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Silicon nitride films are widely used in VLSI fabrication due to their high breakdown strength
and resistivity. A major topic of interest in this material is the origin of Poole-Frenkel emis-
sion which is frequently observed, and typically attributed to centres associated with Si-N
bonds. However, in films with aluminium electrodes, prepared by RF magnetron sputtering
and using nitrogen as the sputtering gas to ensure stoichiometry, Poole-Frenkel conductiv-
ity was absent. In the present work similar films were prepared, but with gold electrodes.
Capacitance measurements suggested that the Au electrodes provide ohmic contacts to the
silicon nitride films, and that the relative permittivity ����� 6.8, slightly higher than is the case
with Al electrodes. At low DC voltages Ohm’s law was obeyed, followed by Poole-Frenkel
conductivity with coefficient

� � 1.95 � 10 �
	 eV m ���� V ������ , in contrast to films with
Al electrodes. For voltages exceeding 2 V electroforming and differential negative resistance
behaviour were observed, as in many thin film insulators having certain noble metal elec-
trodes. The AC conductivity was frequency dependent with index � in the range 0.83 - 1.31.
Frequency and temperature variations were typical of a carrier hopping process with an esti-
mated density of localised states � � 10 ��� m ��� . Carrier activation energies were in the range
0.006 - 0.1 eV, further indicating the presence of hopping conductivity. The dependences of
capacitance and loss tangent were consistent with an existing model of dielectric behaviour
in sandwich samples having ohmic contacts. It was concluded that the Poole-Frenkel conduc-
tivity was associated with centres originating from the Au electrodes, and not from the Si-N
bonds.

PACS: 73.40.Rw; 73.50.Fq; 73.61.Ng; 77.55.+f

1 Introduction

Dielectric films play an integral rôle in nearly every semiconductor device and integrated circuit.
Silicon nitride (Si � N � if stoichiometric or SiN � if non-stoichiometric) is used particularly in the
areas of diffusion masking, isoplanar processing, gate dielectrics and, most importantly, as an
active charge storage insulator for non-volatile memory transistors [1]. Silicon nitride has been
used in integrated circuits for several decades [2], is an important material in silicon and III-V
device technology [3,4], can be used in antireflecting (AR) coatings in solar cells [5,6], is an�

Presented at Workshop on Solid State Surfaces and Interfaces III,Smolenice, Slovakia, November 19 – 21, 2002.

0323-0465/03 c
�

Institute of Physics, SAS, Bratislava, Slovakia 347



348 S.A. Awan, R.D. Gould

effective alkali barrier and also protects germanium surfaces from harsh environmental condi-
tions. Si � N � coatings enhance infrared (IR) transmission in germanium in the lower wavelength
range [7] and SiN � films deposited by plasma-enhanced chemical vapour deposition (PECVD)
at temperatures below 400 ˚ C are widely used for encapsulation purposes in integrated circuits
[8].

Thin films of silicon nitride are used as gate dielectrics in hydrogenated amorphous silicon
thin film transistors (TFTs) [3], and are important in metal-insulator-semiconductor (MIS) inver-
sion layer solar cells as AR and passivation coatings [9,10]. Its use is also becoming increasingly
important for the passivation of compound semiconductor materials such as InSb and GaAs [11].
Its high relative permittivity and resistance against migration of alkaline ions represent some of
its most significant advantages over SiO � [12]. It is an attractive candidate as an advanced dielec-
tric in future generations of ultra-large-scale integration (ULSI) devices [13] and also has many
other applications in microelectronics, optoelectronics, optics, and hard surface coatings [14].

Silicon nitride films are usually deposited either by low-pressure chemical vapour deposition
(LPCVD) [15] for Si � N � or by plasma-enhanced chemical vapour deposition (PECVD) [16] for
SiN � . These processes took place at temperatures of 800 ˚ C and 300 ˚ C respectively [15,16].
Thus LPCVD is used when the stoichiometric nitride Si � N � is essential, whereas PECVD is
generally preferred for passivation when the high temperatures of LPCVD would lead to damage
of the substrate.

RF magnetron sputtering has some advantages over methods such as PECVD. In PECVD
the gases in the reaction normally contain water vapour and hydrogen which can adversely af-
fect the quality of the films [17]. Recently the present authors have investigated radio frequency
(RF) magnetron sputtered Si � N � films in the Al-Si � N � -Al sandwich configuration [18] where
stoichiometry was preserved by the use of a stoichiometric Si � N � target and N � as the sputtering
gas. Trap density values were similar to those for samples prepared by the CVD techniques, and
the mobility and conductivity values were very low, indicating that magnetron sputtering may
be a viable technique in device fabrication. However, these films exhibited space-charge-limited
conductivity (SCLC) rather than the Poole-Frenkel conductivity normally observed [16,19-22],
suggesting that Poole-Frenkel conductivity is not associated solely with the presence of Si-N
bonds. In the present work these measurements were extended to samples having Au electrodes
in order to probe the effect of the electrode material on the conductivity; furthermore in addition
to direct current (DC) measurements to determine the permittivity and the nature of the contact,
current density-voltage measurements have been performed to determine the dominant conduc-
tion process. Since the dielectric properties of this material are rarely reported [14], in the present
work alternating current (AC) measurements have also been made, including measurements of
the conductivity, capacitance and loss tangent as functions of frequency and temperature.

2 Experimental details

The films were deposited by RF magnetron sputtering at a frequency of 13.56 MHz in a CVC 601
sputtering system using N � as the sputtering gas. Deposition took place at a discharge power and
pressure of 100 W and 0.53 Pa respectively. The Si � N � target (Testbourne) was of purity 99.9%;
it was circular, of diameter 76 mm and thickness 6 mm, and was located 51 mm vertically below
the cleaned Corning 7059 glass substrates. The bottom Au electrode, of thickness typically 60
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nm, was thermally evaporated from a Mo boat. The sputtered films were then deposited in the
sputtering system, before evaporated top Au electrodes, of typical thickness 40 nm, were de-
posited. Sample active areas were 1.2 � 10 � � m � , allowing deposition of six individual samples
on each substrate. After deposition the film thicknesses were measured accurately using a Planer
Surfometer SF200 stylus instrument, and were in the range 40 - 160 nm, with deposition rates
typically 0.055 nm s �"! .

Electrical measurements were performed in a separate evacuated cryostat system. For AC
measurements temperatures were controlled in the range 143 - 373 K, and were monitored using
a Fluke 52 K/J digital thermometer. For permittivity measurements, and to investigate the class
of contacts, capacitance was measured at a fixed standard frequency of 1 kHz using a Hewlett-
Packard 4276A LCZ meter equipped with an internal # 40 V DC power supply. AC measure-
ments of conductance, capacitance and loss tangent of the samples were also made using the
LCZ meter over the frequency range 100 Hz - 20 kHz.

3 Results and discussion

3.1 Permittivity and class of electrodes

The value of the relative permittivity and the type of contacts are important considerations in any
metal/insulator structure. The mean value of the relative permittivity is likely to depend on the
deposition and substrate parameters, as well as on the source of the material and the electrodes.
The type of contact will depend not only on work-function differences between the electrode and
insulator material, but also on the presence of and concentration of surface states. Capacitance
measurements as functions of voltage level and polarity as well as the thickness dependence of
capacitance were used to investigate these properties.

Capacitance was measured as a function of applied voltage for both polarities up to 6 V for
a series of samples with thicknesses in the range 50 - 160 nm. For Schottky barrier (block-
ing) contacts, a depletion region forms at the metal/insulator interface, and the depletion region
capacitance $&% depends sensitively on the voltage drop '
( across the junction [23]. In our mea-
surements there was very little dependence of the capacitance on the voltage applied, except for
very minor effects for higher electric fields with lower film thickness and higher applied volt-
ages. Since the capacitance was essentially independent of the applied voltage, no appreciable
depletion region appeared at the Au electrodes, which then act as ohmic contacts. This behaviour
is similar to that observed previously for the case of Al electrodes [18].

For ohmic contacts, the overall capacitance of the structure $ is determined by the permit-
tivity of the insulator and by geometric factors. A plot of the capacitance $ as a function of the
reciprocal thickness 1/ ) should be linear with slope *,+-*/.�0 , where 0 is the active area. Fig. 1
shows such a plot of the zero bias capacitance for each of the samples. The gradient yields a
value of the permittivity of 6 � 10 �1!2! F m �1! (relative permittivity *3+ = 6.8). This value is in
reasonable agreement with values found previously by various workers on materials deposited by
different methods. In CVD films values of 6.8 [24] and 7-10 [25] were found, the latter depend-
ing on the silane/ammonia ratio used. Values of 7.5 were determined using PECVD [26] and 6.0
using electron-cyclotron PECVD at room temperature [20], while values in the range 7-11 were
found for films prepared using a glow-discharge [27]. For sputtered films using Al electrodes
a lower value of 6.3 has been determined by the present authors [18]. Clearly the value of *4+
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Fig. 1. Dependence of capacitance on reciprocal
thickness. The linear dependence implies that the
capacitance follows the geometric relationship 5 =���2��687 / 9 . The gradient yields a value of permittivity
of 6.0 � 10 ���:� F m �;� (relative permittivity 6.8).

Fig. 2. Dependence of current density on applied
voltage for a sample of thickness 40 nm. The VCNR
behaviour indicates that the sample has undergone
an electroforming process.

depends significantly on the deposition conditions, usually giving a value which is lower than
that in the bulk. In sputtered films the type of electrode can also influence the measured value
of *3+ , and in the present case this is probably related to the presence of Au in the silicon nitride
as discussed in the following section. The value of *<+ = 6.8 determined above was used in the
calculations following.

3.2 DC conductivity

A logarithmic plot of the current density = as a function of the applied voltage ' is shown in
Fig. 2 for a film of thickness 40 nm at room temperature, and clearly implies that the conduction
is ohmic up to about 0.1 V. Above this voltage the current increased more rapidly, and above
2 V the current decreased, showing current fluctuations, particularly above 10 V. This type of
behaviour is typical of samples which have undergone an electroforming process, after which
voltage-controlled differential negative resistance (VCNR) behaviour is observed. Similar char-
acteristics have also been observed in other insulators [28], and in particular in Au-SiO � -Au
sandwich samples [29]. A low value of the forming voltage ' >@? 2-5 V was earlier quoted for
some oxides and fluorides [28]. Electroforming behaviour is widely thought to involve the field-
assisted diffusion of the metal electrode material into the insulator, and the VCNR behaviour
is thought to be the result of non-uniform conduction through lower resistivity regions, which
progressively cease to conduct as the voltage in increased owing to the effects of Joule heating.
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It is clear from this behaviour that electroforming is observed in the present system, as in similar
SiO � samples, which also show Poole-Frenkel conductivity before electroforming [29].

In order to further investigate the behaviour of the present samples before electroforming
the maximum voltage applied was restricted to 1.5-2.0 V, below the forming voltage. For four
different film thicknesses of 50, 70, 90 and 160 nm, the slopes of all logarithmic =BAC' curves
were approximately unity, and therefore ohmic conduction was followed. In this low voltage
region, before the onset of high-field conduction effects, the conduction process was therefore
due to thermally-generated carriers, where the current density-voltage relation follows a form of
Ohm’s law given by

=EDGFIH .KJ ' ) (1)

where H1. is the concentration of thermally generated electrons in the conduction band, J is the
mobility and ) is the silicon nitride thickness. Using J = 5 � 10 �1! � m � V �"! s �"! obtained for
sputtered silicon nitride films [18], values of HL. of 1.80 � 10 � � m � � , 4.50 � 10 � � m � � , 8.75 �
10 � � m � � , and 3.13 � 10 � � m � � were found from Eqn. (1) for the samples of thickness 160 nm,
90 nm, 70 nm and 50 nm, respectively. The mean value of H . for these four samples is 1.6 �
10 � � m � � , which is nearly two orders of magnitude higher than the value obtained in sputtered
Al-Si � N � -Al structures [18]. This difference is probably related to the use of the Au electrodes in
the present case, which are expected to show some penetration into the insulator even at voltages
below ' > . The higher carrier concentrations obtained above for the thinner samples tends to
support this view.

In order to explore the conduction mechanism taking place before electroforming, the previ-
ously mentioned data are plotted in Fig. 3, with log = as a function of 'M!2N � . There is a clear linear
relationship between these variables which is consistent with field-assisted carrier excitation into
the conduction band (the Poole-Frenkel effect). In this case the =OAP' characteristic should follow
a relationship of the form [30]

=EDQ=R.1SKT4U VXW�Y >[Z\!2N �]4^ _ (2)

where
]

is Boltzmann’s constant,
^

is the absolute temperature, ) is the film thickness and = . is
the low-field current density. W Y > is called the Poole-Frenkel field-lowering coefficient, whose
theoretical value depends only on the permittivity, and is given by [30]

W Y > D V F �` * + * . _ !�N
�

(3)

Schottky emission at the electrodes which shows similar =aAb' characteristics [30] is precluded
in the present case, since Schottky barriers at the electrode interfaces are ruled out by the capaci-
tance measurements described in Section 3.1. An average value of the field-lowering coefficientW = 1.9 � 10 ��� eV m !2N � V �"!2N � was determined from the data of Fig. 3, whereas a theoretical
value of W�Y > = 2.9 � 10 � � eV m !�N � V �"!2N � is obtained using * + = 6.8. However this calculated
value may be inappropriate in the present case, since the high-frequency dynamic relative permit-
tivity value of 4-7 should be used [31]. It should also be noted that Yadav and Joshi [32] found
experimental values of the field-lowering coefficient considerably smaller than the theoretical
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Fig. 3. Dependence of current density on the square
root of applied voltage for samples of different thick-
ness before electroforming. The linear dependence
indicates that the conductivity is via a field-lowering
process, which was identified with the Poole-Frenkel
effect.

Fig. 4. Dependence of AC conductivity on frequency
at temperatures of 173 - 373 K for a sample of thick-
ness 160 nm. The slope � was in the range 0.83 c�bc 1.31, and is consistent with Elliott’s hopping
model in the low frequency range, where the density
of localised states was estimated to be approximately
10 ��� m �4� .

Poole-Frenkel value in ion-beam-synthesized Si � N � films, and that there are several modified
versions of Eqn. (2) in the literature to account for the current density variations in the presence
of various combinations of centres, including donors and traps. It was therefore concluded that
a form of Poole-Frenkel emission is observed in these films as has been observed previously
[16,19-22,31], but that the low experimental values of W"Y > obtained are related to an inexact
knowledge of the trapping and donor levels present, and the appropriate value of the relative
permittivity.

The use of Au rather than Al electrodes in the present samples is seen to influence the con-
ductivity in several ways, all of which may be accounted for in terms of the penetration of Au
atoms into the insulator. At low voltages the ohmic conductivity is increased, at intermediate
voltages the high fields stimulate Poole-Frenkel emission at the centres, and at high voltages full
electroforming occurs. Thus the Poole-Frenkel conductivity may be associated with the field-
assisted diffusion of Au into the insulator, and not with the existence of Si-N bonds, which are
also present in samples with Al electrodes where Poole-Frenkel conductivity is absent.

3.3 AC conductivity

Fig. 4 shows the dependence of AC conductivity d on frequency for different fixed temperatures
in the range 173 - 373 K for a film of thickness 160 nm. It is clear from the figure that d is very
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Frequency range 173 K 223 K 273 K 313 K 343 K 373 K
100 Hz - 1 kHz 1.04 0.99 0.98 0.91 0.87 0.83

1 - 10 kHz 1.07 1.03 1.00 0.96 0.95 0.92
10 - 20 kHz 1.31 1.28 1.16 1.07 1.06 1.04

Tab. 1. Dependence of the index �fehgji on temperature and frequency range determined from the data of Fig.
4 for a sample of thickness 160 nm.

sensitive to frequency and increases with increasing temperature, although at higher frequencies
the dependence on temperature is less marked and there is a tendency for the curves to merge.
The relationship between conductivity and angular frequency k may be described by [33]

dBD@0&kml-npo;q (4)

where 0 is a proportionality constant and r<s ^ut is a temperature-dependent index. The index r
can be determined from the slope of a logarithmic conductivity-frequency curve [34], i.e.

ruD )�swvyxOd t);szvpx{k t (5)

Mean values of r over three fixed frequency ranges, as calculated from the data of Fig. 4, are
presented in Table1 for each temperature. From the table it is evident that r is relatively close
to unity, lying in the range 0.83 |}rE| 1.31. Furthermore there is a general tendency for r to
decrease with increasing temperature and to increase with increasing frequency, as observed in
other dielectric films, notably CeO � [35] and SiO � [36]. These results were interpreted using the
hopping model of Elliott [34], where the carriers are considered to hop over a potential barrier
between adjacent sites, and the AC conductivity is given by

d~s�k t D ` ����� *�/� Vb� F �*3��� _"� k l�4�. (6)

where � represents the density of localised states, * (= *<+�*f. t is the permittivity, � . is the effective
relaxation time (approximately 10 �"! � s) [34], and r = 1 - W at low temperature, where W =
6kT/W � and � � is the optical band gap. Since the maximum value of r permitted by this model
is unity it cannot be fully applicable in the present case. However in the related dielectric SiO � ,
hopping conduction takes place in which a sublinear dependence of d on k is followed at low
frequencies, tending towards a square-law at higher frequencies [33,36,37] and a similar process
occurs in silicon nitride. An estimate of the density of localised states was obtained from Eqn.
(6) using the values of r = 0.99 and d�? 3.7 � 10 ��� S m �"! at

^
= 223 K and � = 1 kHz. Values

of * = 6 � 10 �1!2! F m �"! (Section 3.1) and ��� = 5.3eV for amorphous Si � N � [38], yield a value
of � ? 10 � � m � � . This in good agreement with the value of ��� = 2 � 10 � � m � � for the trap
concentration obtained from DC measurements [18]; thus the DC trap concentration corresponds
to the AC density of localised states, offering additional evidence for this type of conductivity.

In Fig. 5 the dependence of the conductivity d on inverse temperature 1/
^

is shown for
the same sample as in Fig. 4 for various frequencies in the range 100 Hz - 20 kHz over the
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Fig. 5. Dependence of AC conductivity on inverse
temperature at frequencies of 100 Hz - 20 kHz for
a sample of thickness 160 nm. Activation energies
were 0.04 - 0.1 eV above room temperature and
0.006 - 0.01 eV below room temperature, and con-
sistent with a hopping process.

Fig. 6. Dependence of room temperature capacitance
on frequency for samples of thickness 50 - 160 nm.
The geometric dependence of capacitance, as also
evident in Fig. 1, is the major cause of the capaci-
tance variation.

temperature range 143 - 373 K. It is evident from the change in slope of the figure that the
conductivity is more sensitive to temperature above room temperature (1/

^ ? 3.4 � 10 � � K �"! t
than below room temperature. Discrete carrier activation energies � may be calculated from
the slope of a ln d - 1/

^
plot such as Fig 5. Although in the present case hopping activation

energies are expected to be continuously distributed, such calculations give a good indication of
the range of values. Above room temperature the activation energies were in the range 0.04 -
0.1 eV. A hopping conduction process is consistent with this range of activation energies, and
is in agreement with earlier results of Sullivan and Card [39] and of Sze [40]. Below room
temperature the calculated activation energies were lower, in the range 0.006 - 0.01 eV. There
was no evidence of higher activation energies of the order of several tenths of an electron-Volt
characteristic of a free-band conduction process, and thus this type of mechanism is absent in
samples with Au electrodes.

3.4 Capacitance and loss tangent

Fig. 6 shows the variation of room temperature capacitance $ with frequency for samples of
thickness 50 - 160 nm. In Fig. 7 the dependence of capacitance on frequency is shown for a
sample of thickness 160 nm at different fixed temperatures in the range 143 - 373 K. In general
the capacitance increased with increasing temperature, but decreased with increasing frequency.
At high frequencies all the capacitances tended towards a constant value of approximately 4.1



Electrical properties of nitrogen. . . 355

nF, irrespective of temperature.
A similar dependence of capacitance on frequency and temperature has previously been ob-

served in the dielectrics CeO � [35] and SiO � [36].These were interpreted in terms of an equiva-
lent circuit model of Goswami and Goswami [41], in which the sandwich structure is modelled
by a frequency-independent capacitive element $PN in parallel with a temperature-dependent re-
sistance � , and both in series with a constant low-value resistance � which represents the contacts
and leads. The resistance � is thermally activated, decreasing with increasing temperature. This
model was developed from the model of Simmons et al [42], which applies to samples hav-
ing Schottky-barrier contacts. According to the model of Goswami and Goswami the measured
series capacitance $&� is given by the relationship

${�aD�$���� �k � � � $ � (7)

The behaviour shown in Fig. 7 is consistent with this expression, in that the measured capaci-
tance should decrease with increasing frequency, reaching a constant value $�N at high frequen-
cies. Similarly, the increase in capacitance with increasing temperature is also predicted, as �
decreases with increasing temperature, and the second term on the right-hand side of Eqn. (7)
increases.

The dependence of loss tangent, tan � , on frequency and temperature is shown in Fig.8 for
a sample of thickness 160 nm. In general, tan � initially decreased with increasing frequency,
before passing through a minimum and increasing again at higher frequencies. The minimum is
not apparent for the lowest temperature, although the theory below suggests that it should appear
at a lower frequency than covered experimentally. According to the model, the loss tangent is
given by [41]

�8� xO��D
V
� � +� _
k���$ � �bk[�3$ � (8)

The position of the loss minimum k �{�y  is given by

k �{�y  D �$ �¢¡ �/� (9)

The first term on the right-hand side of Eqn. (8) dominates at low frequencies so tan � is predicted
to decrease with increasing frequency. At higher frequencies the second term dominates, and
therefore tan � should increase with increasing frequency. This behaviour is clearly apparent in
Fig.8. Furthermore the position of k~�j�y  appears to shift to higher frequencies for increasing
temperatures, as also predicted by Eqn. (9), since � decreases with increasing temperature.

4 Summary and conclusions

Capacitance-voltage-thickness measurements indicate that the Au/silicon nitride contact is ohmic
and that * + ? 6.8, exceeding the value of 6.3 found in similar samples having Al electrodes. The
differing values were related to the possible presence of the Au electrode material in the silicon
nitride layers. Samples initially showed ohmic conductivity with a mean carrier concentration of
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Fig. 7. Dependence of capacitance on frequency at
temperatures of 143 - 373 K for a sample of thick-
ness 160 nm. At higher frequencies the capaci-
tance tends towards 4.1 nF irrespective of temper-
ature, consistent with the model of Goswami and
Goswami.

Fig. 8. Dependence of loss tangent on frequency
at temperatures of 143 - 373 K for a sample of
thickness 160 nm. The observed minimum, which
shifts to higher frequencies at higher temperatures,
is also consistent with the model of Goswami and
Goswami.

about 1.6 � 10 � � m � � which is higher than in samples with Al electrodes, reflecting the presence
of additional centres within the silicon nitride layers. At higher voltages Poole-Frenkel conduc-
tivity was identified having a typical value for the Poole-Frenkel field-lowering coefficient ofW�Y > = 1.9 � 10 ��� eV m !2N � V �"!2N � , which is significantly lower than the theoretical value. This
may be related to the fact that the exact nature of the energy levels appearing within the band-gap
of the silicon nitride films is undetermined and that the high frequency optical relative permit-
tivity is more likely to be applicable than the low frequency value. Further work on identifying
the donor and trap levels present, using for instance thermally stimulated current measurements,
is probably necessary to resolve this question. At voltages above 2 V there was evidence of
VCNR and electroforming behaviour as previously observed in other insulating films having Au
electrodes. AC activation energies were low and consistent with a hopping conduction process.
The value of the exponent r derived from conductivity-frequency data was always less than 2,
and therefore also consistent with a hopping process. Values of the density of localised states
estimated from Elliott’s model in its region of applicability, were consistent with earlier DC
measurements of trap concentrations. The dependence of the dielectric properties on frequency
and temperature were in agreement with the model of Goswami and Goswami for dielectric films
with ohmic contacts, and typical of that shown by some other amorphous materials.

It has been shown that although sputtered silicon nitride films share some features of their
electrical conductivity with PECVD and LPCVD films there are also significant differences. The
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principal novelty of the results reported is that such films exhibit Poole-Frenkel conductivity
with Au electrodes, but not with Al electrodes. This suggests that the Poole-Frenkel centres
are associated with penetration of Au into the insulator, and not with Si-N bonds as has been
recently reported in hydrogenated amorphous silicon nitride and oxynitride films prepared by
PECVD [43].
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