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Zinc oxynitride (ZnO,N,) has attracted much attention as an amorphous semiconductor with high
electron mobility. Recent studies reported that ZnO,N, thin films grown by sputtering contained
nanocrystals, which might reduce their electron mobility through grain boundary scattering. In this
study, we fabricated amorphous ZnO,Nj, thin films on a glass substrate by a less-energetic nitro-
gen-plasma-assisted pulsed laser deposition (PLD) to suppress the formation of the nanocrystals.
Grown by PLD under optimized conditions, these ZnO,N,, thin films exhibited extremely flat surfa-
ces with a root-mean-squared roughness (R,,s) of less than 0.3 nm. The Hall mobility of these films
exceeded 200cm?>V~'s~! at a critical carrier concentration of ~1 x 10" cm_3, which was twice
as high as the reported values for sputter-deposited films. Meanwhile, the mobility of films with
larger R, was limited to ~160 cm? Vs ! even at the critical carrier concentration and compara-
ble with that of the sputter-deposited ZnO,N,, films. The substantial enhancement in mobility in
extremely flat ZnO,N, films demonstrated that suppressing the formation of nanocrystals is the key
to fabricating amorphous ZnO,N, thin films with very high mobility. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4973203]

In the last decade, amorphous oxide semiconductors
(AOSs) have been extensively studied because of their high
electron mobility of over 10 cm?V! s~ ! which is one order
of magnitude higher than those of the amorphous Si:H.'?
Conventionally, AOSs are alloys of two or more metal
oxides with different crystal structures where the metal has
an electron configuration of nso(n—l)d 10 (n>4), such as ZnO
(wurtzite), Ga,03 (-Ga,03), In,O5 (bixbyite), and SnO,
(rutile). Because the conduction band minima (CBM) in
these oxides consist of spatially spread and isotropic metal
s-orbitals, electron transfer in AOSs is robust against struc-
tural distortion, allowing for a high electron mobility even in
the amorphous phases.

Recently, Ye et al. proposed a mixed anion compound,
zinc oxynitride (ZnO,Nj), as a novel amorphous semiconduc-
tor.? In contrast to the conventional AOSs, amorphous ZnO,N,,
is an alloy of an oxide (ZnO, wurtzite) and a nitride (ZnzN,,
anti-bixbyite) that have the same cation. A remarkable feature
of amorphous ZnO,N; is its high electron Hall mobility, over
100cm?V~'s7' 4 which is comparable with the highest
reported values for AOSs.”® However, more recent studies
using transmission electron microscopy (TEM) and electron
diffraction revealed that these “amorphous” ZnO,Nj, thin films
contained nanocrystals of ZnO and ZnsN,,* which would
reduce their mobility through grain boundary scattering.
Conversely, the mobility of amorphous ZnO,N,, thin films can
be further enhanced by reducing the nanocrystals.
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To suppress the formation of nanocrystals in this paper,
we focused on the deposition process. In the previous stud-
ies,*° ZnO,N, thin films were fabricated by reactive sputter-
ing. However, sputtering frequently causes unintentional
substrate heating”'® and collisions of high-energy particles
with the film surface during deposition, which would induce
crystallization of the film.'"'? In this study, we fabricated
ZnO,N;, thin films by using nitrogen-plasma-assisted pulsed
laser deposition (NPA-PLD), in which the above-mentioned
“heating” effects are less significant because of lower aver-
aged power of the ablation laser (typically less than 1 W).
The ZnO,N, thin films grown under optimized conditions
exhibited very flat surfaces owing to the suppression of
nanocrystals and twice as high electron Hall mobility,
240cm?V~'s™!, as that of the reported sputter-deposited
films.

The ZnO,N;, thin films were grown by NPA-PLD"*' on
alkali-free glass substrates (Corning, EagleXG) without heat-
ing the substrate. The substrate temperature during deposition
was <50°C, measured using a nonreversible temperature
indicator (Nichiyu Giken Kogyo, Thermo Label). A ceramic
ZnO target (99.999%) was ablated by a KrF excimer laser
with a target-to-substrate distance of 50 mm. The laser energy
fluence was set to ~0.2 J cm ™2 per pulse, nearly the ablation
threshold, to minimize the kinetic energy of the ablated spe-
cies.'” Indeed, the films grown at a high laser energy fluence
tended to crystallize. The typical deposition rate and thick-
ness of the films 7 were 0.4-0.7 nm/min and ~30nm, respec-
tively. Nitrogen radicals were supplied from an electron
cyclotron resonance (ECR) plasma source (Tectra, Gen2

Published by AIP Publishing.
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Atomsource). The partial pressure of N, gas introduced into
the growth chamber was fixed at 5 X 10~ Torr, and the
amount of nitrogen radicals was controlled by the input cur-
rent of the ECR source (/gcr). The background pressure of
the growth chamber was lower than 3 x 10~° Torr.

The crystal structure and surface morphology of the
ZnO,N, films were evaluated by X-ray diffraction (XRD;
Bruker AXS, D8 DISCOVER with GADDS) and atomic
force microscopy (AFM; SII, SPI4000 with SPA400),
respectively. The chemical compositions of the films were
determined by elastic recoil detection analysis (ERDA) for N
and O as well as the Rutherford backscattering spectrometry
(RBS) for Zn with a 38.4MeV *°Cl beam generated by a
5-MV tandem accelerator (Micro Analysis Laboratory, The
University of Tokyo [MALT])."® To reduce the background
oxygen from the substrate, ZnO,N, films deposited on Si
substrate were used for the ERDA measurement. The ratio of
effective solid angles of the detectors for ERDA and RBS
measurements was calibrated using a stoichiometric ZnO
thin film. The experimental errors in the x and y values were
determined by statistical errors, and were less than =5%
under a typical condition (total dose of ~2 x 10'? jons). The
optical transmittance T and reflectance R of the films were
measured by using a UV/visible/near-infrared spectropho-
tometer (JASCO, V-670). The absorption coefficient o was
calculated by T/(1—R) =exp(—o-t). The electrical resistivity
(p), carrier density (N,), and Hall mobility (u) of the films
were measured at room temperature using the six-probe
method with the standard Hall bar geometry.

Figure 1 shows the chemical compositions of the
ZnO,N, thin films deposited with various /gcg. For the
ZnO,N; films grown with /gcg = 15 mA, the nitrogen amount
y monotonically increased with increasing /gcg. The nominal
charges of Zn, evaluated as 2x+ 3y, in these films were
smaller than 42, suggesting the existence of metal Zn as an
impurity phase. However, for Igcg > ~15mA, y is saturated
and the chemical composition was almost constant as
7Zn0g 31Ng 46. The nominal charges of Zn calculated from this
composition was nearly +2, indicating the disappearance of
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FIG. 1. (a) Chemical compositions of the ZnO,N, thin films fabricated with
various /gcg. (b) Nominal charge of Zn in the ZnO,N, thin films (2x + 3y)
calculated from the x and y values in (a) plotted against /gcg.
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FIG. 2. Optical transmittance (7) and reflectance (R) spectra of the ZnOg 31N 46
thin film fabricated with Igcg =30mA. Inset shows the (othv)thv plot (direct
transition model) of the film.

metal Zn. Hereafter, we focused on the films grown with
Igcr > ~15mA to prevent the presence of metal Zn from
influencing the physical properties. Figure 2 shows the optical
properties of the ZnOy3;Np4e thin film fabricated with
Igcr =30mA. Using the Tauc plot assuming a direct transi-
tion—(ahv)> vs. hv, where h and v represent the Plank’s con-
stant and the frequency of incident light, respectively—we
evaluated the absorption edge of the film to be ~1.8eV. This
value is very different from those of ZnO and Zn;N,, indicat-
ing that the film consisted of a single-phase ZnO,N,, not a
mixture of ZnO and Zn3N,. Although Zn;N, thin films con-
taining interstitial nitrogen may show a similar optical
gap,'?? this possibility can be eliminated from the results of
XRD and Hall measurements, as described below.

Figure 3 shows 0-20 XRD patterns of the ZnO,N, thin
films fabricated with various Igcg. All of the films exhibited
featureless patterns without any diffraction peaks. Despite
the similarity in the XRD patterns, these ZnO,N, thin films
had very different surface morphologies that strongly
depended on Igcg, as follows. The ZnO,N, films fabricated
with low Igcr exhibited a grain-like surface structure (Figs.
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FIG. 3. 0-20 XRD patterns of the ZnO,N,, thin films fabricated with various
ITgcr-
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4(a) and 4(b)). Because a similar grain-like structure
appeared for the sputter-deposited films containing nanocrys-
tals,” we believe that these structures originated from nano-
crystals inside the films. In contrast, the ZnO.N, films
fabricated with high /zcr showed a smoother surface without
a grain-like structure, and the root-mean-squared surface
roughness (R,s) reached the same level as the glass sub-
strates, ~0.2nm (Fig. 4(d)). Because such an extremely flat
surface is a characteristic feature of amorphous oxide thin
films grown by PLD,*"** we reasonably conclude that the
decrease of surface roughness comes from the reduction of
nanocrystals. For simplicity, we hereafter classified our films
into two groups based on R,,,: films containing nanocrystals
(Rims >0.3nm) and supposedly “completely” amorphous
films without nanocrystals (R,s < 0.3 nm).

Figures 5(a)-5(c) plot the N, pt, and R,y of the ZnO,\N;,
thin films as functions of Igcr, respectively. As shown in
Figs. 5(a) and 5(b), as Igcgr increased, N, decreased, and u
increased. Notably, the p of the ZnO,N;, thin films fabricated
with Igcr > 25 mA exceeded 200cm?® V™~ 's™!, which is even
higher than those of the polycrystalline ZnO (Ref. 23) and
Zn;N, (Refs. 19 and 20) thin films. The carrier (electron)
source of the ZnO,Nj, thin films are probably anion vacancies
as in the cases of AOSs.?!' In order to verify this assignment,
a small amount of oxygen gas (partial pressure Pg, <5
% 107° Torr) was introduced during the deposition with a
constant Igcg =30 mA. As shown in Fig. 5(d), N. monotoni-
cally decreased with an increasing Pq,, supporting that anion
vacancies are the dominant source of carrier electrons. It was
also observed that the introduction of oxygen gas induces an
increase of R, and a reduction of yu (Figs. 5(e) and 5(f)),
while the change of anion composition was smaller than the
experimental error in compositional analysis. Figure 5(g)
summarizes p—R.,s relation of the ZnO,N, thin films.
Although the plots are scattered probably due to the influ-
ence of N, as discussed later, they can be obviously classi-
fied into two groups below and above a critical R, of
~0.3nm: All of the “completely” amorphous films showed u
higher than 170 cm? V™! s~ ! while 1 in the other films were
at most ~160cm?V~'s™! and were in almost the same
range as the reported data for the sputter-deposited ZnO,N,,
thin films®*~ (shaded area in Fig. 5(g)). This difference in u
between these two groups supports the scenario that the
increased u is attributable to a reduction in grain-boundary
scattering.

Another possible factor for enhancement of  is the car-
rier density N,. Figure 6 showed the relation between p and
N_ of the PLD-grown ZnO,N; thin films together with the lit-
erature values for sputter-deposited ones.* The PLD-grown
films containing nanocrystals (triangles) showed a peak u at
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FIG. 4. AFM images (0.5 x 0.5 um~)
3.0 of the ZnO,N, thin films fabricated
20 with Igcr = (a) 15mA, (b) 18 mA, (c)
25mA, and (d) 30 mA. Also shown are
1.0 Rims values calculated from the AFM
b
200 nm 0.0 images.
len =30 MA
R, =0.13nm

N, of ~1 x 10" em ™, indicating a change in the dominant
carrier transport mechanism at this critical N, as reported in
amorphous oxide semiconductors.”’** A similar peak of u
was observed for the sputter-deposited ZnO,N, although we
have to take into account the influence of the chemical com-
positions on ,u:4 the PLD-grown films have a constant anion
composition of N/(N4+O)~0.6 whereas the sputter-
deposited films showed a wide variety of chemical composi-
tion’ (Fig. 6, inset). We also admit that the N, values of the
“completely” amorphous ZnO,N, thin films (circles) are
close to the critical N, (~1 x 10" cm ™), indicating that the
closeness of N, to the critical value is one of the origins of
their very high u. On the other hand, the shape of the u—N,
curve strongly suggests the presence of another origin for the
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FIG. 5. ((a), (d)) Carrier density N, ((b), (e)) Hall mobility x, and ((c), (f))
surface roughness R, of ZnO,N, thin films. ((a)-(c)) Properties of the films
fabricated with various /gcr without O, introduction and ((d)—(f)) those with
constant /gcr =30mA and various Po,. Ry, values were calculated from
the AFM images over 0.5 x 0.5 um?. (g) Hall mobility of the ZnO,N y thin
films plotted against R,,s. Shaded area represents the mobility range
reported for sputter-deposited ZnO,N,, thin films.>~
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FIG. 6. Hall mobility of the ZnO,N, thin films plotted against carrier den-
sity. Circles and triangles are values from the PLD-grown films with
Rims <0.3nm (“completely” amorphous) and from those with R ;s > 0.3 nm
(containing nanocrystals), respectively. The squares (Ref. 3) and diamonds
(Ref. 5) are values for reported sputter-deposited films. Inset shows the
mobilities of the “completely amorphous” films grown by PLD and those of
the sputter-deposited films (Ref. 5) as a function of the anion composition.

mobility enhancement in these films: It is generally known
that the u—N, curves of oxide semiconductors have a broad
peak at the critical N.. Indeed, the u—N. curves of the
ZnO,N, films containing nanocrystals show a broad peak. In
contrast, u of the “completely” amorphous ZnO,N, thin films
shows a very sharp peak, which is significantly distinguished
from the broad peak feature described above. Therefore, we
believe that the substantial enhancement in u from ~160 cm?
V! s to ~250ecm?V s at the critical N. in the
“completely” amorphous ZnO.N, films is attributable to a
reduction of nanocrystals.

In summary, we fabricated the “completely” amorphous
ZnO;N, thin films on glass substrates by NPA-PLD. The
closeness of N, to a critical value and the suppressed forma-
tion of nanocrystals dramatically enhanced yu in the ZnO,N,
thin films up to >200cm? V~'s™', which is twice as high as
those of the sputter-deposited ZnO,N, thin films. These
results demonstrate that less-energetic deposition is the key
to fabricating amorphous ZnO,N,, thin films with a very high
1. Tt is also suggested that a high y around 200cm®V~'s™!
can be achieved even in sputter-deposited ZnO,N,, thin films
by preventing the formation of nanocrystals. Facing-target
sputtering'? and/or heavier noble gas sputtering (Kr or Xe)

Appl. Phys. Lett. 109, 262101 (2016)

might be effective in preventing the unintentional substrate
heating and/or the formation of high-energy charged
particles.
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