single deposition process can therefore be
advantageous.

Atomic layer deposition (ALD) has become a popular
technique to form high-quality ZnO with an excellent
control of the film thickness down to nanometer scale
and uniformity over a large substrate [15, 16]. The
growth temperature of ZnO is usually under 200 °C
which makes it compatible with a range of substrates
including glass and plastics. The ALD ZnO is normally
grown by using diethylzinc (DEZ) as a Zn precursor and
water vapor (thermal) or oxygen plasma (plasma-en-
hanced) as oxygen precursor. The dominant way of tun-
ing undoped ZnO film properties in the thermal ALD
process is by changing the growth temperature [17, 18].
Although this enables the deposition of highly conduct-
ive films, high-quality ZnO films are difficult to obtain
with low carrier concentration. The plasma-enhanced
ALD is preferably used when low-carrier concentration
ZnO is required [19, 20]. We recently reported the cap-
ability of tuning ZnO using a single plasma-enhanced
ALD process which allows the tuning of its resistivity
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and carrier concentration up to three orders by using
different O, plasma times [21]. However, the plasma-
enhanced ALD could suffer a non-self-limiting growth if
a short O, plasma time is applied to achieve needed car-
rier concentration, which can result in poor uniformity
over a large substrate. A tunable ALD process within the
self-limiting window would therefore be desired.

Apart from the capability in tuning the ZnO electrical
properties, determination of these properties also re-
mains challenging. Hall effect measurement is the most
popular technique in measuring the electrical properties
of ZnO thin films. However, it can be prone to misinter-
pretation and has difficulty in unambiguous detection of
the actual cause of doping [1]. Kelvin probe force mi-
croscopy (KPFM) is a non-destructive surface technique
which has been extensively used to characterize nano-
scale structural, dynamic, and electrical properties of
semiconductor materials and devices [22, 23]. By directly
measuring the contact potential difference (Vcpp), ie.,
the difference between the work functions of the tip and
the sample, it can provide an insight into the material
dopant types, carrier concentrations, and resistivity as
they affect the Fermi level position within the bandgap.
However, works correlating the ZnO properties with
KPFM results are rarely reported, and to our knowledge,
there are none based on ALD-grown ZnO films [24—26].

In this work, we propose a novel supercycled ALD
process for electrical properties tuning in undoped ZnO.
Combining the thermal ALD process with an in situ O,
plasma treatment, this process allows a wide yet refined
tuning of the ZnO film resistivity and carrier concentra-
tion. More importantly, the Fermi level shifts in the
ZnO films can be directly measured by KPFM and used
to characterize the ZnO electrical properties.

Methods

All ZnO thin films were prepared in an OIPT FlexAl
ALD system using a diethylzinc (DEZ) precursor. Each
supercycle of the ALD process consists of m cycles of
thermal ALD processes (DEZ and H,O) and one O,
plasma step as demonstrated in Fig. 1la. Within the ther-
mal ALD process, DEZ vapor was initially introduced
into the chamber and then purged by an argon flow, and
H,O vapor was subsequently introduced and then argon
purged. After m cycles of thermal ALD processes, an O,
plasma step was added as an in situ plasma treatment
step. The O, plasma step was set using an O, flow of
60 sccm, RF power of 300 W, and pressure of 15 mTorr.
Both thermal ALD numbers (m) and O, plasma time
(£3) were used for ZnO film property control. The spe-
cific details for one growth supercycle in the ALD
process are given in Additional file 1: Table S1. All ZnO
films were deposited on the SiO,-coated Si substrates
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(I cm x 1 cm) at a fixed temperature of 190 °C, and all
film thicknesses were projected to be 40 nm.

The thickness and optical constants of the deposited
ZnO films were measured by ellipsometry (VASE, J.A.
Woollam Co. M-2000) and fitted with a Tauc-Lorentz
(TL) model. The electrical properties were measured by
Hall measurements (Nanometrics HL5500PC) at room
temperature under a magnetic field of 0.5 T. Extra care
was taken to ensure linear contact was obtained between
each copper probe and the sample before every single
measurement. X-ray diffraction (XRD) patterns were
collected in grazing incidence (6; = 1°) using a Rigaku
Smartlab diffractometer with a 9-kW Cu-K, source. X-ray
photoelectron spectroscopy (XPS) data were obtained
using a Thermo Scientific Theta Probe System with Al-K,
radiation (photon energy = 1486.6 €V). Where necessary,
surface contamination was eliminated by the use of an ion
sputtering gun. The Zn 2p, O 1s, and C 1s spectra were
collected. All data were referenced to the C 1s peak, which
was assigned a binding energy of 284.6 eV. KPFM mea-
surements were performed on Nanonics CV2000 by a
Nanosensor ATEC Pt-Ir-coated tip with a resonant fre-
quency of 65 kHz. To reduce the influence of surface con-
taminant, the measurements were carried out just after
the samples were removed from the vacuum chamber.

Results and Discussion

The proposed supercycled ALD process is illustrated in
Fig. 1la with one supercycle consisting of m cycles of
thermal ALD processes (DEZ and H,O) and one O,
plasma step (O, plasma). More details are in the
“Methods” section. Figure 1b compares the ZnO growth
rates in our supercycled ALD process when m = 1 and
the conventional plasma-enhanced ALD process as a
function of O, plasma time. The growth rate in the
plasma-enhanced ALD process (red) is found to be sen-
sitive to the O, plasma as it increases from ca. 1.4 to
1.7 A/cycle with the plasma time changing from 2 to 4 s.
It is then saturated at the level of ca. 1.7 A/cycle at lon-
ger plasma times. The unsaturated growth rate at
shorter O, plasma time is attributed to the oxygen
deficiency in the process. Although this is sometimes
preferred to obtain ZnO films with high conductivity, it
is not self-limiting and could result in a poor uniformity
over the whole substrate. On the other hand, the growth
rate was found to be stable at ca. 1.69 A/supercycle in
the supercycled ALD process (black) and is close to that
of the thermal ALD process (t3 = 0 s) regardless of the
plasma time applied. Moreover, increase of the thermal
cycle m in one supercycle with fixed plasma time leads
to a linear increase of the growth rate as shown in
Fig. 1c. The fitted gradient is calculated to be 1.67 for
both growths with different O, plasma times, which is
also close to the growth rate of the thermal ALD
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Fig. 1 a lllustration of the one growth supercycle of the proposed supercycled ALD process. b ZnO growth rates as a function of the O, plasma
time for supercycled ALD with fixed thermal cycle (m = 1) and plasma-enhanced ALD processes; the dashed curves are guides of the eye. ¢ ZnO
growth rate and linear fitting as a function of the thermal process cycle m with fixed O, plasma times (t; = 1 and 8 s)
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process. This suggests the growth of ZnO in our super-
cycled ALD is dominated by the thermal ALD process
and the subsequent O, plasma step serves as merely a
treatment.

All ZnO films grown by the supercycled ALD process
(m = 1) crystallize in the hexagonal wurtzite structure
and illustrate a similar distribution of peak intensities
regardless of the O, plasma time, as shown in Fig. 2a.
Compared with the theoretical intensity ratio of 0.44 be-
tween peak (0 0 2) and (1 0 1) (calculated from JCPDS-
34-1451 for a random orientation of the crystallites),
these films demonstrate a strong preferred orientation
along the c-axis with the (0 0 2) and (1 0 1) peak inten-
sity ratio between 2 and 5, suggesting good crystalline
quality of the films. A slight increase of the (0 0 2) to (1
0 1) peak ratio is observed with increasing O, plasma
time (shown in the Additional file 1: Figure S1). This
suggests a higher degree of preferred orientation when
exposed to longer plasma. Similar behavior was also
reported [27, 28]. However, it is worth pointing out that
the change of the intensity ratio in our work is rather
trivial compared with others. This further suggests the
stability of our supercycled ALD process for producing
high quality ZnO films. The average grain sizes was also

estimated based on the Scherrer formula [29] and were
found to be ca. 11 nm, suggesting the ZnO grain size
was barely affected by the O, plasma time. Similar
patterns are also observed on ZnO films grown from
various thermal ALD cycles (m) with a fixed O, plasma
time (1 s) as shown in Fig. 2b.

Aside from the crystallinity, the optical properties of
the supercycled ALD-grown ZnO films were also studied
using spectroscopic ellipsometry (SE). Optical constants
(n and k) can be extracted from the ellipsometry results
by a Tauc-Lorentz model which is commonly used in
fitting ZnO films [28, 30, 31]. Similar to the analogous
crystallinity, the optical properties of ZnO films depos-
ited with different O, plasma times and thermal cycles
also remain unchanged as shown in Additional file 1:
Figure S2. This is consistent with the reported works that
a change of crystallinity is always associated with a change
of optical properties [28, 32]. The morphological proper-
ties of the ZnO films are characterized by AFM. All films
were found to be similarly smooth with average roughness
between ca. 0.3 and 0.8 nm (Additional file 1: Figure S3).

The electrical properties of the ZnO films grown by the
supercycled ALD process are investigated by a Hall effect
system. All films were found to be n-type semiconducting,

20 (degree)

b different thermal cycles with fixed O, plasma time (t; = 1 s)

C b T T 902 T T ]
3 3
s LA
2 2
7] 7]
c o
Q []
- -
£ £

PDF 36-1451 l PDF 36-1451 I I
1 1 [ I 1 1 1 1 1 ]I 1 1 A
20 25 30 35 40 45 50 20 25 30 35 40 45 50

Fig. 2 XRD patterns of ZnO films grown by the supercycled ALD process using a different O, plasma times with fixed thermal cycle (m = 1) and
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and the resistivity increases from ca. 10~ to 10> Q cm
with increasing O, plasma time and fixed thermal cycle
(m = 1) as shown in Fig. 3a. This is associated with the
reduction of the carrier concentration from ca. 10*' to
10" cm ™ as the O, plasma time increases from 0 to 8 s
(Fig. 3b). In contrary, the electron mobilities of all ZnO
films are found to be rather consistent (ca. 3.0 = 1.0 cm?/
V s) and are not affected by the plasma duration. The de-
tailed conducting mechanism will be addressed further in
the section below. Compared with the plasma-enhanced
ALD process we reported earlier [21], the magnitude of
resistivity tuning has been further improved in the super-
cycled ALD process to over five orders. In addition, this
proposed ALD process offers a more refined control over
these electrical properties by varying the thermal cycle ()
in one supercycle while fixing the O, plasma time (¢3).
This is particularly useful in the case of £3 = 1 s where tun-
ing is not achievable by further reducing the plasma time
due to the limitation of the ALD equipment. The open
dots in Fig. 3a, b represent the resistivities and carrier
concentrations of ZnO films grown by different thermal
cycles (m = 2, 3, 5) when t3 = 1 s (error bars are within the
dots). It can be observed that more thermal cycles result
in less resistive films with higher carrier concentrations.
This provides an extra of three resistivities within the
range of 107> to 10" Q cm.

KPFM measurements were performed to gain insights
into the Fermi level positions of the ZnO films with
changing resistivity. It measures the contact potential
difference Vcpp between a conductive tip and the
sample which is defined as:

(1)

Vepp = d)tip_jsample

where g is the electronic charge, while ¢y, and ¢smpie
are the work function of the tip and the sample
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respectively. When two different materials are brought
into electric contact, the Fermi levels will line up through
electron current flow which consequently induces a con-
tact potential difference between the tip and sample as
shown in Additional file 1: Figure S4. Detailed working
principle of KPFM is presented in Additional file 1. The
contact potential differences of the ZnO films grown by
the supercycled ALD process from different O, plasma
times with fixed thermal cycle (m = 1) are shown in Fig. 4.
While each Vpp image appears to be uniform and rela-
tively smooth, substantial differences in the mean Vcpp
values can be observed (shown in Fig. 4f). The tip work
function ¢y, remains constant for all measurements; the
substantial difference in Vcpp is therefore the conse-
quence of the Fermi level shift within different ZnO films.
A total shift of ca. 0.32 eV is obtained between ZnO film
grown with 0 and 8 s O, plasma time which is significant
compared to the ZnO bandgap (ca. 3.22 eV based on the
SE results in this work as shown in Additional file 1:
Figure S2c¢). For ZnO films grown from different thermal
cycles (m = 2, 3, 5) at fixed O, plasma time (¢3 = 1 s), dif-
ferent Vpp values were also detected as shown in Fig. 4f.
The two-dimensional KPFM images of these films can be
found in Additional file 1: Figure S5. This implies the
change in the electron-hole balance occurs throughout
the films which could make considerable impact to the
ZnO carrier concentration.

In order to investigate the relation between the Fermi
level and carrier concentration, we adopt the electronic
energy model proposed by Maragliano et al. to correlate
the contact potential difference Vcpp with the doping
concentration in the material [26]. Assuming the effect-
ive donor concentration np is significantly higher than
the intrinsic carrier concentration, it can be written as:

qVeep—@p + X )

KsT @

np=N ¢ exp <
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Fig. 3 a Electrical resistivity of ZnO films grown from different O, plasma times with fixed thermal cycle m (solid dots) and different thermal
cycles with fixed O, plasma time (open dots) by the supercycled ALD process. b Carrier concentration (blue) of ZnO films grown from different
O, plasma times with fixed thermal cycle (solid dots) and different thermal cycles with fixed O, plasma time (open dots). Mobility (green) of ZnO
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where Nc is the effective density of states, y is the elec-
tron affinity of the semiconductor, Kp is the Boltzmann
constant, and T is the temperature. Although the values
of the effective density of states N, the tip work
function ¢y, and the electron affinity x are difficult to
obtain, the relative carrier concentration differences of
different ZnO films can be calculated as these values are
the same in all measurements. Hence, the carrier con-
centration ratio between the films grown with 0 s of O,
plasma time to a given ZnO film can be expressed as:

e KsT/q ()

X

Mo <VCPD0_VCPDx>
= exp| —— 2%

in which ny and n, are the carrier concentration of the
ZnO film grown with 0 and x s of O, plasma time, re-
spectively, and Vcppo and Vcpp, are the corresponding
contact potential differences. The calculated carrier
concentration ratios are plotted in Fig. 5 as a function of
O, plasma time. The concentration ratio is calculated to
increase with longer O, plasma time (red). More import-
antly, the increasing trend matches well with the values
obtained from the Hall effect measurement results
(black). Similar trend was also observed for ZnO films
grown from different thermal cycles (m = 2, 3, 5) at fixed
O, plasma time (3 = 1 s). This evidently suggests the
shift of ZnO film Fermi level is directly associated with
the carrier concentration level.

X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out to shed light on the conduction
mechanism by studying the bonding and chemical states
of the supercycled ALD-grown ZnO films. The chemical
states of O 1s are shown in Fig. 6 where two peaks can
be identified after Gaussian fittings. The lower energy
peak (A) positioned ca. 530.3 eV is suggested to be the
O* ions in the wurtzite structure of hexagonal Zn**
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Fig. 5 Hall effect and KPFM measurement results of carrier
concentration ratios between ZnO films grown with varying O,
plasma times (solid dots) and thermal cycles (open dots)
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ions [33-35]. The assignments of the higher bonding en-
ergy component at ca. 532.2 (B) have been controversial
over literatures [33—38]. However, it is widely reported
that it is associated with the hydroxyl group (ie, Zn—
OH) [33, 37-39] in ZnO film. We therefore tentatively
ascribe the Op peak observed in Fig. 6 to the Zn-OH
bonds. On the other hand, the oxygen vacancy-
associated peak positioned at ca. 531.2 eV [35] is not ob-
served in this work. ZnO film grown by the thermal
ALD process (t3 = 0 s) characterizes a dominant Op peak
in the XPS spectrum (Fig. 6a). This implies the existence
of large amount of hydrogen-related impurities in this
film. This high level of defects serves as a self-doping
mechanism and leads to a high carrier concentration.
The extra O, plasma step (£3) diminishes the impurities,
and the Op peak intensity decreases with longer O,
plasma time (Fig. 6f). Similar trend was also observed
for ZnO films grown from varying thermal cycles in
which more thermal cycles lead to the increase of Og
peak intensity as shown in Fig. 6f and Additional file 1:
Figure S6.

The origin of the intrinsic n-type conductivity in ZnO
films is still controversial. Although conventional wis-
dom has attributed this conductivity to native defect
(i.e., oxygen vacancies and Zn interstitials) [18, 40—44],
it has been challenged by recent first-principles calcula-
tions [45]. Oxygen vacancies are also unlikely to

contribute to such a high concentration level as numer-
ous studies suggest they are deep rather than shallow
donors and have high formation energies in n-type ZnO
(and are therefore unlike to form) [41-44]. Additionally,
the oxygen vacancy-related O 1s peak is also not ob-
served in our XPS data shown in Fig. 6. Although Zn in-
terstitials are shallow donors, they have been suggested
to have high formation energies and are faster diffusers
and hence are unlikely to be stable [41]. The XPS spec-
tra of the Zn 2p3,, state of the supercycled ALD-grown
ZnO films with various O, plasma times are shown
Fig. 7. All spectra are characterized by a similar peak posi-
tioned at ca. 1021.5 eV which can be attributed to the Zn**
bonding in ZnO [6, 34, 46]. However, the Zn interstitial
component at a slightly higher binding energy [6, 47] is not
observed in all spectra. This suggests that the influence of
Zn interstitial on the ZnO film conductivity can also be
ruled out in this work.

Recently, hydrogen-related impurities/defects are pro-
posed to play a role in the n-type conductivity in ZnO
[33, 48]. The evidence of the existence of hydrogen
bonds in ZnO has been demonstrated by Janotti et al.
[48], and it have been suggested that those bonds are
able to incorporate in high concentrations and behave as
shallow donors [49-51]. Indeed, hydrogen is present in
our supercycled ALD process as both precursor and
H,O contain hydrogen and a Zn-OH bond is produced
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in every half cycle in the thermal ALD step. This is also
supported by the observation of hydroxyl group-related
O 1s peak in the XPS spectra (shown in Fig. 6). The
ZnO film resistivity and carrier density are plotted
against the proportion of this peak in Fig. 8. High pro-
portion of these hydrogen impurities induce high carrier
concentrations, leading to low resistivities. The subse-
quent O, plasma step within each supercycle reduces
the carrier concentration by effectively removing the
hydrogen bonds. This is accompanied by the reduction
of carrier concentration as well as the increase of resist-
ivity. Same behavior was also reported on both ALD and
CVD processes [33, 52].

Conclusions

Deposition of undoped ZnO films with highly tunable
electrical properties was reported here using a super-
cycled ALD process which combines a thermal ALD
process and in situ O, plasma treatment. More than five
orders of magnitude adjustment over the film resistivity
and carrier concentration were achieved by tuning the
O, plasma times. Finer tuning of the properties can also
be realized by varying the number of thermal ALD
cycles in a supercycle. The tuning of these electrical
properties is believed to be associated with the change of
hydrogen defect concentration in the film. This directly
causes the shift of Fermi levels within the ZnO films as

revealed by the Kelvin probe force microscopy. By
adopting a simple electronic energy model, the carrier
concentrations calculated from the Fermi level shifts
demonstrate a good match with the Hall effect measure-
ment results. This reliable and robust technique re-
ported here clearly points towards the capability of using
this method to produce ZnO films with controlled prop-
erties in different applications.
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Additional files

Additional file 1: Table S1. Process details for one growth supercycle
in the supercycled ALD process used in this study. Figure S1. Diffraction
intensity ratio of the ZnO (0 0 2) peak to (1 0 1) peak as a function of O,
plasma times with fixed thermal cycle (m = 1). Figure S2. (3, d) The fitted
refractive index n, (b, e) extinction coefficient k, and (c, f) plot of (ahv)? as
a function of photo energy of ZnO films grown from different O, plasma
times with fixed thermal cycle (m = 1) and different thermal cycles with
fixed O, plasma time (t; = 1 s) by the supercycled ALD process. Figure S3.
AFM images of the supercycled ALD-grown ZnO films with O, plasma times
of (@) 0s,(b) 15,(0) 2s,(d)4s,and (e) 8 s and fixed thermal cycle (m = 1).
Figure S4. Electronic energy levels of the tip sample system for three
different cases. (a) Tip and sample are not electrically connected; (b) tip and
sample are electrically connected with Fermi energy levels lined up; (c) an
external bias equals to the contact potential difference Vepp is applied to
the tip. Figure S5. Two-dimensional contact potential difference Vpp
images of the surface potential measurements of the supercycled
ALD-grown ZnO films with thermal cycles varying from (a) 2, (b) 3, and (c) 5
at fixed O, plasma time (t3 = 1 s). Figure S6. XPS spectra and their Gaussian
fittings of the O 1s region of the supercycled ALD-grown ZnO films with
thermal cycles varying from (a) 2, (b) 3, and (c) 5 at fixed O, plasma time
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