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Modification of electrical and optical properties of metal nitride thin films
by hydrogen inclusion
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Abstract

Hydrogen atoms included in metals and compounds can modify the electrical and optical properties of the materials. Change of
electronic properties of copper nitride and aluminum nitride by hydrogen ion implantation are studied as an example for the hydrogen
induced modification of material properties. Electrical conductivity of copper nitrides increased more than two orders of magnitude by
hydrogen implantation. Aluminum nitride remained insulating but the optical absorption coefficient increased. The modification may be
considered due to the formation of impurity donor states in the band gap of the compounds.  2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction high as that in GaN, so the role of hydrogen in passivating
dopants could be substantial in metallo-organic-based

Hydrogen can modify the physical properties of materi- growth technique [14]. Thin films of InN prepared by RF
als reversibly by charging and discharging. A dramatic ion-plating have been shown to reveal electrochromism,
example is a switchable mirror of yttrium hydrides [1–4], but interaction between hydrogen and InN has not yet been
which depends on the metal–insulator transition of rear clarified [18]. Li N has attracted interest as a potential3

earth metal hydrides [5]. This effect is also known in rear material for high energy density batteries because of
earth metal–magnesium alloys [6,7]. Hydrogen in semi- lithium ionic conductivity [19,20]. When Li N was doped3

conductor materials mostly forms impurity donor states with hydrogen ions, it showed a higher ionic conductivity
and acts to reduce the activity of both acceptor and donor with low activation energy. This was explained in terms of
dopants by making complexes of hydrogen-impurity and/ the creation of lithium vacancies for charge compensation
or -defect. Hydrogen in Si and compound semiconductors, against nitrogen and hydrogen bonding [21].
therefore, has been studied extensively in relation to device The stoichiometric copper nitride (Cu N) has a unique3

fabrication [8]. Hydrogen is also known to change the crystal structure of anti-ReO type. Maruyama and3

optical and electrical properties of various oxides. Interest- Morishita observed the change of Cu N from semicon-3

ing examples are coloration and bleaching of tungsten ductor to metal by adding extra copper atoms at the body
oxide [9–11] and change of resistivity of transparent center site of anti-ReO lattice [22]. It can be considered3

conductors [12]. In niobium oxide hydrogen is reported to that hydrogen occupies the hole site at the body center and
generate impurity donor levels in the band gap region [13]. affects the properties of the nitride.

Hydrogen in nitrides, however, has not been studied so Thin films of aluminum nitrides prepared by reactive
extensively compared to other materials [14,15]. Hydrogen sputtering show various electrical and optical properties
effects on GaN and InGaN films have been investigated in depending on defects and non-stoichiometry of the com-
connection with the blue light emission diode and laser pounds [23]. Hydrogen inclusion into the aluminum nitride
diode to avoid the acceptor passivation [16,17]. The films may be interesting in relation to the modification of
stability of hydrogen in AlN and InN was confirmed as the electronic properties of the compounds. The change of

properties can be expected as reciprocal on charging and
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metal oxides [13], and expect new properties in some
nitrides which have not been paid much attention. In this
study, thin films of nitrides with small and large band gap
energies, Cu N and AlN, respectively, were prepared by3

RF reactive sputtering, and their electrical and optical
properties were studied in relation to hydrogen inclusion.
The modification of the electronic properties by hydrogen
plays a role in developing a new material performance of
thin films.

2. Experimental

Copper and aluminum nitride thin films were prepared
by RF sputtering in a N and Ar atmosphere using Cu and2

Al targets (99.9995%, 8 cm in diameter) and glass
substrates. To obtain various films with different com- Fig. 1. Electrical resistivity of Cu–N thin films sputter deposited with
position, nitrogen gas contents in Ar and N mixture gas changing the content of N in sputtering gas. Change of resistivity by22

16 1hydrogen implantation is shown. Hydrogen is implanted 1.6310 Hwas controlled. Electrical resistivity and Hall effect were 2
2ions /cm at 3 kV.measured using the van der Pauw method at room tem-

perature. Optical properties were measured with an optical
electrical resistivity and carrier density as a function ofspectrometer (Shimadzu UV-160A). Based on the mea-
implantation time is shown in Fig. 3. They change quicklysured transmittance and reflectance versus wavelength, the
in the beginning of implantation and then gradually tend tocorresponding absorption coefficient, a, was calculated

with the following equation:

2 2T 5 [(1 2 R) exp(2ad)] / [1 2 R exp(22ad)] (1)

where T is the transmittance, R is the reflectance, a is the
absorption coefficient and d is the film thickness, which
was about 500 nm.

Hydrogen was introduced by ion implantation at an
16acceleration voltage of 3 kV, and the dose was 1.6310

1 2H /cm for 1 h implantation. The implanted range meets2

nearly at the half depth of the films.

3. Experimental results and discussion

Copper nitride thin films with high resistivity were
obtained with N gas content higher than 20%. For more2

than 40% of N the film structure was near stoichiometric2

Cu N.3

The films prepared with low content of N sputtering2

gas are composed of small particles of metal copper phase
and Cu N semiconducting phase, and the overall resistance3

is governed by the semiconducting phase [24]. Copper
nitride films prepared by various N content in sputtering2

gas were examined. The resistivity decreased drastically by
16 1 21 h hydrogen implantation (1.6310 H ions /cm ) as2

shown in Fig. 1. The change of carrier concentration and
Hall mobility were obtained as shown in Fig. 2. The
carriers induced by hydrogen implantation were electrons.
The larger influence of hydrogen implantation for speci- Fig. 2. Change of carrier density (a) and Hall mobility (b) by hydrogen
mens prepared with low N content may be due to the implantation in sputter deposited Cu–N thin films prepared changing N2 2

presence of copper metal phase particles. The change of content in sputtering gas.
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Fig. 5. Change of optical absorption coefficient a of AlN thin film by
Fig. 3. Change of resistivity (d) and carrier density (h) by hydrogen 16 1 2hydrogen implantation. At 1 h 1.6310 H ions /cm are implanted.2implantation time for near-stoichiometric Cu N film. At 3.6 ks the dose is3

16 1 21.6310 H ions /cm .2

concentration was drastically increased with hydrogen
saturation. After hydrogen implantation for 5 h, the implantation and the Hall coefficient was negative, hydro-
electrical resistivity of near stoichiometric Cu N was about gen in copper nitrides would produce donor states rather3

232.6310 V cm and the carrier concentration was about than compensate defect states.
23 231.1310 cm . There may be saturation for the inclusion The thin films of near stoichiometric AlN had far too

of hydrogen and excess hydrogen may be released from high resistivity to be measured by usual equipment. The
the films. spectrum of optical absorption coefficient is shown in Fig.

The optical absorption coefficient a was calculated from 5. Change of the spectrum by hydrogen implantation is
the observed transmittance and reflectance. The optical also shown in the figure. The optical absorption of AlN is
transition type of Cu N is reported to be indirect [25]. The reported to be a direct transition type [26], therefore the3

2apparent band gap energy of the copper nitride specimens apparent band gap energy was obtained by plotting (ahn)
1 / 2was, therefore, obtained by plotting (ahn) against against hn. By hydrogen implantation a increases as well

photon energy (hn). An example of the change of absorp- as the band gap energy decreases. But the resistivity is still
tion coefficient of near stoichiometric Cu N by hydrogen too high to be measured at room temperature. The nature3

implantation is shown in Fig. 4. The absorption coefficient of the modification by hydrogen is not so clear, but in the
increased and band gap energy decreased by hydrogen case of AlN also hydrogen may be considered to form
implantation, but the change was easily recovered by impurity states in the band gap region.
evacuation anneal at 1008C. Though the acceleration voltage was very low in ion

If hydrogen deactivates defect states in the nitrides, implantation, formation of radiation damage may have
electrical resistivity should increase. Since the carrier some effect in electrical and optical properties. Considera-

tion of the method of hydrogenation may be important for
further study. Modification of electronic structure of
nitrides may play a role in developing a new functional
performance of materials.

4. Conclusion

Hydrogen effect on the electrical properties of near
stoichiometric Cu N film was drastic; the electrical resis-3

4tivity decreased with hydrogen implantation from 5310
23to 2.6310 V cm, and carrier concentration increased
15 23 23from 6310 to 1.1310 cm .

In AlN thin films the spectrum of optical absorption
coefficient was modified by hydrogen implantation.

In copper and aluminum nitride films, modification of
their electrical and optical properties by hydrogen inclu-Fig. 4. Optical absorption coefficient a of near-stoichiometric Cu N. The3

spectrum changes by hydrogen implantation and evacuation anneal. sion may be mainly due to the formation of impurity donor
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