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Abstract

Zn,; Cu, O (x = 0 and 0.02) films were prepared by RF magnetron sputtering in H,-containing atmosphere at
150 °C. Their structure and optical-electrical properties as functions of H, flux were investigated. With increase
of H, flux, thickness of both films decreases and their surface roughness increases at first and then decreases.
Preferred (002) orientation and improved crystallinity of both films were observed in specific interval of H,
fluxes. With increasing H, flux, the Vo content of ZnO and Cu-doped ZnO films decreases at first and then
increases and decreases, respectively, but the Zn; content in both films increases at first and then decreases.
Compared with ZnO films, Cu-doped ZnO films have lower Vo and Zn; contents, and they maintain thicker film
thickness and higher crystallinity at larger H, fluxes. Both films can obtain low resistivity in appropriate H, flux
ranges, but their resistivity increases significantly after vacuum annealing. With increasing H, flux, intensity
ratio of A;(LO) to E,"¢" scattering peaks, I(A;(LO))/I(E;" "), tends to increase, and scattering peaks around
135 and 185 cm™" appear. Compared with ZnO films, Cu-doped ZnO films can obtain lower resistivity, better
electrically conductive stability in air, lower I(A;(LO))I(E;"") and smaller E,. High H, fluxes can cause
decrease of Ty of the Cu-doped ZnO films. The influence mechanisms of introducing H, on microstructure
and lattice defects of the films were discussed, and correlation between the optical-electrical properties of the
films and the microstructure and lattice defects was analysed.
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I. Introduction exhibited attractive potential in tuning optical proper-
ties, achieving p-type conduction and realizing room
temperature ferromagnetism [6—11]. On the other hand,
hydrogen-doped ZnO films have also received special
attention recently. This is because first-principles cal-
culations show that hydrogen can have as a shallow
donor role in ZnO [12,13]. Moreover, many experimen-
tal studies have confirmed that the incorporation of hy-
drogen into ZnO films is an effective method for im-
proving electrical conductivity of ZnO films [14-17].
At the same time, the optical properties of ZnO films
are also tailored with the incorporation of hydrogen.

In addition to single doping, co-doping has also been
employed to further improve the optical and electri-
cal properties of ZnO films. For example, the hydro-
gen and group III-A element co-doped ZnO films ex-
hibit better transparent conductive properties even at

ZnO has a wurtzite crystal structure with a band
gap (Eg) of 3.37eV and an exciton binding energy
of 60meV. As a functional material, ZnO has a wide
range of applications in many fields such as light emit-
ting diodes, photodetectors, surface acoustic wave, so-
lar cells, transparent conductive films and gas sensors
[1-3]. The lattice constant and band structure of the
ZnO will be changed by doping, and optical, electrical
and magnetic properties are modified accordingly [4,5].
Among dopants, Cu has the similar electronic shell
structure and almost equal ionic radius as Zn, which
leads to great interest for Cu-doped ZnO structures, es-
pecially films. At present, Cu-doped ZnO films have
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room temperature (RT) [18,19]. For the hydrogen and
Cu co-doped ZnO, the theoretical calculations have in-
dicated that there is interaction between hydrogen and
Cu and Cu-H defect complex may be formed in the
ZnO [20-22]. Experimentally, there are currently few
reports on structure and optical-electrical properties of
Cu and hydrogen co-doped ZnO films. Zhou et al. [23]
first prepared Cu-doped ZnO flakes (8 x 8 x 0.3 mm?),
and then implanted hydrogen ions into flakes to obtain
Cu and hydrogen co-doped ZnO samples. The results
showed that hydrogen ion implantation significantly in-
creased the electrical conductivity of the flake (from
4.67 x 1077 to 1.5 x 10> Q~L.cm™). Li et al. [24] pre-
pared Cu-doped ZnO films using pulsed laser deposition
(PLD) technology, and then annealed them at 500 °C in
Ar(95%) + H,(5%) atmosphere for 1 h to obtain Cu and
hydrogen co-doped ZnO films. The results showed that
the A;(LO) scattering peak, ferromagnetism and green
light emission peak of the Cu-doped ZnO film signif-
icantly enhanced, while its transmittance decreased af-
ter hydrogenation treatment at 500 °C. For the hydro-
genated films, the A;(LO) scattering peak and ferro-
magnetism decreased after annealing at 500°C in O,
atmosphere, but the strong green light peak still existed
after annealing at 700 °C in O, atmosphere. Cai et al.
[25] first prepared Cu-doped ZnO films by using metal-
organic chemical vapour deposition (MOCVD) method,
followed by the treatment in a high-pressure H, atmo-
sphere to obtain Cu and hydrogen co-doped ZnO films.
The results showed that the film transformed from high-
resistance state to n-type conductivity (1.90x 10> Q-cm)
after hydrogenation treatment. For the hydrogenated
films, the resistivity remained in the range of 3.28—
5.77 x 10! Q-cm after annealing in N, atmosphere at
400-750°C for 30 min.

Although above sporadic reports have indicated that
hydrogen and Cu co-doped ZnO films may exhibit some
unique optical, electrical and magnetic properties, the
studies on the influence of preparation process parame-
ters on the structure and properties of co-doped films are
not in-depth and systematic. For example, Zhou et al.
[23] studied the electrical properties of co-doped films
through impedance spectroscopy, but did not investigate
the changes in film crystallinity, point defects and opti-
cal properties. The effects of H, content in the annealing
atmosphere were not reported and the electrical proper-
ties of co-doped films were not investigated in the study
of Li et al. [24]. In Cai et al. paper [25], the Raman
spectra and transmittance properties of the Cu and hy-
drogen co-doped ZnO films were not studied. Further-
more, no one has investigated the hydrogen and Cu co-
doped ZnO films prepared by other methods up to now.
In order to further understand the doping behaviour of
hydrogen and Cu in ZnO films, it is necessary to pre-
pare the hydrogen and Cu co-doped ZnO films by new
methods and investigate the structure and properties of
the co-doped films as functions of processing param-
eters. Compared with the Cu and hydrogen co-doped
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ZnO films obtained through post hydrogenation treat-
ment mentioned above, introducing H, during prepara-
tion of the films can directly obtain co-doped films. As
there is no need for further processing, this method is
more convenient. Moreover, in this method, it is easy to
achieve changes in doped hydrogen content by changing
the H, flux.

In our recently published paper, the effects of in-
troducing H, during sputtering and Cu doping on the
structure and opto-electro-magnetic properties of ZnO
films were investigated at a high substrate temperature
(300°C) [26]. Meanwhile, the structure and optoelec-
tronic properties of lightly Cu-doped (0.5 at.%) ZnO
films prepared with different H, fluxes (0-15sccm) at
two substrate temperatures (150 and 300 °C) were also
investigated [27]. In this study, the hydrogen and Cu
co-doped ZnO films were prepared by changing the
H, flux (0—45 sccm) during sputtering with 2 at.% Cu-
doped ZnO ceramics as the target at substrate tempera-
ture of 150 °C. The structure (film thickness, preferred
orientation, grain size, stress, surface roughness and
point defects) and electrical-optical properties (electri-
cally conductive properties, Raman spectra, transmit-
tance, E,, PL spectra) of the co-doped films as functions
of H, flux were systematically and meticulously investi-
gated. It was found that the results obtained were differ-
ent from those of the co-doped films mentioned above,
and the role of hydrogen doping in co-doped films was
discussed accordingly. In addition to the study on Cu
and hydrogen co-doped ZnO films, study on hydrogen-
doped ZnO films was also carried out. Through com-
parative study, the role of Cu doping in co-doped ZnO
films was also discussed. All obtained results provide a
reference for the device application of the films.

I1. Experimental

2.1. Deposition of films

Zn; Cu O (x = 0 and 0.02) films were deposited
by RF magnetron sputtering of previously prepared tar-
gets on thin soda-lime-silica glass substrates in H,-
containing atmosphere at 150 °C. The ZnO target was
obtained by uniaxial pressing of ZnO powder (99.99%
purity, Alfa Aesar) into a disc and subsequently sinter-
ing at 1200 °C in air for 2 h, whereas the Zn,, 4,cCu, ,,O
target was prepared by compaction of ZnO and CuO
(99.99% purity, Alfa Aesar) powder mixture weighed
in stoichiometric ratio and sintering at 1500 °C in air
for 2h. The relative densities of two obtained targets
were about 95%, and their diameter and thickness were
60 and 6 mm, respectively. Before deposition, the soda-
lime-silica glass substrates were cleaned in alcohol, ace-
tone and distilled water successively in an ultrasonic
cleaner for 15min. The vacuum chamber was evacu-
ated to 1.0 x 107> Pa, after which Ar and H, were in-
troduced into the chamber as sputtering gases. The sub-
strate temperature, RF power, sputtering pressure, de-
position time and substrate-target distance were fixed at
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150°C, 150 W, 1.0 Pa, 30 min and 70 mm, respectively.
Using mass flow controllers, the Ar flux was fixed at
50 sccm, whereas the H, flux was varied in the range of
0-45 sccm. The vacuum annealing process of the films
was carried out under pressure of 1 x 1073 Pa using the
system of magnetron sputtering. Under the vacuum con-
dition, the samples were heated from RT to a set temper-
ature (150, 300 or 450 °C) at a rate of about 15 °C/min,
and naturally cooled to RT after holding at the set tem-
perature for 2 h.

2.2. Characterization

The film thickness was measured by an interference
microscope (6JA, Shanghai Optical Instrument Fac-
tory). The crystalline structure of the films was iden-
tified by X-ray diffraction (XRD; Xpertpro, Philips) us-
ing Cu K, radiation in #-26 Bragg-Brentano geome-
try. The surface morphology and roughness of the films
were analysed by an atomic force microscope (AFM;
SPM 5500, Agilent). The cross-section morphology of
representative films was observed by FE-SEM (Nova
400 NanoSEM, FEI). The chemical compositions of
the films and the chemical states of Zn, O and Cu
in the films were investigated by X-ray photoelectron
spectroscopy (XPS) on a photoelectron spectrometer
(Axis Supra+, Kratos) using the Al K, excitation line
(1486.6eV). The binding energy was calibrated accord-
ing to C ls (284.8eV) and all spectra were analysed
by Avantage software. The electrical properties of the
films were determined by Hall effect measurement us-
ing Van der Pauw method. The transmittance spectra
of the films were obtained from an UV-visible spec-
trophotometer (UV-2102PC, Unico) in the wavelength
range of 300-850nm. The Raman spectra of the sam-
ples were recorded using a laser microscopic confocal
Raman spectrometer (LabRam HR800, Horiba Jobin-
Yvon), and a 532 nm lasers were used as an excitation
source. All the above characterizations were performed
at RT.
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Figure 1. Thickness of the ZnO and Cu-doped ZnO films as
a function of H, flux

II1. Results and discussion

3.1. Structural characterization

Figure 1 shows the thickness of the ZnO and Cu-
doped ZnO films as a function of H, flux. It can be
seen that the thickness of the ZnO film rapidly decreases
from about 550 to 150 nm when the H, flux increases
from O to 21 sccm. It can be expected that the film would
become thinner if the H, flux is further increased. Since
too thin film is unfavourable for the structure and opto-
electronic properties analyses, the H, flux was chosen
to be up to 21 sccm during deposition of ZnO films. For
the Cu-doped ZnO films, the film thickness decreases
slowly from about 650 to 400 nm when the H, flux in-
creases from O to 45 sccm. Previous studies have also
observed that the thickness of ZnO or doped ZnO films
decreased with increasing H, flux [28-30], and there
were two possible reasons: i) the introduction of H, di-
lutes Ar, which reduces the sputtering yield and ii) the
active hydrogen species of the formed hydrogen plasma
during the sputtering process had an etching effect on
the ZnO-based films. At the same H, flux, the thickness
of the Cu-doped ZnO films was obviously lower than
that of the ZnO films.

As discussed above, the thickness of both ZnO and
Cu-doped ZnO films decreases as the H, flux increases.
One of the reasons for decrease of thickness is the
etching effect of hydrogen plasma. The basic mech-
anism of etching is that hydrogen plasma undergoes
an oxidation-reduction reaction with ZnO to generate
metal Zn, which has a high saturation vapour pressure
and is easily volatile. Compared to the metal Zn, Cu
has much higher melting and boiling point, as well as a
lower saturation vapour pressure. When Cu is present in
the films, it may hinder the redox reaction between hy-
drogen plasma and ZnO, or hinder the volatilization of
Zn. As aresult, the etching effect of hydrogen plasma on
ZnO is greatly slowed down, resulting in a larger thick-
ness of the Cu-doped ZnO films. This is a reasonable
speculation about this result at present, and further study
is needed to confirm the underlying reasons.

Figure 2 shows XRD patterns of the ZnO and Cu-
doped ZnO films prepared under different H, fluxes.
From Fig. 2a, the ZnO films prepared under different
H, fluxes show a hexagonal wurtzite structure. When
the H, flux is 0—4.5 sccm, obvious diffraction peaks of
ZnO (100) and (002) crystal planes appear in the films.
When the H, flux is 6-18 sccm, the films only exhibit
diffraction peak from (002) crystal plane, indicating that
the film has a strong (002) preferred orientation. In gen-
eral, the intensity of (002) diffraction peak shows a trend
of first increasing and then decreasing with the increase
of H, flux. From Fig. 2b, all diffraction peaks of the
Cu-doped ZnO films come from the crystal plane of
hexagonal wurtzite structured ZnO, and no diffraction
peaks of other phases such as CuO and Cu,O are de-
tected, which indicates that Cu is incorporated into the
ZnO lattice. When the H, flux is 0 sccm, there are strong
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Figure 2. XRD patterns of the ZnO (a) and Cu-doped ZnO (b) films deposited with different H, fluxes

diffraction peaks from (100) and (002) planes. As the
H, flux increases, the (100) diffraction peak of the films
gradually weakens and at H, flux above 6 sccm (except
for the films prepared at H, flux of 36 and 45sccm)
the films only exhibit diffraction peak from (002) plane.
The (002) diffraction peak intensity of the films shows
a trend of first increasing and then decreasing with the
increase of H, flux, but their intensity is significantly
higher than that of the ZnO films. To quantify the pre-
ferred orientation, the coefficient of texture (7C) of the
films can be calculated by the following formula [31]:

[%Z ]_1 M)

i=1
where I(h;k;l;) and Iy(h;k;l;) are the intensities of (h;k;l;)
diffraction peaks of the film and the standard powder
sample, respectively. Three diffraction peaks of (100),
(002) and (110) are taken into account in this study
(namely, n = 3). The TC 100y and TC o2, of the ZnO and
Cu-doped ZnO films as functions of H, flux are shown
in Fig. 3a. With the increase of H, flux, TCgg) of the
ZnO films tends to decrease at first and then slightly
increase, and that of the Cu-doped ZnO film shows an
obvious decrease at first, followed by no change, and fi-
nally an obvious increase. For both films, the changed

I(hik;l;)
To(hikil;)

I(hik;l;)
Io(hikil;)

TCohkity =

133

trend of TC(yy) is exactly opposite to that of TCjo0)
with increasing H, flux. The changed trends with in-
crease of H, flux of TC199) and TC () are consistent
with those of intensity of diffraction peaks from (100)
and (002) planes. In summary, the above results indi-
cate that introducing an appropriate amount of H, dur-
ing sputtering can achieve high 7C ), that is, improve
(002) preferred orientation of the films. But excessive
H, flux can lead to the decrease of TC(yy), namely,
degrade (002) preferred orientation. Overall, regardless
ZnO or Cu-doped ZnO films, TC(y) is greater than
TC 100, indicating that the films generally exhibit (002)
preferred orientation.

In order to further analyse the influence of H, flux on
the structure of the ZnO and Cu-doped ZnO films, Fig.
3b shows the position of (002) diffraction peak [26(9o2)]
and its full width at half maximum [FWHM(yq)] as
functions of H, flux. As it can be seen, the 26po) value
of the ZnO and Cu-doped ZnO films tends to increase
at first and then decrease with the increase of H, flux.
At the same H, flux, the 262 value of the Cu-doped
ZnO films is smaller than that of the ZnO films. For
the FWHMoq2) of the ZnO and Cu-doped ZnO films,
it first decreases and then increases with the increase
of H, flux. Based on 2692y and FWHM (o), the crys-
tallite size (D) of the films is calculated by the Scher-
rer formula [32], and the results are also shown in Fig.
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Figure 3. Structural characteristics of the ZnO and Cu-doped ZnO films as functions of H, flux: a) 109y and TCy2),
b) 260 value and FWHM of (002) diffraction peak as well as crystallite size (D) and
c) lattice parameters (c, a, ¢/a) and d-space (d(100) and d(op2))

3b. As it is expected, the crystallite size of the film is
inversely proportional to the FWHM of the diffraction
peak. Therefore, the crystallite size tends to first in-
creases and then decrease. This result is different from
the previously reported crystallite size of ZnO or Cu-
doped ZnO films, which remained basically unchanged
or decreased with increasing H, flux [26,27].

In addition to FWHM g2y and 26002), the lattice pa-
rameters ¢ and a of the films can be calculated through
formulas ¢ = A/sinfgp) and a = 4/ V3 sin G100y (4 is
the wavelength of Cu Ka radiation and 6 is the Bragg
angle), respectively. The interplanar spacing d(o2) and
d100) of the films can be calculated according to the
Bragg equation d = A/2sinf. The lattice parameters
(c, a and c/a) and d (d(100) and d(gp2)) of the ZnO and
Cu-doped ZnO films as functions of H, flux are shown
in Fig. 3c. It should be noted that no (100) diffrac-
tion peak was detected in some samples (18-21sccm
H, for ZnO films and 12-27sccm H, for Cu-doped
ZnO films), and therefore their a, c¢/a and d(190) values
are not given. With increase of H, flux, it can be ob-
served that the lattice parameters and d had only mi-
nor changes. Compared with the standard sample of
Zn0O powder (¢ = 0.5207nm, a = 0.3249nm and c/a =
1.6020), both films have higher ¢ and a values but lower
c/a values (¢ = 0.5208-0.5233 and 0.5220-0.5249 nm,
a = 0.3269-0.3287 and 0.3271-0.3293nm and c/a =
1.5921-1.5944 and 1.5931-1.6011 for the ZnO and Cu-
doped ZnO films, respectively). Similarly, both films
have larger d(100y and doo2) values than those of standard
powder sample. The changes in these lattice parameters
and d spacing are related to the doping of foreign im-
purities and native defects in the film. However, there is
no significant change in lattice parameters and d spac-
ing compared to the standard powder sample, indicating
that the films maintain the crystal structure of wurtzite.
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Compared with the ZnO films, the ¢ and d(ny) values
of the Cu-doped ZnO films are slightly larger, which
also indicate that the Cu-doped ZnO films bear slightly
larger compressive stress.

The ZnO and Cu-doped ZnO films deposited at lower
H, fluxes have two diffraction peaks from (100) and
(002) planes. This result can be attributed to low sub-
strate temperature and high deposition rate, in which
cases adatoms have no sufficient energy and the surface
mobility to settle in stable positions [33,34]. Thus, in
recent reports, it was mentioned that 0.5 at.% Cu-doped
ZnO films deposited at 150 °C exhibited (100) and (002)
diffraction peaks, while ZnO or Cu-doped ZnO films de-
posited at 300 °C only exhibited (002) diffraction peak
[26,27]. With the increase of H, flux, the amount of ac-
tive hydrogen species in the sputtering atmosphere in-
creases. These active hydrogen species will eliminate
the metastable (100) crystal plane [35], so that the (002)
preferred orientation of the film is enhanced. As dis-
cussed above, the amount of active hydrogen species in
sputtering atmosphere increases with the increase of H,
flux, and these active hydrogen species will also elim-
inate the weakly connected atomic clusters on the film
surface [36,37], resulting in the increase of crystallite
size of the film. However, when the H, flux continues
to increase, a large amount of active hydrogen species
will cause serious corrosion of a crystallite and increase
defects in the film, resulting in the decrease of crystal-
lite size of the film. The incorporation of Cu into the
ZnO lattice will cause lattice distortion, resulting in the
decrease of film crystallinity and crystallite size. How-
ever, when the H, flux exceeds 6 sccm, the thickness of
the Cu-doped ZnO film is significantly larger than that
of the ZnO film as mentioned above. This implies that
Cu doping slows down the etching effect of hydrogen
plasma, so the crystallinity of the Cu-doped ZnO films
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is higher and their crystallite size is larger at H, flux
above 6 sccm.

As mentioned above, hydrogen is inevitably doped
into ZnO lattice to form interstitial hydrogen (H,) when
ZnO or Cu-doped ZnO films are deposited in H,-
containing atmosphere, which will increase spacing
of (002) crystal plane and thus decrease 26gp2) value
[12,14,28-30]. However, active hydrogen species and
Zn0O may undergo redox reaction to produce oxygen va-
cancy (V) in the film at the same time [38—40], and
hydrogen can also enter the V( position to form substi-
tutional hydrogen (H) [13]. The formation of defects
Vo and/or H, will lead to the increase of 2602). When
the H, flux increases from 0 to 12 sccm, the 26ggy) of
7ZnO film tends to increase, which means that the in-
crease in number of Vo and H, defects is larger than
that of H, defects in the films. On the contrary, as the H,
flux increases from 12 to 21 sccm, a decreasing trend in
26/002) of ZnO films may be due to the fact that the in-
crease in the number of H; defects is larger than that of
Vo and H, defects in the films. For the Cu-doped ZnO
films, the change trend of 26o2) with increasing H, flux
from O to 21 sccm is similar to that of the ZnO films, but
the corresponding 26go2) values are smaller. The smaller
26.002) values of the Cu-doped ZnO films should be re-
lated to the incorporation of Cu into the ZnO lattice. In
ZnO lattice, Cu ions may exist in two states: Cu* and
Cu?*. According to the relevant reports [41], the radii
of Cu*, Cu** and Zn** are 0.096, 0.072 and 0.074 nm
respectively. When Cu® replaces Zn>* or when Cu**
is located in the lattice interstitial sites, the spacing of
the (002) crystal plane increases. Thus, the 26 val-
ues of the Cu-doped ZnO films are smaller than those
of the ZnO films in the H, flux range of 0-21sccm.
When the H, flux increases from 21 to 45sccm, the
26.002) of the Cu-doped ZnO film remains basically un-
changed, which may be due to the various defects in the
film reaching equilibrium. Compared with 26y of the
Zn0O standard sample (34.42°), 26002y of all the films
is basically lower, indicating the presence of compres-
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Figure 4. The surface root mean square (RMS) roughness of
ZnO and Cu-doped ZnO films as a function of H, flux

sive stress in the films. As the H, flux increases, 26,002)
shows a trend of first increasing and then decreasing,
which means that the compressive stress of the films
tends to first decrease and then increase. The 26, val-
ues of the Cu-doped ZnO films are smaller than those of
ZnO films, which indicates smaller compressive stress
in the Cu-doped ZnO films.

Figure 4 presents the variation of the surface root
mean square (RMS) roughness of the films with H, flux.
With the increase of H, flux, it can be seen that the
roughness of both ZnO and Cu-doped ZnO films in-
creases at first and then decreases. Compared with the
ZnO film, the surface roughness of the Cu-doped ZnO
film is smaller at H, flux of 0—6sccm but larger at H,
flux greater than 6 sccm. As discussed above, the hy-
drogen plasma is formed during sputtering after the in-
troduction of H,. Obviously, the etching effect of the
hydrogen plasma will enlarge and deepen the bound-
ary between the particles on the film surface, thereby
increasing the surface roughness. However, when the
H, flux is too high, the stronger etching effect of hy-
drogen plasma will reduce the particle size. As a result,
the film thickness and surface roughness decrease. The
relationship between the film thickness and H, flux has
indicated that the ZnO films are easier to be etched by
hydrogen plasma than the Cu-doped ZnO films, so the
surface roughness of the ZnO films is larger than that of
the Cu-doped ZnO films at H, flux of 0—6 sccm. When
the H, flux is greater than 6 sccm, the further etching re-
sults in refinement of particles and significant reduction
in thickness of the ZnO film, so its surface roughness is
lower than that of the Cu-doped ZnO film.

Cross-sectional SEM images of the representative
ZnO and Cu-doped ZnO films are shown in Fig. S.
It can be observed that the cross-sectional morphol-
ogy of the films is a columnar structure. This columnar
morphology has also been observed in previous stud-
ies [6,9,29,30], and it is consistent with the result of the
film having (002) preferred orientation. In addition, the
thickness of the films obtained from cross-sectional im-
ages is basically consistent with that measured by inter-
ference microscopy.

The wide-scan XPS spectra of the films indicate that,
except for C contamination, only Zn and O elements are
present in the ZnO films and only Cu, Zn and O ele-
ments are present in the Cu-doped ZnO films. In order
to further analyse the chemical state of elements in the
films, Fig. 6 gives high-resolution XPS spectra of O 1s
and Cu 2ps,, as well as Auger spectra of Zn Lz MsMys
for the ZnO and Cu-doped ZnO films. As shown in Figs.
6a and 6b, the XPS spectra of O 1s can be decomposed
into three sub-peaks, and these three sub-peaks centre at
about 530, 531 and 532eV, respectively. The sub-peak
centred at about 532 eV is related to oxygen species that
are chemisorbed and weakly bonded or adsorbed at film
surface such as —CO,, —OH, H,O or O, [29,38,40].
Other two sub-peaks centred at about 530 and 531 eV
can be attributed to O®~ in the normal ZnO lattice and
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Figure 5. Cross-sectional SEM images of ZnO-based films: a) ZnO, 0 sccm H,, b) Cu-doped ZnO, 0 sccm H,,
¢) ZnO, 9 sccm H, and d) Cu-doped ZnO, 9 sccm H,

O’" in the oxygen deficient region in ZnO lattice, re-
spectively [29,38,40], and thus their area ratio can be
utilized to evaluate the Vg content in the films. From
the area ratios shown in Figs. 6a and 6b, it can be found
that the Vg content in the ZnO film shows a trend of first
decreasing and then increasing, while the Vo content in
the Cu-doped ZnO film shows a decreasing trend with
the increase of H, flux. At the same H, flux, the Vo
content in the Cu-doped ZnO films is lower than that
of the ZnO films. Because the XPS spectra of Zn 2p3,
and Zn 2p;,, show high symmetry and the difference
between the binding energies of Zn"* and Zn>* is small,
it is not easy to analyse the chemical state of Zn in the
film by peak deconvolution of XPS spectra of Zn 2ps,
or Zn 2py 2 [42,43]. Figures 6¢ and 6d give the Auger
spectra of Zn L3 M4sMys in order to analyse the chem-
ical state of Zn in the films. It can be observed that the
Auger spectra of Zn L3 M4sM,s have a main peak and
an obvious shoulder peak. These two peaks are located
at about 498 and 495 eV, and they are correspond to the
binding energies of Zn** and metallic Zn (i.e. interstitial
zinc, Zn,), respectively. The area ratio of the shoulder
peak to the main peak is utilized to estimate Zn, con-
tent in the films. It can be seen that Zn; content of both
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ZnO and Cu-doped ZnO films increases at first and then
decreases with the increase of H, flux. Compared with
the Cu-doped ZnO films, Zn, content in ZnO films is
larger at H, flux of 0 and 6 sccm, but it is smaller at
H, flux of 18 sccm. The XPS spectra of Cu 2p3, of the
Cu-doped ZnO film are shown in Fig. 6e. Based on the
reported binding energies of Cu with different valence
states [44], the spectra are decomposed. From the area
ratio of decomposed peaks, the Cu*/Cu®" ratio in the
film gradually increases as the H, flux increases from 0
to 18 sccm. At H, flux of 45 sccm, Cu’* disappears and
Cu appears in the film. In addition, according to the area
of Cu 2p3/; and Zn 2p3,, peaks and the element sensi-
tivity factor, the atomic ratios of Cu/Zn in the films are
0.024, 0.023, 0.032 and 0.036 when the H, flux is 0, 6,
18 and 45 sccm, respectively.

The following redox reaction should exist between
active hydrogen species (H*) and ZnO: ZnO + 2 H* —
Zn+H, 0. Thus, it is clear that that the introduction of H,
into deposition atmosphere may increase Vo and/or Zn;
defects in the films. But the hydrogen implanted in the
film can enter Vg site to form H, as mentioned above,
thereby reducing V content in the films. In the current
study, Vo content of the ZnO films shows a trend of first
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Figure 6. High-resolution XPS spectra of O 1s (a, b), Auger spectra of Zn L3 M5 M5 (¢, d) and XPS spectra of Cu 2p;,, (e) of
the ZnO (a, c¢) and Cu-doped ZnO (b, d, e) films deposited at different H, fluxes

decreasing and then increasing, which indicates that the
passivization of Vp by hydrogen is dominant when a
small amount of H, is introduced, while redox reac-
tion plays a major role when excess H, is introduced.
For the Cu-doped ZnO films, Vg content decreases with
the increase of H, flux, indicating that hydrogen plays
a dominant role in the passivization of Vg, while the
effect of redox reaction between H* and ZnO is rela-
tively weaker. Content of Zn; in the ZnO and Cu-doped
Zn0 films firstly increases with the increase of H, flux,
which is related to the enhanced redox reaction between
H* and ZnO. When the H, flux is too high, Zn, content
in the films decreases. The possible reason is that the
following reaction may exist between H, and Zn under
high flux of H,: Zn + H, — ZnH, T [45]. At the same
H, flux, it can be seen from the sum of peak area ratios
of Vo/O?~ and Zn/Zn** that the total content of Vi and
Zn; defects in the ZnO film is higher than that of the
Cu-doped ZnO film. This indicates that the ZnO film is
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easier to be etched, which is consistent with the above
analysis results of film thickness and surface roughness.
Due to the deoxidation function of H*, the Cu*/Cu®" ra-
tio gradually increases with initial increase of H, flux,
while Cu?" disappears and Cu appears with further in-
crease of H, flux in the Cu-doped ZnO films. As dis-
cussed above, more ZnO is etched by hydrogen plasma
as the H, flux increases, resulting in an increase in the
atomic ratio of Cu/Zn in the films.

3.2. Electrical properties

Figure 7 presents the electrical properties of the ZnO
and Cu-doped ZnO films as functions of H, flux. The
resistivity of the ZnO film is 4.43 Q-cm at H, flux of
0 sccm, while that of the Cu-doped ZnO cannot be mea-
sured at H, flux of 0-3 sccm due to high resistivity. With
the increase of H, flux, the resistivity of the ZnO films
first decreases and then increases, while that of the Cu-
doped ZnO films continues to decrease. For the ZnO
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Figure 7. The resistivity (p), carrier concentration (n) and
Hall mobility (u) of the ZnO and Cu-doped ZnO films as
functions of H, flux

films, the resistivity decreases to about 2.5 x 1072 Q-cm
at H, flux of 6-15sccm, and then increases to 1.05 X
10" Q-cm at H, flux of 21 sccm. For the Cu-doped ZnO
films, the resistivity is 3.23 X 102 Q-cm at H, flux of
4.5sccm, and then it drops to 1.37 x 1072 Q-cm as the
H, flux increases to 45 sccm. This low resistivity (1.37 X
1072 Q-cm) is higher than that reported by Zhou et al.
(6.67 x 1073 Q.cm) [23], but much lower than those ob-
tained by Cai et al. (1.90 x 10?> Q-cm) [25] and reported
previously by our group (67.54 Q-cm) [26]. Moreover,
it is lower than the low resistivity (2.5 x 1072 Q-cm) ob-
tained from hydrogen-doped ZnO films in this study.
In general, the ZnO and Cu-doped ZnO films with re-
sistivity lower than 107! Q-cm can be obtained when
the H, flux ranges from 6 to 18 sccm and from 27 to
45 sccm, respectively. For the films prepared in these
two H, flux ranges, the carrier concentration and Hall
mobility can be accurately measured due to their low
resistivity. Comparing the carrier concentration and mo-
bility of the ZnO and Cu-doped ZnO films prepared in
these two H, flux ranges, the ZnO films have lower car-
rier concentration but higher mobility.

As mentioned above, Cu can act as an acceptor im-
purity after doping into ZnO films, and thus p-type ZnO
films can be obtained [8,9]. Under pure Ar atmosphere
(0Osccm H,), the resistivity of the Cu-doped ZnO film
is significantly higher than that of the ZnO film, which
can be attributed to Cu acting as an acceptor impurity
to reduce free electrons in ZnO films. When the ZnO
or Cu-doped ZnO films are deposited under Ar + H, at-
mosphere, the decrease of film resistivity is related to
hydrogen doping into ZnO to form H; and Hg donor
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impurities [12,13], the deoxidation of ZnO by hydrogen
plasma to increase Vo and Zn; donor defects [17,38—
40,46] and hydrogen passivating acceptor defects such
as zinc vacancy (Vz,) [29,36]. When Cu is present in the
films, to obtain lower resistivity, more donor impurities
or defects need to be generated in the film to compen-
sate for the decrease in electron concentration caused
by Cu doping. Therefore, the range of H, flux in which
lower resistivity is obtained shifts to larger H, fluxes for
the Cu-doped ZnO films. For the ZnO films, the film re-
sistivity increases as the H, flux increases from 15 to
21 sccm, which can be ascribed to the decrease in crys-
tallinity [35]. The Cu-doped ZnO films have higher car-
rier concentration than the ZnO films, which may be re-
lated to the larger flux of H, introduced and the higher
film crystallinity. Due to the incorporation of Cu, the
impurity scattering in the film increases significantly, so
the charge carrier mobility of the Cu-doped ZnO films
is lower than that of the ZnO films.

In order to investigate the electrically conductive sta-
bility, the ZnO and Cu-doped ZnO films with resistivity
lower than 107! Q-cm were exposed to air, and the film
resistivity was tested continuously at certain time inter-
val for one month. The ratio of resistivity obtained after
exposure in air to the initial resistivity is plotted as a
function of exposure time in air, as shown in Fig. 8. In
general, the resistivity of most films increases rapidly
after exposure to air for 4—7 days, and then the resistiv-
ity basically shows a trend of slow increase or gradual
stabilization as the exposure time in air is further pro-
longed. After the ZnO films are exposed to air for 30
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Figure 8. The ratio of resistivity obtained after exposure in
air to the initial resistivity (p/p;,) of typical films as a
function of exposure time in air
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days, the resistivity of the film prepared at H, flux of
6 sccm increases by about 102 times, while that of the
films prepared at H, flux of 12-18 sccm increases by
about 103-10* times. As mentioned above, the resistiv-
ity of the ZnO film can drop to the order of magnitude
of 1072 Q-cm after the introduction of H, during sput-
tering, but it increases to the order of magnitude 10%—
10° Q-cm with the prolonged exposure to air. For the
Cu-doped ZnO films prepared at H, flux of 2745 sccm,
the resistivity increases by about 2 times after exposure
to air for 30 days. In comparison, the resistivity of pre-
viously reported 0.5at.% Cu doped-ZnO films signifi-
cantly increased after 30 days of exposure to air (30—
60 times at 150 °C and 8-10 times at 300 °C) [27]. It is
clear that the Cu-doped ZnO film can not only obtain
low resistivity in a suitable range of H, flux, but also
maintain low resistivity even if the film is exposed to air
for a long time as in this study.

When ZnO or Cu-doped ZnO films are exposed to
air, O, and/or H,O in the air will gradually be adsorbed
on grain boundaries of the films, and these adsorbed
O, and/or H,O will capture electrons and form grain
boundary barriers to hinder electron transport [47,48].
As a result, the film resistivity increases after exposure
to air. Obviously, the increase in the film resistivity is re-
lated to the amount of adsorbed O, and/or H,O. Further-
more, the amount of adsorbed O, and/or H,O depends
on the microstructure and lattice defects of the film.
From XRD and XPS results, the crystallite size of the
ZnO film decreases and its Vy content increases as the
H, flow rate increases from 6 to 18 sccm. These changes
in microstructure and lattice defects are beneficial to the
adsorption of O, and/or H,O from air by the ZnO films.
In addition, it is particularly worth noting that the hy-
drogen incorporation into the ZnO film is mainly in the
form of H;. Although theoretical and experimental stud-
ies have shown that this defect is stable at RT [15,49],
some researchers have also observed that the formation
of H, or overflow of H; leads to the increase of film re-
sistivity [50,51]. When the films are exposed to air for a
period of time, the adsorption of O, and/or H,O and the
overflow of H, reach saturation, and thus the resistivity
tends to be stable. Compared with ZnO films, electri-
cally conduction stability of the Cu-doped ZnO films
significantly improves. The reasons behind this can be
attributed to the following several aspects: i) Cu-doped
ZnO films can maintain higher crystallinity and thick-
ness even at the H, flux of 2745 sccm; ii) the amount
of Vo generated in the film is relatively smaller, as men-
tioned above; and iii) it may be easier to form thermally
more stable Cu—H and H, defects due to the existence
of Cu in the film, thus avoiding the overflow of H..

In order to further explore the defect form and stabil-
ity of hydrogen in the films, the ZnO film prepared at
H, flux of 9 sccm and the Cu-doped ZnO film prepared
at H, flux of 36 sccm were underwent vacuum anneal-
ing. The ratio of the resistivity obtained after vacuum
annealing to the initial resistivity as a function of an-

nealing temperature is shown in Fig. 9. It can be found
that the resistivity of the ZnO and Cu-doped ZnO films
increases by about 10° and 10* times after annealing
treatment at 150 °C, respectively. This increase is re-
lated to the escape of the thermally less stable H; in the
film during annealing [15,35,49]. The escape of the H;
reduces the carrier concentration of the films and thus
the resistivity increases. The resistivity of the film de-
creases slightly as the annealing temperature increases
from 150 to 300 °C. This is because the film crystallinity
enhances after high temperature treatment on one hand,
and more Vg will be formed in the film under vacuum
annealing atmosphere on the other hand [35]. With fur-
ther increasing of the annealing temperature to 450 °C,
the films are obviously darkened to the naked eye. This
implies that metal nanoparticles are formed in the films
due to the release of a large amount of oxygen at high
annealing temperature under vacuum. The formed metal
nanoparticles hinder the electron transport, and thus the
film resistivity increases again.

After annealing, the resistivity of both ZnO and Cu-
doped ZnO films significantly increases, indicating that
their thermal stability of electrical properties is poor.
What’s more, the increase in resistivity of the Cu-doped
ZnO film is larger than that of the ZnO film at the
same annealing temperature, which means that Cu dop-
ing does not enhance the thermal stability of electrical
properties of ZnO film. The poor thermal stability of
electrical properties for both ZnO and Cu-doped ZnO
films implies existence of a large number of H, defects
with low thermal stability. But as mentioned in Intro-
duction, Cai et al. [25] found that the resistivity of Cu
and hydrogen co-doped films was not increased after
annealing treatment, indicating that the thermal stabil-
ity of hydrogen-related donors in films was high and the
donor with high thermal stability might be Cu—H com-
plex. Between our results and results presented in Cai
et al. [25], different hydrogen-related defects formed in
the film should be related to the different ways in which
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Figure 9. The ratio of resistivity obtained after vacuum
annealing to the initial resistivity (p/p;,) of typical films
as a function of vacuum annealing temperature
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Figure 10. The transmittance spectra of the ZnO (a) and Cu-doped ZnO (b) films deposited with different H, fluxes

hydrogen is introduced into the film. After annealing at
150 °C, the resistivities of the ZnO film prepared at H,
flux of 9sccm and the Cu-doped ZnO films prepared
at H, flux of 36 sccm increase to about 4 X 10! and
2.6 x 10> Q-cm, which are larger and smaller than those
of the ZnO and Cu-doped ZnO films prepared under Ar
atmosphere (4.43 and > 3.23 x 10> Q-cm), respectively.
This indicates that the main defect affecting the resistiv-
ity in the ZnO films is H; despite the existence of defects
such as Vg or Zn; in the film. However, in the Cu-doped
ZnO films, a certain number of defects such as H, and
Cu—H with high thermal stability should remained al-
though the overflow of H, leads to a significant increase
in resistivity [15,21,49].

3.3. Optical properties

Figure 10 shows the transmittance spectra of the ZnO
and Cu-doped ZnO films prepared at different H, fluxes.
The transmittance spectra show wavy-shape in the vis-
ible light range (400—800nm), which is caused by the
interference of the incident light at the film-air and
film-substrate interfaces. The average transmittance in
the visible light range (T'y;,) of the films as a func-
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tion of H, flux is shown in Fig. 11a. With the increase
of H, flux, Ty, of the ZnO film changes irregularly
around 90%, whereas for the Cu-doped ZnO films it is
around 90% at the H, flux of 0-6sccm, but it gradu-
ally decreases to about 70% with further increase of H,
flux to 21sccm. Generally, Ty is related to the crys-
tallinity, thickness, defects and surface roughness of the
films [7,18,24,33,39.40]. The improvement of film crys-
tallinity means increase of grain size and decrease of
grain boundary density. As the grain boundary density
of films decreases, the absorption and scattering of light
by the boundaries decrease, resulting in an increase in
Tvis. When there are defects (such as Cu,,, Vo and Zn,)
in the films, these defects become centres of light scat-
tering. At the same time, these defects form donor or
acceptor energy levels in the bandgap, increasing the
absorption of visible light. Thus, the increase of defect
amount in the film will reduce Ty; of the film. As the
surface roughness of film increases, the scattering of
visible light on the surface increases, resulting in a de-
crease in Ty;. A decrease in film thickness will reduce
the absorption of visible light, and thus Ty; increases. In
the current study, the grain size of the ZnO films shows a
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Figure 11. The average transmittance in visible light range (T'y;) (a) and band gap (E;) (b) of the ZnO and Cu-doped ZnO
films as functions of H, flux
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trend of first increasing and then decreasing, that is, the
grain boundary density in the films first decreases and
then increases with the increase of H, flux. Meanwhile,
the surface roughness of the ZnO films first increases
and then decreases. The effects of these two factors on
Tvi; may mutually offset. As the H, flux increases, the
number of defects in the ZnO film increases, and thus
Ty;s of the films will be decreased. However, at the same
time, the film thickness decreases obviously for the ZnO
films, which will increase T'y;,. Taking into account the
effects of the above factors, it is not difficult to under-
stand that Ty;, of the ZnO films remains basically un-
changed, i.e. keeping higher values in the whole H, flux
range. For the Cu-doped ZnO films, the grain bound-
ary density, surface roughness, defect amount and film
thickness as functions of H, flux are basically similar to
those of the ZnO films. However, it should be noted that
the Cu-doped ZnO film is thicker in the whole H, flux
range. At the same time, according to the analysis re-
sults of XPS, the Zn, content and atomic ratio of Cu/Zn
in the film increase obviously as the H, flux increases
from 6 to 18 or 45 sccm. In the case of thicker film, the
increase of Zn; and Cu contents in the film leads to the
obvious decrease of Ty;, when the H, flux increases to
21 sccm.

From the enlarged view of the absorption edge region
of the films given in the inset of Fig. 10, the optical ab-
sorption edge of the films is basically around 375 nm,
and it tends to move towards short-wavelength direc-
tion (i.e. blue shift) with the increase of H, flux. The
shift of the absorption edge reflects the change in E, of
the film. In order to obtain E, value, firstly, the absorp-
tion coeflicient (@) of the film was obtained according
to T = exp(—at) (T is the film transmittance and ¢ is the
film thickness), and then the (ahv)? « hv curve is plot-
ted based on Tauc formula (@hv)* = (hy — Eg) (hvis the
photon energy). Finally the linear fit in the absorption
edge is extrapolated to intersect the sv axis [52]. Figure
11b shows E, value of the films as a function of H, flux.
Band gap energy of the ZnO films increases from 3.250
to 3.290eV when H, flux increases from 0 to 15 sccm,
and then it slightly decreases to 3.286eV when H, flux
further increases to 21 sccm. As the H, flux increases
from O to 45 sccm, E, of the Cu-doped ZnO films in-
creases from 3.234 to 3.330 eV. At the same H, flux, the
E, of the ZnO films is larger than that of the Cu-doped
Zn0 films. It can be found that £, of ZnO and Cu-doped
ZnO films has the opposite changed trend to their resis-
tivity with the increase of H, flux, which reflects the re-
lationship between E,, of the film and its electrical prop-
erties. According to the Burstein-Moss effect, E, of the
film widens with the increase of the carrier concentra-
tion [18,38,52]. Although the carrier concentration of
the ZnO and Cu-doped ZnO films prepared at all H,
fluxes is not given, E, of the films is closely related to
the Burstein-Moss (BM) effect from above-mentioned
relationship between resistivity and E,. The strong d-p
coupling of Cu and O leads to the upward shift of the O
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2p orbital, and the Cu 3d orbitals create impurity bands
above the valence band after the Cu atom enters the Zn
site [32,53]. These two effects result in lower E, of the
Cu-doped ZnO films than ZnO films.

Figures 12a and 12b show the Raman spectra of the
Zn0O and Cu-doped ZnO films prepared at typical H,
fluxes, in which the enlarged view of spectra in range of
200-500cm™! are shown in Figs. 12c and 12d. Raman
scattering peaks of the films can be observed at around
100, 135, 185,275, 330, 380, 440 and 575cm™'. Among
these scattering peaks, those around 100 and 440cm™!

high < ..
come from the EIZ"W and E;*" vibrational modes, re-

spectively, and the scattering peak around 575 cm™! cor-
responds to the A;(LO) vibrational mode [54]. Gener-
ally, the intensity of the scattering peaks of E, vibra-
tional modes is related to the film crystallinity, while
the intensity of the scattering peaks of LO vibrational
modes is related to the concentration of defects such as
Vo, Zn;, and H; in the film [24,37,55-59]. In the cur-
rent study, the films exhibit weak scattering peaks of
E, vibrational modes but strong scattering peak of the
A1(LO) vibrational mode, which indicates that the film
crystallinity is poor and there are a lot of defects in the
films. The intensity of E, scattering peaks of the ZnO
and Cu-doped ZnO films shows a trend of increasing
first and then weakening, and the maximum intensity is
achieved at H, flux of 6 and 12 sccm, respectively. Fur-
thermore, the Gaussian-Lorentz mixing function fitting
is performed on the E’;'gh scattering peak in the range of
390-490cm™! to obtain FWHM of this scattering peak.
As shown in Fig. 12e, FWHM of Eé”gh scattering peak of
the ZnO and Cu-doped ZnO films tends to first decrease
and then increase with the increase of H, flux. FWHM

of Eg"gh scattering peak of the ZnO film is smaller than
that of the Cu-doped ZnO film at H, flux of 0, 3 and
6 sccm, but the opposite result is observed at H, flux of
12 and 18sccm. It is clear that these results are basi-
cally consistent with the change trends of the film crys-
tallinity obtained by XRD. For the scattering peak of
the A;(LO) vibrational mode of the ZnO and Cu-doped
ZnO films, its intensity gradually increases when the H,
flux increases from O to 12 and 27 sccm, respectively,
indicating that the sum of Vo, Zn; and H;, defects in the
films increases. When the H, flux increases to 18 and
45 sccm, respectively, the intensity of the A;(LO) scat-
tering peak of the ZnO and Cu-doped ZnO films slightly
decreases, which may be related to the fact that Vg
and/or Zn; decrease somewhat and H; content reaches
saturation in the films. In addition, as the H, flux in-
creases to 18 or 45 sccm, decrease in the intensity of the
scattering peak of A;(LO) vibrational mode may be re-
lated to the decrease in the crystallite size of the films
[60]. Although the intensity of both Eg”gh and A(LO)
scattering peaks tends to increase at first and then de-
crease, their intensity ratio /(A (LO))/I (Eg”gh) shows in-
creasing trend with increasing H, flux, as shown in Fig.
12f. This is because with the increase of H, flux, the de-
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Figure 12. Raman spectra of the ZnO (a, c¢) and Cu-doped ZnO (b, d) films deposited with different H, fluxes in the ranges of
80-900 cm™ (a, b) and 200-500 cm™' (c, d), and FWHM of E*" (e) and I(A;(LO))/I(EY*") (f) as functions of H, flux

fects in the films increase more significantly in the lower
H, flux range, while the film crystallinity degrades more
significantly in the higher H, flux range. From the Fig.
11f, it is also observed that the I(A;(LO))/I(ES*") of
ZnO films is larger than that of Cu-doped ZnO film at
the same H, flux, indicating that the amount of defects
in the ZnO films is higher, as discussed above.
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In addition to scattering peaks of E; and A;(LO) vi-
brational modes, it is also worth noting that there are
scattering peaks around 135, 185 and 275cm~!. The
scattering peaks in range of 100-200cm™' have been
less reported in ZnO-based films, and they can be at-
tributed to the acoustical phonons that are activated by
incorporated impurities disturbing lattice [27,61,62]. In
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this study, the amount of incorporated hydrogen in-
creases and tends to saturate with the increase of H,
flux, as mentioned above. Thus, the appearance of scat-
tering peaks around 135 and 185cm™" is observed due
to the incorporated hydrogen disturbing lattice after the
H, flux increases to 6 sccm for the ZnO and Cu-doped
ZnO films. The appearance of scattering peak at around
275cm™! is generally thought to be related to Zn; in
the films [63—-65]. In the ZnO films, this peak can be
observed at H, flux of 0—18 sccm, which indicates that
there is a high concentration of Zn, in the films. For the
Cu-doped ZnO films, the scattering peak at 275cm™!
can be observed at H, flux above 3 sccm, which indi-
cates that the concentration of Zn; defects in the films
is lower at H, flux of 0-3 sccm and it becomes higher
after H, flux increases to 6 sccm. These results are ba-
sically consistent with the results of Zn; content in the
film obtained by XPS analysis.

Finally, it is worth mentioning that the current re-
search results can lay the foundation for the further
device application of the co-doped or hydrogen-doped
ZnO films. For example, the defect amount and resistiv-
ity of the films can be adjusted over a wide range by
Cu and/or hydrogen doping, which provides the pos-
sibility for the development of high-performance re-
sistive random access memory (RRAM) and gas sen-
sors [66,67]. The performance of ZnO-based thin film
transistors (TFTs) could be improved by hydrogenation
treatment due to the fact that hydrogen could act as a de-
fect passivator and a shallow donor in ZnO-based films
[68,69]. Thus, it is clear that co-doped or hydrogen-
doped ZnO films prepared with different H, fluxes may
be used to make high-performance TFTs devices. The
co-doped film or hydrogen-doped ZnO has adjustable
E,, Tvi, Vo and other defects, which provides condi-
tions for the development of high-performance UV or
visible light detectors [70]. The co-doped film may be
a high-performance photocatalyst due to the enhance-
ment of visible light absorption and the increase of Cu™*
content in the film [71]. The co-doped film can ex-
hibit strong ferromagnetism due to existence of a large
amount of Vo and Cu* in the films, making it suitable
for use in spintronic devices [24]. In future, the device
application of Cu and hydrogen co-doped or hydrogen-
doped ZnO films in these fields will be further investi-
gated.

IV. Conclusions

The structure and electrical-optical properties of ZnO
and Cu-doped ZnO films can be tailored by H, flux.
With increase of H, flux, film thickness decreases and
surface roughness first increases and then decreases due
to the etching effect of hydrogen plasma. Meanwhile,
appropriate H, flux can improve (002) preferred ori-
entation and crystallinity of both films. The conduc-
tion properties of both films are enhanced at suitable
H, fluxes. Hydrogen doping can compensate the ac-
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ceptor defects formed by Cu doping, so that the Cu-
doped ZnO films with better conductive properties can
be obtained at larger H, fluxes. The electrical stability
in air of the Cu-doped ZnO films is better than that of
the ZnO films because of larger film thickness, lower
Vo contents and easier formation of Cu—H and H, de-
fects. The instability of H, causes a significant degra-
dation in the conduction properties of both films af-
ter annealing. High H, fluxes cause decrease of Ty
of the Cu-doped ZnO films because of high Cu con-
tent and thicker film thickness. Band gap energy (E,)
of the films as a function of H, flux is governed by
Burstein-Moss (BM) effect. With increasing H, flux,

Eg”gh and A{(LO) scattering peaks of both films tend
to enhance at first and then weaken, but their inten-
sity ratio (A (LO))/I (Eg”gh) tends to increase. The E’z"gh
and A;(LO) scattering peaks are mainly controlled by
film crystallinity and the content of defect such as Vo,
Zn;, and H; in the films, respectively. The appearance
of scattering peaks around 135 and 185cm™! can be as-
cribed to the incorporated hydrogen disturbing lattice,
and the scattering peak around 275 cm™! is linked to the
Zn, content. At the same H, flux, Cu doping leads to

the lower E, and I(A;(LO))/I(EX*") of Cu-doped ZnO
films.
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