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Correlated barrier hopping in N i 0  films 
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The ac conduction in N i 0  films has been investigated in the frequency range 10 Hz < V < 109 Hz 
and at temperatures between 10 and 300 K. The frequency and the temperature dependence of the 
electrical conductivity can be consistently explained within a model developed for the mechanism of 
charge transfer in  amorphous semiconductors which proposes that charge carriers hop over potential 
barriers between defect sites, the height of the barriers being correlated with the intersite separation. 

Nickel oxide is a Mott-Hubbard insulator ' which crys- 
tallizes in a high-temperature rocksalt structure and ex- 
hibits antiferromagnetism below 523 K. Below the NLel 
temperature the lattice contracts along one of its body di- 
agonal~ and undergoes a cubic to rhombohedral phase 
transformation.' N i 0  is a metal-deficient p-type semi- 
conductor and the most thoroughly and most carefully 
studied narrow-band transition-meta1 oxide. However, 
despite a huge amount of conductivity, thermoelectric 
power and Hall mobility investigations it was impossible 
to arrive at definite conclusions concerning the electrical 
transport properties. The long-standing and persistent 
controversy, on whether the conduction in N i 0  is due to 
thermal excitation of the carrier concentration (band 
semiconductor) or due to thermal excitation of the mobili- 
ty (small-polaron hopping) is documented in a number of 
review articles. 

Renewed interest arose due to the fact that hydrated 
N i 0  can be used as an active eiectrochromic material. 
There have been a number of proposals for the develop- 
ment of electrochromic devices such as displays, active op- 
tical filters, automotive rear-view mirrors with adjustable 
reflectance and smart windows with adjustable absorption 
and reflectance in the visible and near-infrared wave- 
length range. 

In this paper we report measurements of the frequericy 
V and temperature T dependence of the ac conductivity 
o(v,T) in reactively evaporated N i 0  films. We will pro- 
vide evidence that both the frequency and the temperature 
dependence of o can be well described in the correlated- 
barrier hopping (CBH) model. In this model it is as- 
sumed that the charge carriers hop between defect centers 
over the potential barrier W separating them. The barrier 
height is correlated with the separation R of the defect 
states. This model was introduced by pike6 to account for 
the dielectric loss in scandium oxide films. With a similar 
model Pollak and pike7 investigated the ac conductivity of 
glasses due to atomic and electronic hopping. Later on 
the CBH model was successfully applied by ~l l io t t '  to ex- 
plain the ac loss in chalcogenide glasses assuming that 
electron pairs hop between defect centers. In the single- 
electron CBH model, the frequency dependence of the 
conductivity can be expressed by9.I0 o- W", with 

s = 1 - 6ksT/[W,,, - ksT1n(l/w~o)l. The temperature 
dependence of a can, in the narrow-band limit, be given in 
power-law form as9.l0 o- T", with n =(1 -s)ln(llwro). 
W,,, is the barrier height for infinite intersite separation 
and thus corresponds to the energy to take the charge car- 
rier from the defect state to the continuum (as we assume 
holes to be the charge carriers this is the upper edge of the 
valence band). ro is a characteristic relaxation time of 
the order of the inverse Debye frequency. 

The nickel oxide films were deposited on glass sub- 
strates or on polished nickel sheets. The former samples 
were investigated in a coplanar geometry, the latter in a 
sandwich geometry. Due to the low conductivity of the 
samples investigated in these experiments reliable results 
could only be achieved in measurements using the sand- 
wich geometry. Nickel oxide films were deposited by 
reactive electron-beam evaporation in a commercial depo- 
sition System (Balzers BAK 550) with a partial pressure 
of oxygen of 2 X 10 - *  Pa. The substrate temperature was 
300 K which increased during the evaporation process but 
was always below 400 K. A deposition rate of 0.2 nms - '  
was used and the film thickness was 610 nm. Due to the 
conditions of the evaporation process, spurious amounts of 
hydrogen cannot be excluded. 

A broad spectrum of analytical methods was employed 
to characterize the as-deposited films. I '  The chemical 
composition of the layers was Nil -& with 0 < 6 < 0.2. 
These reactively evaporated N i 0  films can thus be 
characterized as meta1 deficient structures analogous to 
the findings in bulk materials. The density of the film was 
found to be (65 + 51% of the bulk material. X-ray 
scattering investigations at room temperature revealed a 
polycrystalline structure of cubic (rocksalt-type) symme- 
try with a = b  =C =4.17 A. A rhombohedral distortion of 
== 0.1 ", as found in bulk  material^,^ is too small to be ob- 
served in these experiments. 

Measurements of the dielectric permittivity were 
recorded using two different experimental Set-ups: In the 
audio-frequency range automated low-frequency bridges 
(HP 4192A impedance analyzer and HP 4274A LCR me- 
ter) were used. These experiments were performed in 
home-manufactured variable-flow 4 ~ e  cryostats (2 K 
< T < 300 K). The high-frequency data were measured 
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