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Electron paramagnetic resonance 共EPR兲 spectroscopy of hydrogen-doped indium oxide 共IO兲 tubular
nanostructures shows presence of paramagnetic oxygen vacancies 共VO兲 at room temperature. For
temperatures below 80 K, the EPR spectra exhibit two distinct split resonances correspond to S
= 21 hydrogen electron spin. Interestingly, presence of hydrogen EPR resonances is accompanied by
absence of EPR signal of VO, which is restored above 80 K with the concomitant disappearance of
signature resonances from hydrogen. The temperature dependent donor and passivation behavior of
hydrogen has been directly observed in metal oxide. This could provide valuable explanations of
various VO induced controversial properties of IO nanostructures. © 2009 American Institute of
Physics. 关DOI: 10.1063/1.3159786兴
Hydrogen has attracted great attention as a source of
secure, clean, sustainable energy, and it is environmentally
benign as it does not generate greenhouse gases.1 Hydrogen
is ubiquitous and it is often difficult to remove hydrogen
from synthesis of nanomaterials. Therefore, studying interaction of hydrogen with metals and semiconductors is of immense interest owing to the development of efficient materials for the storage of hydrogen and gas-sensing devices.2–7
Ethanol has been suggested to be an efficient source of clean
hydrogen.8,9 The intentional 共or unintentional兲 doping of materials with hydrogen exhibits qualitatively different behavior
depending on the host matrix. Hydrogen can bind to the native defects and other impurities that are present in the host
matrix and passivate their electrical activity. In contrast,
bound hydrogen can also behave as a donor and increase the
conductivity of the host matrix.6 The interaction of hydrogen
with transparent conducting oxides has always been important to tailor their electrical and optical properties.3,6,10,11
High-mobility hydrogen-doped In2O3 transparent conducting
oxide has previously been reported for use in high efficiency
a-Si: H / c-Si hetrojunction solar cells.11 Although, in most of
the semiconductors hydrogen counteracts the prevailing conductivity, the incorporation of hydrogen in oxides, such as
In2O3 and ZnO, surprisingly results in donor activity 共H+兲
and improves the electrical conductivity.3,6,12 Hydrogendoped indium oxide 共IO兲 has been suggested as a better
transparent conductor than the most commonly used tindoped IO.3 As a result, the unusual behavior of hydrogen in
oxide matrices is of long standing interest to the scientific
and engineering community. However, despite the importance and potential impact of IO on a large number of technological applications,3,11,13 there exists a lack of experimental studies that detail the microscopic behavior of such
systems.
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In this letter, we study temperature dependent reversible
switching behavior of hydrogen from donor 共H+兲 to oxygen
vacancy 共VO兲 passivation center in hydrogen-doped IO tubular nanostructures 共NS兲 using electron paramagnetic resonance 共EPR兲 spectroscopy.
The hydrogen-doped IO tubular NS were synthesized by
horizontal tube furnace maintained at a temperature of
1000 ° C, one atmosphere pressure and constant flow of argon carrier gas at the rate of 200 mL/min for 1 h. An alumina
boat with a 1:1 mixture of IO and active carbon powder was
placed at the center of the tube furnace while silicon substrates were placed downstream at a temperature of 960 ° C.
A small reservoir 共5–10 ml兲 of ethanol was placed in low
temperature region 共⬃65 ° C兲 in upstream direction during
the growth. Ethanol acts as the source of hydrogen. The high
diffusion coefficient of hydrogen results in the incorporation
of hydrogen in IO NS during the growth process.14 The
samples were characterized by glancing angle x-ray diffraction 共GAXRD兲 and high-resolution transmission electron microscopy 共HRTEM兲 共Tecnai G20-Stwin at 200 kV兲. The hydrogen content in IO tubular NS is measured at Rossendorf 5
MV tandem accelerator by resonant nuclear reaction analysis
15
N共6.385 MeV兲 + 1H → 12C + 4He + ␥-rays共4.43 MeV兲. The
hydrogen depth profile is determined by gradually increasing
the incident energy of 15N ions and thus moving the resonance at 6.385 MeV 15N ion energy progressively to greater
depth.15 The width of the resonance at 6.385 MeV is small
enough to have a depth resolution of ⬃8 nm. The EPR spectroscopy measurements were performed on a custom-built
continuous wave 共cw兲 X-band Elexsys 580 EPR spectrometer
共Bruker BioSpin Corporation兲 operating at a frequency of
9.64 GHz and equipped with E-900 helium-flow cryostat
共Oxford Instruments兲. The IO nanostructure samples were
loaded into 4 mm quartz tubes and purged with argon gas
prior to the EPR measurements. Typically, four scans were
acquired for each spectrum under nonsaturating conditions at
a microwave power of 3.13 mW. The spectra were acquired
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hydrogen-doped diamondlike carbon films has previously
been reported in literature and the two shoulders that are
observed in the EPR spectrum were assigned to the presence
of a hydrogen hyperfine splitting.17 Similar results have also
been reported for hydrogen in ZnO at 5 K. Although the
FIG. 1. 共Color online兲 共a兲 TEM micrograph of a IO tubular NS. The inset a1
hyperfine splitting was not resolved in the hydrogen specshows the HRTEM of tip region and reveals the presence of indium inside
trum from ZnO and electron-nuclear double resonance specthe cavity and inset a2 shows concentration profile of In and O along the
troscopy was used to identify the chemical nature of hydroradial direction of IO tubular structure along with STEM image. 共b兲 HRgen spin.12 The two sharp intense peaks that result from a
TEM of tubular NS. 共c兲 The hydrogen concentration 共at. %兲 depth profile in
IO tubular NS and IO thin film samples.
hyperfine coupled hydrogen spin in the present study arise
from simultaneous microwave-induced spin flips of the electron spin 共S = 21 兲 as reported in hydrogen-doped diamond thin
at a modulation frequency of 100 kHz with modulation amfilm. The simulation of the hyperfine coupled EPR spectrum
plitude of 1 G. The line shape of the cw EPR spectra of IO
of hydrogen-doped IO NS reveals that the g value, hyperfine
NS were simulated using garlic subroutine of the EASYSPIN
coupling constant and line width for the numerical simulasimulation program that uses an exact diagonalization
tions that best reproduce the experimental EPR spectra are
approach.16
1.9991, 116.75 MHz, and 0.28 G, respectively. As the temThe GAXRD study 共not shown here兲 of IO NS confirms
perature is increased from 20 to 40 K, the intensity of the
the presence of cubic In2O3 with a lattice constant a
hyperfine coupled EPR signal decreases. The hyperfine
= 1.011 nm. Figure 1共a兲 shows TEM micrograph of a tubular
coupled EPR signal completely disappears at 80 K with the
IO nanostructure with a typical diameter of
appearance of a new peak that arises at 3445.6 G, in the g
95 nm and an octahedral tip with a radius of curvature as low
⬃ 2 region of the EPR spectrum, as shown in Fig. 2共a兲. The
as 5 nm at the end. The cavity and wall thickness of various
intensity of the 3445.6 G peak increases as the temperature is
IO tubular NS vary from 10 to 60 nm and 35 to 100 nm,
raised from 80 to 300 K 共EPR spectrum at 300 K is not
respectively. The HRTEM image of the tip region is shown
included in the figure兲. Numerical spectral simulations of
as inset a1 of Fig. 1共a兲. The STEM-EDX measurement on IO
single EPR signal at 3445.6 G indicate g value of 2.0025,
tubular structure along its radial direction is shown in inset
which
is in close agreement with the reported g value for the
a2 of Fig. 1共a兲. The result confirms that the
native
oxygen vacancy defect in IO.18–20 To confirm that the
IO tubular NS are filled with indium metal. Figure 1共b兲
hydrogen signal arises from the IO tubular NS, EPR meashows the lattice fringes of the two orthogonal planes of
surements were conducted on the control samples of the Si
0.506 and 0.71 nm which correspond to 共200兲 and 共110兲
substrate and IO thin film on Si substrate at 20 K as shown in
planes of IO shell, respectively. The HRTEM micrographs
Fig. 2共b兲. The IO thin film is deposited by thermal evaporareveal that the tubular NS grow along 具100典 direction. The
tion on silicon substrate and this procedure is followed by air
hydrogen concentration depth profiles for IO NS and IO thin
annealing at 960 ° C in the absence of ethanol. It is important
film samples are shown in Fig. 1共c兲. The presence of hydroto note that we do not detect an EPR signal for the substrate
gen in IO NS sample is clearly seen in contrast to IO thin
in the absence and the presence of IO thin films on the silifilm. The measured concentration of hydrogen is found
con substrate. This confirms that the hyperfine coupled EPR
maximum at 10 nm below surface and then decreases rapidly
spectra for IO tubular NS arise from the presence of hydrotoward the background level of IO thin film at the depth of
gen defects. We have also performed EPR spectroscopy mea⬃170 nm. The maximum hydrogen concentration is estisurements on the base cavity at 20 K. Once again, hyperfine
mated to be ⬃1020 cm−3.15
coupled EPR signals are not detected in the samples of the
Figures 2共a兲 and 2共b兲 show EPR spectroscopy results of
base cavity. These observations clearly reveal that the hydroIO tubular structures performed at a temperature range from
gen is present only within the IO NS and does not arise from
20 to 300 K. The EPR spectra at 20 K exhibit a sharp and
the substrate.
intense hyperfine splitting due to the coupling of the electron
To understand the temperature dependence of the EPR
spin 共S = 21 兲 with a nuclear spin 共I = 21 兲. The hyperfine coupling
spectra
that are obtained from IO NS, we discuss the charge
constant is 41.85 G 共based on the separation of the EPR
interaction
between doped hydrogen and oxygen vacancies
resonances and numerical simulations of the experimental
in
IO
matrix.
de Walle and Neugebauer6 have proposed a
EPR spectra兲. The doublet EPR signal is assigned to hydro1
1
generalized theory on the basis of electronic transition level
gen hyperfine splitting 共S = 2 , I = 2 兲. The EPR spectrum of
of hydrogen in semiconductors, insulators and solutions.
Within this picture, the electronic transition level, 共+ / −兲 ,
allows the prediction of electrical activity of hydrogen,
which acts either as a donor 共H+兲 or an acceptor 共H−兲 in any
matrix. In any semiconductor that has 共+ / −兲 level above the
conduction band minima, hydrogen behaves as donor 共H+兲
for any value of Fermi energy. The ZnO, In2O3, and InN
materials are included in this category and hydrogen behaves
as a donor and increases the electrical conductivity of these
materials.3,6,21 Figure 3共a兲 shows the position of 共+ / −兲 level
FIG. 2. 共Color online兲 共a兲 The EPR spectra of IO tubular NS with temperain the conduction band that reveals the donor 共H+兲 nature of
ture ranging from 20 to 120 K under nonsaturating conditions. 共b兲 EPR
hydrogen in IO. In addition, H+ could interact with different
spectra of IO tubular NS along with bare silicon substrate and indium oxide
native
are present in IO matrix. TheDownloaded
possible to IP:
thin film
deposited onassilicon
substrate.
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FIG. 3. 共Color online兲 共a兲 Illustration of hydrogen energy level,
共+ / −兲 , with respect to valance band maxima for IO. The presence of
共+ / −兲 energy level in conduction band indicates the donor nature of hydrogen. 共b兲 A depiction of temperature dependent interaction of donor hydrogen with singly charged oxygen vacancy. 共c兲 EPR spectra of IO tubular
NS at 20 and 150 K which correspond to the presence of hydrogen hyperfine
coupled spins and the oxygen vacancies, respectively.

defects in IO are oxygen vacancy 共VO兲, oxygen antisite 共OIn兲,
oxygen interstitial 共Oi兲, indium interstitial 共Ini兲, indium vacancies 共VIn兲 and their complexes. The large diameter of the
oxygen atom 共1.38 Å兲 with respect to the cell volume reduces the possibility of forming Oi defects. Also, despite the
large number of possible defects in the IO matrix, Ini and VO
have been reported as the dominant defects.22,23 The interaction of hydrogen with Ini seems unlikely as it has been reported that indium hydride is very unstable due to the instability of In–H bond. It is only possible to stabilize
monomeric InH3 in a solid argon matrix at 10 K.24 In the
present study, the temperature dependent EPR 关Fig. 2共a兲兴
suggest that the doped hydrogen interacts with the IO matrix
even at 40 K and clearly displays the corresponding hyperfine coupled EPR resonances. The indium interstitials remain
in the triplet charge state 共Ini3+兲 in IO and it is interesting to
note that Ini3+ 共关Kr兴4d10兲 is diamagnetic in nature.23 Hence,
Ini3+ does not display an EPR signal. We propose that the
doped hydrogen may have tendency to interact with VO in IO
matrix and form a complex defect 共H+ – VO兲 that effectively
behaves as hydrogen atom. The EPR spectroscopic measurement on the IO tubular nanostructure at 20 K exhibits a typical hydrogen hyperfine splitting and confirms this hypothesis. Also, the measured concentration of hydrogen
共1020 cm−3兲 is in close agreement with the concentration of
oxygen vacancies reported in literature.25 So, at 20 K hydrogen passivate almost all the oxygen vacancies present in IO
NS. With the increase in temperature, thermal energy weakens the H+ – VO interaction. This leads to a decrease in the
intensity of hydrogen EPR signal. For temperatures above 80
K, the complex defect 共H+ – VO兲 dissociates into H+ and VO,
which results in a single EPR peak corresponding to VO, as
H+ is not paramagnetic in nature. The temperature dependent
interaction between H+ and VO and the corresponding EPR
spectra are shown in Figs. 3共b兲 and 3共c兲, respectively. The
interaction strength between H+ and VO is determined on the
basis of the temperature 共80 K兲 and is found to be 7 meV. A
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similar thermal activation energy of 4 ⫾ 2 meV is reported
for H to release an electron to the conduction band in a ZnO
matrix.12
In summary, a temperature dependent reversible switching behavior of hydrogen from electrical donor to oxygen
vacancy passivation was studied in hydrogen-doped IO tubular NS by variable temperature EPR spectroscopy. The doped
hydrogen which usually acts as donor at room temperature is
found to interact with VO below 80 K and forms a paramagnetic complex defect 共H+ – VO兲. The unusual VO passivation
by doped hydrogen at low temperature 共⬍80 K兲 will greatly
impact many unresolved VO-dependent physical properties of
IO such as photoluminescence and ferromagnetism that remain elusive at present.18–20,26
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