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ABSTRACT Wourtzite ZnO has many potential applications in optoelectronic devices, and the hydrogenated ZnO exhibits excellent
photoelectronic properties compared to undoped ZnO; however, the structure of H-related defects is still unclear. In this article, the
effects of hydrogen-plasma treatment and subsequent annealing on the electrical and optical properties of ZnO films were investigated
by a combination of Hall measurement, Raman scattering, and photoluminescence. It is found that two types of hydrogen-related
defects, namely, the interstitial hydrogen located at the bond-centered (Hgc) and the hydrogen trapped at a O vacancy (Ho), are
responsible for the n-type background conductivity of ZnO films. Besides introducing two hydrogen-related donor states, the
incorporated hydrogen passivates defects at grain boundaries. With increasing annealing temperatures, the unstable Hgc atoms
gradually diffuse out of the ZnO films and part of them are converted into Hp, which gives rise to two anomalous Raman peaks at 275
and 510 cm™'. These results help to clarify the relationship between the hydrogen-related defects in ZnO described in various studies
and the free carriers that are produced by the introduction of hydrogen.
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INTRODUCTION

urtzite ZnO has many potential applications in
W optoelectronic devices because of its large band

gap of 3.37 eV as well as high exciton binding
energy of 60 meV at room temperature (RT) (1, 2). It is
considered as the most promising material for light-emitting
diodes (LEDs) and laser diodes (LDs). However, nominally
undoped ZnO typically exhibits n-type conductivity and this
background n-type conduction precludes effective p-type
doping due to hole compensation by donors. The nature of
this conductivity has been widely discussed for years and is
normally attributed to native defects, such as the oxygen
vacancy (Vo) and the Zn interstitial (Zn)) (1, 2). Recently,
unintentionally incorporated hydrogen (H) is considered as
a likely source of the n-type conductivity of ZnO (3), and
H-related defects in ZnO have attracted great interest and
been extensively studied (3—22) because of their profound
effects on the electrical properties of ZnO. Three H states
can hitherto be found in a ZnO crystal (16). The first one is
the interstitial H (H;), which can be located at the bond-
centered (Hgc) or the antibonding (Hag) site of the ZnO lattice
by the formation of O—H bond (3, 11). The second one
corresponds to the H attached to defects. For example, H

*To whom correspondence should be addressed. E-mail: xwzhang@
semi.ac.cn.

Received for review April 2, 2010 and accepted May 18, 2010

T Chinese Academy of Science.

* City University of Hong Kong.

DOI: 10.1021/am100298p

2010 American Chemical Society

1780 IENAPPLIED MATERIALS

X INTERFACES

VOL. 2 ¢« NO. 6+ 1780-1784 ¢ 2010

can be trapped at a O vacancy to form Vo—H complex (also
called as Ho) (13, 20) or Zn vacancy to form (Vz,—H»)
complex (5, 16). The last one is the loose (unbound) H, which
occurs in the form of interstitial H, (21). Many studies have
confirmed that H is a shallow donor in ZnO; however, the
experimental data for H in ZnO remain puzzling (8, 14,
18—20). It has been reported that the isolated H; acts as
shallow donors in ZnO (3, 14, 15); however, several possible
configurations of H; in ZnO have similar formation energies
and their thermal stability is found to be low (11, 13). On
the other hand, the H; bonded to Zn-site transition metals
(9) and the Hp (12—14, 17) have also been suggested to be
shallow donors. Despite years of investigations, the structure
of H-related defects is still controversial. Therefore, it is
imperative that experiments be conducted to confirm the
assignment.

In this article, the effects of H-plasma treatment and
subsequent annealing on the electrical and optical properties
of ZnO films are studied by Hall measurement, Raman
scattering, and photoluminescence (PL). It is found that two
types of H-related defects, namely, the H; and the Ho, are
responsible for the n-type background conductivity of ZnO
films.

EXPERIMENTAL SECTION

Preparation Process of ZnO Films. The ZnO films were
deposited on c-plane sapphire substrates by a conventional
radio frequency (rf) magnetron sputtering system equipped with
a ZnO (99.99 %) ceramic target. The sputtering chamber was
evacuated to a base pressure of 1.0 x 107° Pa, and then filled
with the working gas (pure Ar) to a pressure of 1.0 Pa. Prior to
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FIGURE 1. Variation in the carrier concentration and mobility as a
function of the annealing temperature for the H-plasma-treated ZnO
films. For comparison, the corresponding data of the as-grown ZnO
film is also included.

deposition, the substrates were sequentially cleaned in the
ultrasonic baths of acetone, ethanol, and deionized water, and
then blown dried with nitrogen gas. The films were deposited
at 600 °C with a constant rf power of 80 W for 2 h, and the
sapphire substrates were placed on the substrate holder at a
distance of 80 mm from the target. To introduce H intentionally,
we directly immersed the ZnO films in a H-plasma in a capaci-
tively coupled plasma reactor. During the plasma treatment, the
rf power and the working pressure were kept at 70 W and 200
Pa, respectively. Details of growth and treatment conditions can
be found elsewhere (19). In the present study, the thickness of
the ZnO films is about 1 um, hence H can diffuse into the entire
film, as demonstrated by secondary ion mass spectroscopy
(SIMS) (22). To investigate the thermal stability of H in ZnO, we
annealed the H-plasma treated ZnO films at various tempera-
tures in a vacuum for 2 h.

Characterization. The carrier concentration and mobility of
the ZnO films were determined by Hall measurements using
the Van der Pauw configuration. For the Hall measurements,
Ti/Au (50/100 nm) was used as an Ohmic contact metal. The
PL spectra were acquired by exciting with a 325 nm He—Cd
laser with a power of 30 mW at both RT and 10 K by using a
photomultiplier tube detector. Raman scattering measurements
were carried out at RT using the 514.5 nm excitation lines from
an Ar ion laser and a Horiba HR800 spectrometer in the
backscattering geometry.

RESULTS AND DISCUSSION

It has been reported that H-doping significantly decreases
the resistivity of ZnO, however, the resistivity data alone
cannot precisely distinguish between H present as an iso-
lated donor or passivating an acceptor impurity or native
defect. The electrical properties of the ZnO films after the
H-plasma treatment and subsequent annealing at different
temperatures were studied in detail in terms of the carrier
concentration and mobility. As shown in Figure 1, the as-
grown ZnO film possesses a high resistivity with the carrier
concentration and mobility being about 1 x 10'" cm™ and
7 cm? V™! s7! respectively. After 2 h of H-plasma exposure,
both values increase sharply. The carrier concentration goes
up to 1 x 10" cm™ for and the mobility reaches 39 cm?
V™! s7!. On the one hand, the remarkable increase in the
carrier concentration indicates the formation of a shallow
donor level as a result of H incorporation into the ZnO film.
On the other hand, the simultaneous increase in mobility
suggests that in addition to shallow donors, a substantial
fraction of the incorporated H passivates defects at grain
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FIGURE 2. RT PL spectra of the as-grown, H-plasma-treated, and
subsequently annealed ZnO films.

boundaries, because the higher carrier concentration usually
leads to strong carrier scattering and reduced mobility.
Therefore, the incorporated H not only introduces a shallow
donor state, but also passivates most of the defects at grain
boundaries. It is possible that the introduced H acts at grain
boundaries to passivate the defects, such as dangling bonds.
As a result, the mobility increases because of a decrease in
the intergrain barrier height and a narrowing of the depletion
layer at the grain boundaries due to the screening effect by
free electrons (23). Our observations are consistent with the
previous findings (6, 19, 23).

To investigate the thermal stability of H in ZnO, the
H-plasma treated ZnO films were annealed at 300, 400, and
500 °C in a vacuum for 2 h, respectively. As shown in Figure
1, the carrier concentration decreases slightly with annealing
temperature, from 1 x 10'® cm™ for the H-plasma treated
ZnO to 6.5 x 10'7 cm™ for the 500 °C annealed sample,
implying the out-diffusion of partial H-related donors from
ZnO. Furthermore, the carrier concentration in the 500 °C
annealed ZnO is still much higher than that of the as-grown
sample, indicating that most of the shallow donors intro-
duced by H are stable up to 500 °C. On the other hand, the
mobility of the ZnO films remains almost constant at the
annealing temperature of 300 °C and then decreases sharply
to a value close to that of the as-grown sample, suggesting
that all of the H passivating the defects at grain boundaries
evolve out of the ZnO films at 500 °C.

Figure 2 shows the RT PL spectra of the as-grown,
H-plasma treated and subsequent annealed ZnO films,
respectively. After the H-plasma treatment, the intensity of
the ZnO ultraviolet (UV) emission is enhanced by more than
twenty times. Similar results have been reported, with the
observations on the suppression of visible emission from
ZnO by H-plasma treatment (4, 10). Furthermore, it has also
been reported that unintentional incorporation of H during
the Ar plasma treatment also resulted in a significant en-
hancement of the ZnO UV emission (24). In the present
work, no evidence of the existence of visible emission is
observed because of the higher quality of the ZnO films. The
intensity of the UV emission decreases gradually with in-
creasing annealing temperature, and at 500 °C it is 2.5 times
higher than that of the as-grown ZnO film.

To further understand the structure of H-related defects,
we also measured the near band-edge emission (NBE) PL
spectra at 10 K. As shown in Figure 3, the luminescence at
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FIGURE 3. PL spectra of the as-grown, H-plasma-treated, and 500
°C annealed ZnO films measured at 10K.
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FIGURE 4. RT Raman spectra of the sapphire substrate as well as
as-grown, H-plasma treated and 500 °C annealed ZnO films. The
peaks marked by asterisks originate from the sapphire substrate.

10 K from all three samples is dominated by the neutral-
donor bound-exciton (D°X) emission at 3.360 eV. The PL
spectra obtained from the as-grown and subsequent an-
nealed ZnO films show a weak free exciton (FX) emission
at 3.377 eV, which is the shoulder of the D°X. Besides the
DX and FX peaks, three emission lines at 3.306, 3.234, and
3.164 eV are observed in both spectra. They are the first-,
second- and third-order LO-phonon replicas of the FX emis-
sion (FX-1LO, FX-2LO and FX-3L0O), respectively (1, 25, 26).
After the H-plasma treatment, the D°X peak is enhanced by
more than twenty times, whereas the FX peak is suppressed
completely. Obviously, not only the free excitons are bound
to the H-related shallow donors, but also the nonradiative
defects at grain boundaries are passivated by the introduced
H. Furthermore, two additional emission lines at 3.317 and
3.324 eV emerge from the H-plasma treated and subse-
quently annealed ZnO flms, respectively, which are at-
tributed to the two-electron satellite (TES) transitions and will
be discussed in detail later.

To shed further light on the role of H in ZnO, Raman
spectra were acquired at RT and the results are presented
in Figure 4, which also includes the Raman spectrum of the
sapphire substrate for comparison. Five Raman peaks of
sapphire located at 378, 416, 429, 448, and 576 cm™" are
observed from the substrate (27). Besides the Raman peaks
originating from the substrate, there are four photon modes
of ZnO at 98, 332, 438, and 577 cm™! labeled as E, (low),
E, (high)-E, (low), E, (high), and A (LO), respectively (28—30).
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The most important feature, however, of the results pre-
sented in this figure, is the fact that two new Raman peaks
at275and 510 cm™', which do not belong to first- or second-
order structures of ZnO, are observed from the H-plasma-
treated and annealed samples. These anomalous peaks have
been observed from doped ZnO films (30—35). In earlier
studies, because the intensity of these additional modes
correlates linearly with the N concentration, these modes
were interpreted in terms of N-related local vibrational
modes (30—33). Bundesmann et al. (34) reported that the
anomalous peaks at 277 and 511 cm™" also existed in the
spectra of Fe-, Sb-, and Al-doped ZnO thin films. They
attributed the common anomalous peaks to intrinsic host-
lattice defects related to doping because most of the peaks
observed after N doping were also observed from other
doped samples. Recently, by comparing previous experi-
mental results with reported calculations of the lattice
dynamics in ZnO (36), Manjon et al. (37) showed that the
anomalous peaks corresponded to silent ZnO Raman modes
observed by disorder-activated Raman scattering because
of the relaxation of the Raman selection rules produced by
the breakdown of the translational symmetry of the crystal
lattice. Supported by refs 34—37, two observed Raman
peaks at 275 and 510 cm™! could be attributed to the B;(low)
and 2B;(low) ZnO silent modes activated by H-related
defects, respectively. Although such anomalous Raman
peaks have been observed for doped ZnO films with various
elements, it is the first time to report the two peaks for the
H-plasma-treated ZnO thin film.

A thorough comprehension of the nature of H in ZnO is
essential in order to control doping and realize its applica-
tions. As reported in our previous work, the relative intensity
and the full width at half-maximum (fwhm) of ZnO X-ray
diffraction peaks are almost not changed, indicating that the
crystallinity is not influenced after H plasma treatment (19).
Furthermore, atomic force microscopy (AFM) images indi-
cated that the surface roughness and morphologies of the
ZnO films treated with H plasma are almost similar to those
of the as-grown sample (22), while UV—vis measurements
showed that the transmittance edge of the H-plasma treated
ZnO film shifts to a slightly lower wavelength, which is due
to the Burstein—Moss effect (19). On the basis of the
observed results and the previous data, the effects of H on
the ZnO properties can be tentatively understood by the
following interpretation. On the one hand, after exposing
ZnO films to the H-plasma, the improvement in the mobility
and UV emission efficiency suggests the passivation of
defect-related recombination centers. On the other hand, the
remarkable increase in the carrier concentration indicates
that in addition to passivation of the defects, the H-related
shallow donors are formed. Evolution of the carrier concen-
tration after annealing reflects the involvement of at least
two different H-related defects, which are tentatively identi-
fied as H; and Ho, respectively. First-principles calculations
show that Ho is highly stable whereas H; is unstable at high
temperature (11, 13). The kinetic Montc Carlo simulations
clearly indicates that Ho has a higher migration energy of
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about 1.7 eV compared with 0.8 eV for H; (18). Additionally,
the appearance of a strong I, emission line after H implanta-
tion and the quenching of this 1, line with time indicated the
poor thermal stability of H;, whereas a very stable quenching
effect of the deep level emission implied that Ho have a
much higher diffusion activation barrier (24). Therefore, we
suppose that two types of shallow donors, H; and Ho, are
introduced by the H-plasma treatment. With increasing
annealing temperatures, the unstable H; atoms gradually
diffuse out of the ZnO films and part of them are converted
into Ho. Consequently, the Ho concentration increases
gradually with annealing temperatures, which is also con-
firmed by the Raman and low temperature (LT) PL spectra.
Although H; diffuse out of the ZnO films with increasing
annealing temperatures to 500 °C, the simultaneous in-
crease of Ho lead to the relatively small changes in carrier
concentrations with the variation of annealing temperature.
On the other hand, the out-diffusion of H passivating defects
at grain boundaries with annealing temperatures results in
the drastically decrease in the intensities of the UV emission
in the PL spectra.

Between the two configurations of H;, Hgc is the more
likely candidate since the formation energy of Hpc is lower
than that of Hag by 0.2 €V (3). An additional piece of evidence
supporting the Hgc configuration is that the position of DX
peak (3.360 eV) for the H-plasma treated sample is in
agreement with the reported 3.3601 eV of Hgc (20). Further-
more, the TES transitions in the LT PL spectra may impart
useful information to identify H-related donors in ZnO
(25, 26). A TES transition occurs when an exciton bound to
a neutral donor DX recombines and leaves the donor in an
excited state. Therefore, the energy difference between the
bound exciton line and the TES line corresponds to the
energy difference between the excited and ground states of
the donor. In the effective mass approximation, the donor
excitation energy from the ground state (DX) to the first
excited state (TES) is equal to 3/4 of the donor binding
energy Ep (25, 26). According to the 3.360 eV D°X and the
corresponding 3.317 eV TES; lines, the value of Ep; is
calculated to be 57 meV for the H-plasma treated film and it
is close to the reported Ep, of Hpe (53 meV) (20). On the basis
of the 3.360 D°X and the 3.324 eV TES, lines, the value of
Ep, of the annealed sample is calculated to be 48 meV, which
is in remarkable agreement with the reported Ep of Ho (47
meV) (20, 25, 26). Evidently, the 3.360 DX peak originates
from the overlap of two bound-exciton emission lines of Hgc
and Ho. After annealing, the out-diffusion of Hgpc results in
the disappearance of the TES, lines (Hgc).

Considering the electrical and PL results, it is believed that
the Raman peaks at 275 and 510 cm™! result from the Ho
defects, which break down of the translational symmetry of
the ZnO crystal lattice and activate the silent Raman modes
of B(low). As discussed above, part of Hpc is converted into
Ho during annealing and Ho is highly stable at 500 °C,
therefore, the Ho concentration increases with annealing
temperature. As shown in Figure 4 one can actually see that
the intensities of the Raman peaks at 275 and 510 cm™!
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increase after 500 °C annealing, reflecting the increase of
the Hp concentration, which is in good agreement with the
electrical and PL results. Furthermore, thermal stability of
the Ho is also better than that of the H passivating the defects
at grain boundaries, which evolves out of the ZnO films at
500 °C, because diffusion of H along the grain boundaries
is relatively easy.

CONCLUSION
In conclusion, the effects of the H-plasma treatment and

the subsequent annealing on the electrical and optical
properties of ZnO thin films were investigated by a combi-
nation of several methods. The results indicate that the
incorporated H atoms not only introduce shallow donor
states, but also passivate most of the defects. Both Hgc and
Ho are responsible for the n-type background conductivity
of ZnO. With increasing annealing temperatures, the un-
stable H; atoms gradually diffuse out of the ZnO films and
part of them are converted into Ho, consequently, the
concentration of Heg increases gradually with annealing
temperatures. These results help to clarify the relationship
between the H-related defects in ZnO described in various
studies and the free carriers that are produced by the
introduction of H.
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