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Abstract – In the present work the electrical properties of 

AlN polycrystalline films deposited at low temperatures 

by plasma-assisted molecular beam epitaxy (PA-MBE) 

are investigated. The polarization build-up during 

constant current injection as well as the depolarization 

process after the current stress have been investigated 

through monitoring voltage transients in Metal – 

Insulator – Metal (MIM) capacitors, in temperature 

range from 300 K to 400 K. Moreover, current – voltage 

characteristics obtained at different temperatures 

revealed that charge collection at low fields in these films 

occurs through variable range hopping.  

 

1. INTRODUCTION 
 

Aluminum nitride (AlN) piezoelectric thin film 

is very popular in RF micro-machined resonators 

and filters MEMS devices. The advantages arise 

from its high resistivity and piezoelectric 

coefficient, which is the largest among nitrides, as 

well as the possibility of being deposited at 

temperatures lower than 500C and patterned using 

conventional photolithographic techniques. AlN 

generally exhibits smaller piezoelectric and 

dielectric constants and differs from PZT materials 

in that it is polar rather than ferroelectric. Recently, 

AlN has been introduced in MEMS switches [1,2] 

and reliability tests have proved that under low pull-

in bias or certain polarity the device degradation 

may be extremely low. The reliability of such 

capacitive switches has been investigated in several 

papers [1-3]. The behavior of these devices could 

not be explained in terms of the usual treatment of 

dielectric charging and has been attributed to a 

polarization due to defects connected to dislocation 

or other structural or point defects in the 

polycrystalline AlN film [2]. Different techniques 

such as sputtering [2,4], metal-organic chemical 

vapor deposition (MOCVD) [5], pulsed laser 

deposition (PLD) [6], plasma enhanced chemical 

vapor deposition (PECVD) [7] and molecular beam 

epitaxy (MBE) [4] have been used so far in order to 

investigate and improve the properties of AlN films. 

The aim of the present work is to investigate the 

charging and discharging processes in AlN 

polycrystalline films deposited by PA-MBE method 

at low temperatures. 

 

2. THEORETICAL BACKGROUND 
 

2.1 Charging Process 
 

The basic mechanisms involved in the charging 

process are the Trap-Assisted-Tunnelling (TAT) and 

the transient component of the Poole-Frenkel (PF) 

effect that is responsible for the charge 

redistribution [8]. The hopping conduction, although 

present, plays a rather minor role in the presence of 

high electric fields [9]. The simultaneous action of 

the two mechanisms leads to a spatial charge 

distribution that was presented for the case of 

silicon nitride films, for first time in [10]. 

Adopting the formulation proposed by R. 

Ramprasad [11] the time dependent current, 

assuming that TAT is the only operating 

mechanism, is given by:  
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where the current flows in the x direction, L is the 

sample thickness, Nff is the field free trap 

distribution, E is the energy, F is the electric field 

intensity, f∞ and f0 are the Fermi functions:  
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with  τ = τ0·e
2Kx

 , k, T and EF being the Boltzmann’s 

constant, the temperature and the Fermi energy of 

the metal electrode respectively. The injected charge 

is assumed to be redistributed by the transient 

component of Poole-Frenkel conduction, which is 

derived assuming that a certain fraction of the 



trapped electrons are lost to PF emission, thus 

decreasing the density of injected/trapped charges 

through the TAT mechanism. Since there is a 

distribution of trap states, the transient component 

of Poole-Frenkel current density was defined [8] as: 
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(3)                           

where εopt is the high frequency dielectric constant, 

n is the density of trapped electrons at a depth E 

from the conduction band and the rest parameters 

are the same as described earlier. Here it must be 

pointed out that at any given time the PF process 

alters the trapped distribution of electrons, which in 

turn alters the TAT process at subsequent times. 

This obviously means that the simulation of 

dielectric charging must take into account these 

mechanisms simultaneously, as proposed in [8]. 

Here it must be strongly emphasized that the spatial 

distribution of trapped charge depends on both the 

applied electric field and temperature. 

 

2.2 Discharging Process 
 

The discharging process in the dielectric film of 

a MEMS capacitive switch takes place under 

intrinsic electric field, which is lower than the 

injecting one and decreases continuously with time 

[11]. The dominant mechanism during this process 

for high resistivity materials has been found to be 

the variable range hopping [11,9], which is strongly 

affected by temperature. 

According to a traditional approach to the 

analysis of charge carrier kinetics in disordered 

hopping systems, the carrier jump rate ν from a 

starting site of energy Es to a target site of energy Et 

over the distance r is [12]: 

 0 exp u   
                             (4) 

where u is a hopping parameter defined as: 
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Here, F is the intensity of the electric field, T is 

temperature, ν0 the attempt to jump frequency, γ the 

inverse localization radius, e the elementary charge, 

kB is the Boltzmann’s constant and z = cosθ with θ 

being the angle between the field and the jump 

direction. The hopping parameter clearly shows that 

the jump rate is determined by temperature and by 

the presence and magnitude of electric field 

intensity, but only if the latter is strong enough in 

order to significantly change the energy difference 

between starting and target sites. Moreover the 

distribution of trapping states in the band gap plays 

a key issue role on the application of Eq. 5.  

The temperature dependence of dc conductivity 

in a disordered system has been predicted by Mott 

[13] and it has been found to be consistent with the 

law: 
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where N(EF) is the density of states at the Fermi 

level, α
-1

 is the distance for exponential decay of the 

wave functions and λ is a dimensionless constant, 

which has been estimated to be approximately 16 

[14]. 

2. EXPERIMENTAL DETAILS 
 

Al/AlN samples have been grown on Si (111) 

substrates, by PA-MBE. The substrates were 

chemically cleaned ex-situ and then dipped in 

aqueous HF solution to remove the surface oxide. 

In-situ treatment involved heating in UHV up to 

900C. Then, a thin Al film (400-500 nm) was 

deposited on the clean Si surface, at room 

temperature, followed by an AlN layer with 200 nm 

thickness (Fig. 1). The growth process was 

monitored by RHEED. XRD measurements showed 

that the AlN layer is single-crystalline (0001), 

despite the unfavorable growth conditions. 

Metal-Insulator-Metal (MIM) capacitors with 

symmetric Al electrodes were used to assess the 

electrical properties of the deposited dielectric films. 

The assessment included current-voltage 

characteristics for temperatures ranging from 300 K 

to 400 K as well as the measurement of voltage 

transients during and after current stress of the 

devices, thus providing information about the 

polarization build-up during constant current 

injection and the depolarization of the dielectric film 

after the stress. All measurements performed in 

vacuum. 

 

3. RESULTS AND DISCUSSION 
 

Current-voltage characteristics obtained at low 

fields and at different temperatures are presented in 

Fig. 2a, where the conduction seems to be ohmic. 

The resulting temperature dependence of the 

conductivity clearly shows that the charge collection 

 

 

 
 

Fig. 1. SEM image of the utilized AlN films. 



at low fields occurs through variable-range hopping 

mechanism, since the conductivity is consistent to 

Mott’s law (Fig.2b). Ben Hassine et al [15] have 

also shown that for low electric fields the 

conduction mechanism in polycrystalline aluminum 

nitride films is the Ohmic regime and for higher 

electric fields the ionic conduction seems to be the 

dominant mechanism, while the Poole – Frenkel 

transport is identified in the breakdown vicinity. 

The voltage transients across the samples have 

been monitored while stressing the devices at 

different current levels and after stress, fact that 

enables us to investigate the build-up of polarization 

as well as the depolarization procedure. It has been 

observed [16] that there is a drift of current–voltage 

characteristics due to current stress in amorphous 

silicon nitride thin film diodes, due to electron 

trapping in defect states in the bulk of the dielectric 

film. The change in voltage ΔV that is required in 

order to maintain a constant injection current, 

assuming that the trapped charge is uniformly 

distributed with a concentration N1, is found to be:  
2
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where d is the dielectric film’s thickness, e is the 

elementary charge, ε0 is the vacuum permittivity and 

εr is the dielectric constant [16] taken as 9.9 [15].   

The density of trapped charges in the utilized 

films has been found to be of the order of 10
17

 cm
-3

. 

During current stress the potential build-up, and so 

the polarization process, obeys a stretched 

exponential law of the form: 

   1 expS

t
V t V V V




 

   
        

             (8) 

where V∞ refers to instantaneous polarization of the 

film, VS refers to the static polarization, τ is the 

relaxation time and β is the stretched factor (Fig. 3). 

This behavior is in agreement to Kohlrausch-

Williams-Watts (KWW) polarization’s relaxation, 

found in many materials containing some degree of 

disorder [17]. 

The dissipation of charges after current stress has 

been also monitored by measuring the bias 

transients after current stress. The depolarization 

process has been then found to obey a stretched 

exponential law of the form:  

 

  0 exp offset

t
V t V V
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where V0 is a fitting parameter representing the 

initial mean value of the charge distribution (after 

stress) that gives rise to the monitored transient 

while Voffset arises from charges which are collected 

under very long time constants (inset of Fig. 4). 

Moreover, the bulk discharge current density has 

been calculated from the derivation of Eq. 7: 
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It has been also found that the bulk discharge 

current obeys a stretched exponential law of the 

form:  
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where A is a fitting constant. This behavior of 

depolarization process has been also observed in the 

dielectric films of MEMS capacitive switches [18] 

and MIM capacitors [19] with PECVD silicon 

nitride films. The discharge currents densities 

obtained for AlN films are found to be in the order 

of nA/cm
2
, which correspond to discharge currents 
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Fig. 2. (a) Current-Voltage characteristics for different 

temperatures and (b) Temperature dependence of AlN 

conductivity revealing Mott’s law. 
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Fig. 3. Build-up of polarization during stress with different 

current levels and the corresponding density of trapped 

charges, according to Eq. 7. 



of the order of pA [Fig. 4]. These values are three 

orders of magnitude larger than the corresponding 

bulk discharge current densities obtained in PECVD 

SiN films [9,18,19,].
 

 

 5. CONCLUSIONS 
 

In the present work the electrical properties of 

AlN polycrystalline films have been investigated by 

monitoring current-voltage characteristics for 

temperatures ranging from 300 K to 400 K as well 

as the voltage transients during and after constant 

current stress. Charge collection at low fields was 

found to occur through variable-range hopping 

mechanism. The build-up polarization behavior 

during constant current injection in the dielectric 

film, as well as the depolarization process, are in 

good agreement to Kohlrausch-Williams-Watts 

polarization’s relaxation, found in many disordered 

materials. Finally the bulk discharge current density 

has been found to obey stretched exponential law 

and it was found to be in the order of nA/cm
2
. 
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Fig. 4. Bulk discharge current calculated after stressing the 

device at 12 pA. The inset graph presents the decay of 

potential during the depolarization process. Solid lines 

represent the fitting of data with Eqs.9 and 11. 
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