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Siliconnitride �lms arewidely usedin VLSI fabricationdueto theirhighbreakdown strength
andresistivity. A major topic of interestin this materialis theorigin of Poole-Frenkel emis-
sion which is frequentlyobserved, and typically attributedto centresassociatedwith Si-N
bonds.However, in �lms with aluminiumelectrodes,preparedby RF magnetronsputtering
andusingnitrogenas the sputteringgasto ensurestoichiometry, Poole-Frenkel conductiv-
ity wasabsent. In the presentwork similar �lms wereprepared,but with gold electrodes.
Capacitancemeasurementssuggestedthat the Au electrodesprovide ohmic contactsto the
siliconnitride �lms, andthattherelativepermittivity ����� 6.8,slightly higherthanis thecase
with Al electrodes.At low DC voltagesOhm's law wasobeyed, followedby Poole-Frenkel
conductivity with coef�cient

�

� 1.95 � 10�
	 eV m �
��� V ���
��� , in contrastto �lms with
Al electrodes.For voltagesexceeding2 V electroforminganddifferentialnegative resistance
behaviour wereobserved, as in many thin �lm insulatorshaving certainnoblemetalelec-
trodes.TheAC conductivity wasfrequency dependentwith index � in therange0.83- 1.31.
Frequency andtemperaturevariationsweretypical of a carrierhoppingprocesswith anesti-
mateddensityof localisedstates�

� 10
���

m
���

. Carrieractivationenergieswerein therange
0.006- 0.1 eV, further indicatingthepresenceof hoppingconductivity. Thedependencesof
capacitanceandlosstangentwereconsistentwith an existing modelof dielectricbehaviour
in sandwichsampleshaving ohmiccontacts.It wasconcludedthatthePoole-Frenkel conduc-
tivity wasassociatedwith centresoriginatingfrom theAu electrodes,andnot from theSi-N
bonds.

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

1 Intr oduction

Dielectric�lms playanintegral rôle in nearlyeverysemiconductordeviceandintegratedcircuit.
Siliconnitride (Si� N � if stoichiometricor SiN� if non-stoichiometric)is usedparticularlyin the
areasof diffusion masking,isoplanarprocessing,gatedielectricsand,most importantly, asan
active chargestorageinsulatorfor non-volatile memorytransistors[1]. Silicon nitride hasbeen
usedin integratedcircuits for severaldecades[2], is an importantmaterialin silicon andIII-V
device technology[3,4], canbe usedin antire�ecting (AR) coatingsin solarcells [5,6], is an

�
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effective alkali barrierandalsoprotectsgermaniumsurfacesfrom harshenvironmentalcondi-
tions.Si� N � coatingsenhanceinfrared(IR) transmissionin germaniumin thelower wavelength
range[7] andSiN� �lms depositedby plasma-enhancedchemicalvapourdeposition(PECVD)
at temperaturesbelow 400	 C arewidely usedfor encapsulationpurposesin integratedcircuits
[8].

Thin �lms of silicon nitride areusedasgatedielectricsin hydrogenatedamorphoussilicon
thin �lm transistors(TFTs)[3], andareimportantin metal-insulator-semiconductor(MIS) inver-
sionlayersolarcellsasAR andpassivationcoatings[9,10]. Its useis alsobecomingincreasingly
importantfor thepassivationof compoundsemiconductormaterialssuchasInSbandGaAs[11].
Its high relative permittivity andresistanceagainstmigrationof alkalineionsrepresentsomeof
its mostsigni�cant advantagesoverSiO� [12]. It is anattractivecandidateasanadvanceddielec-
tric in futuregenerationsof ultra-large-scaleintegration(ULSI) devices[13] andalsohasmany
otherapplicationsin microelectronics,optoelectronics,optics,andhardsurfacecoatings[14].

Siliconnitride �lms areusuallydepositedeitherby low-pressurechemicalvapourdeposition
(LPCVD) [15] for Si� N � or by plasma-enhancedchemicalvapourdeposition(PECVD)[16] for
SiN� . Theseprocessestook placeat temperaturesof 800	 C and300	 C respectively [15,16].
Thus LPCVD is usedwhen the stoichiometricnitride Si� N � is essential,whereasPECVD is
generallypreferredfor passivationwhenthehigh temperaturesof LPCVD would leadto damage
of thesubstrate.

RF magnetronsputteringhassomeadvantagesover methodssuchasPECVD. In PECVD
thegasesin the reactionnormallycontainwatervapourandhydrogenwhich canadverselyaf-
fect thequality of the�lms [17]. Recentlythepresentauthorshave investigatedradiofrequency
(RF) magnetronsputteredSi� N � �lms in the Al-Si � N � -Al sandwichcon�guration [18] where
stoichiometrywaspreservedby theuseof astoichiometricSi� N � targetandN � asthesputtering
gas.Trapdensityvaluesweresimilar to thosefor samplespreparedby theCVD techniques,and
the mobility andconductivity valueswerevery low, indicatingthat magnetronsputteringmay
beaviabletechniquein device fabrication.However, these�lms exhibitedspace-charge-limited
conductivity (SCLC) ratherthanthePoole-Frenkel conductivity normallyobserved[16,19-22],
suggestingthat Poole-Frenkel conductivity is not associatedsolely with the presenceof Si-N
bonds.In thepresentwork thesemeasurementswereextendedto sampleshaving Au electrodes
in orderto probetheeffectof theelectrodematerialon theconductivity; furthermorein addition
to directcurrent(DC) measurementsto determinethepermittivity andthenatureof thecontact,
currentdensity-voltagemeasurementshave beenperformedto determinethedominantconduc-
tion process.Sincethedielectricpropertiesof thismaterialarerarelyreported[14], in thepresent
work alternatingcurrent(AC) measurementshave alsobeenmade,including measurementsof
theconductivity, capacitanceandlosstangentasfunctionsof frequency andtemperature.

2 Experimental details

The�lms weredepositedby RFmagnetronsputteringatafrequency of 13.56MHz in aCVC 601
sputteringsystemusingN � asthesputteringgas.Depositiontookplaceatadischargepowerand
pressureof 100W and0.53Parespectively. TheSi � N � target(Testbourne)wasof purity 99.9%;
it wascircular, of diameter76mmandthickness6 mm,andwaslocated51mmverticallybelow
thecleanedCorning7059glasssubstrates.ThebottomAu electrode,of thicknesstypically 60
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nm, wasthermallyevaporatedfrom a Mo boat. Thesputtered�lms werethendepositedin the
sputteringsystem,beforeevaporatedtop Au electrodes,of typical thickness40 nm, werede-
posited.Sampleactiveareaswere1.2 � 10� � m� , allowing depositionof six individualsamples
oneachsubstrate.After depositionthe�lm thicknessesweremeasuredaccuratelyusingaPlaner
SurfometerSF200stylusinstrument,andwerein the range40 - 160nm, with depositionrates
typically 0.055nms�"! .

Electricalmeasurementswereperformedin a separateevacuatedcryostatsystem. For AC
measurementstemperatureswerecontrolledin therange143- 373K, andweremonitoredusing
a Fluke 52 K/J digital thermometer. For permittivity measurements,andto investigatetheclass
of contacts,capacitancewasmeasuredat a �x edstandardfrequency of 1 kHz usinga Hewlett-
Packard4276ALCZ meterequippedwith an internal # 40 V DC power supply. AC measure-
mentsof conductance,capacitanceand loss tangentof the sampleswerealsomadeusing the
LCZ meterover thefrequency range100Hz - 20kHz.

3 Resultsand discussion

3.1 Permitti vity and classof electrodes

Thevalueof therelativepermittivity andthetypeof contactsareimportantconsiderationsin any
metal/insulatorstructure.Themeanvalueof therelative permittivity is likely to dependon the
depositionandsubstrateparameters,aswell ason thesourceof thematerialandtheelectrodes.
Thetypeof contactwill dependnotonly onwork-functiondifferencesbetweentheelectrodeand
insulatormaterial,but alsoon thepresenceof andconcentrationof surfacestates.Capacitance
measurementsasfunctionsof voltagelevel andpolarity aswell asthe thicknessdependenceof
capacitancewereusedto investigatetheseproperties.

Capacitancewasmeasuredasa functionof appliedvoltagefor bothpolaritiesup to 6 V for
a seriesof sampleswith thicknessesin the range50 - 160 nm. For Schottky barrier (block-
ing) contacts,a depletionregion formsat themetal/insulatorinterface,andthedepletionregion
capacitance$&% dependssensitively on thevoltagedrop '
( acrossthejunction[23]. In our mea-
surementstherewasvery little dependenceof thecapacitanceon thevoltageapplied,exceptfor
very minor effectsfor higherelectric �elds with lower �lm thicknessandhigherappliedvolt-
ages.Sincethecapacitancewasessentiallyindependentof theappliedvoltage,no appreciable
depletionregionappearedat theAu electrodes,whichthenactasohmiccontacts.Thisbehaviour
is similar to thatobservedpreviously for thecaseof Al electrodes[18].

For ohmiccontacts,theoverall capacitanceof thestructure$ is determinedby thepermit-
tivity of theinsulatorandby geometricfactors.A plot of thecapacitance$ asa functionof the
reciprocalthickness1/) shouldbe linear with slope *,+-*/.�0 , where 0 is the active area.Fig. 1
shows sucha plot of the zerobiascapacitancefor eachof the samples.The gradientyields a
valueof thepermittivity of 6 � 10�1!2! F m �1! (relative permittivity *3+ = 6.8). This valueis in
reasonableagreementwith valuesfoundpreviouslyby variousworkersonmaterialsdepositedby
differentmethods.In CVD �lms valuesof 6.8 [24] and7-10[25] werefound,thelatterdepend-
ing on thesilane/ammoniaratioused.Valuesof 7.5weredeterminedusingPECVD[26] and6.0
usingelectron-cyclotronPECVDat roomtemperature[20], while valuesin therange7-11were
found for �lms preparedusinga glow-discharge[27]. For sputtered�lms usingAl electrodes
a lower valueof 6.3 hasbeendeterminedby the presentauthors[18]. Clearly the valueof *4+
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Fig. 1. Dependenceof capacitanceon reciprocal
thickness. The linear dependenceimplies that the
capacitancefollows the geometricrelationship5 =

���2��687 / 9 . Thegradientyieldsa valueof permittivity
of 6.0 � 10���:� F m �;� (relative permittivity 6.8).

Fig. 2. Dependenceof currentdensityon applied
voltagefor asampleof thickness40nm. TheVCNR
behaviour indicatesthat the samplehasundergone
anelectroformingprocess.

dependssigni�cantly on the depositionconditions,usuallygiving a valuewhich is lower than
that in thebulk. In sputtered�lms the type of electrodecanalsoin�uence themeasuredvalue
of *3+ , andin thepresentcasethis is probablyrelatedto thepresenceof Au in thesilicon nitride
asdiscussedin the following section.Thevalueof *<+ = 6.8 determinedabove wasusedin the
calculationsfollowing.

3.2 DC conductivity

A logarithmicplot of the currentdensity = asa function of the appliedvoltage ' is shown in
Fig. 2 for a �lm of thickness40nmat roomtemperature,andclearlyimpliesthattheconduction
is ohmic up to about0.1 V. Above this voltagethe currentincreasedmorerapidly, andabove
2 V the currentdecreased,showing current�uctuations, particularlyabove 10 V. This type of
behaviour is typical of sampleswhich have undergonean electroformingprocess,after which
voltage-controlleddifferentialnegativeresistance(VCNR) behaviour is observed.Similar char-
acteristicshave also beenobserved in other insulators[28], and in particularin Au-SiO� -Au
sandwichsamples[29]. A low valueof theforming voltage ' >@? 2-5 V wasearlierquotedfor
someoxidesand�uorides [28]. Electroformingbehaviour is widely thoughtto involvethe�eld-
assisteddiffusion of the metalelectrodematerialinto the insulator, and the VCNR behaviour
is thoughtto be the resultof non-uniformconductionthroughlower resistivity regions,which
progressively ceaseto conductasthevoltagein increasedowing to theeffectsof Jouleheating.
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It is clearfrom thisbehaviour thatelectroformingis observedin thepresentsystem,asin similar
SiO� samples,whichalsoshow Poole-Frenkel conductivity beforeelectroforming[29].

In order to further investigatethe behaviour of the presentsamplesbeforeelectroforming
themaximumvoltageappliedwasrestrictedto 1.5-2.0V, below the forming voltage. For four
different�lm thicknessesof 50, 70, 90 and160nm, theslopesof all logarithmic =BAC' curves
wereapproximatelyunity, and thereforeohmic conductionwas followed. In this low voltage
region, beforethe onsetof high-�eld conductioneffects,the conductionprocesswastherefore
dueto thermally-generatedcarriers,wherethecurrentdensity-voltagerelationfollowsa form of
Ohm's law givenby

=EDGFIH .KJ

'

)

(1)

where H1. is theconcentrationof thermallygeneratedelectronsin theconductionband,
J

is the
mobility and ) is thesilicon nitride thickness.Using

J
= 5 � 10�1!

� m� V �"! s�"! obtainedfor
sputteredsilicon nitride �lms [18], valuesof HL. of 1.80 � 10� � m �

� , 4.50 � 10� � m �

� , 8.75 �

10� � m �

� , and3.13 � 10� � m �

� werefoundfrom Eqn.(1) for thesamplesof thickness160nm,
90 nm, 70 nm and50 nm, respectively. The meanvalueof H . for thesefour samplesis 1.6 �

10� � m �

� , which is nearlytwo ordersof magnitudehigherthanthevalueobtainedin sputtered
Al-Si � N � -Al structures[18]. Thisdifferenceis probablyrelatedto theuseof theAu electrodesin
thepresentcase,whichareexpectedto show somepenetrationinto theinsulatorevenatvoltages
below '

> . The highercarrierconcentrationsobtainedabove for the thinnersamplestendsto
supportthis view.

In orderto exploretheconductionmechanismtakingplacebeforeelectroforming,theprevi-
ouslymentioneddataareplottedin Fig. 3, with log = asafunctionof 'M!2N

� . Thereis aclearlinear
relationshipbetweenthesevariableswhich is consistentwith �eld-assistedcarrierexcitationinto
theconductionband(thePoole-Frenkeleffect). In thiscasethe =OAP' characteristicshouldfollow
arelationshipof theform [30]

=EDQ=R.1SKT4U

VXW�Y

>[Z\!2N

�

]4^ _ (2)

where
]

is Boltzmann'sconstant,
^

is theabsolutetemperature,) is the�lm thicknessand =
. is

the low-�eld currentdensity. W
Y

> is calledthePoole-Frenkel �eld-lo weringcoef�cient, whose
theoreticalvaluedependsonly on thepermittivity, andis givenby [30]
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Y
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D

V

F

�

`
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*
.

_

!�N

�

(3)

Schottky emissionat theelectrodeswhichshowssimilar =aAb' characteristics[30] is precluded
in thepresentcase,sinceSchottky barriersat theelectrodeinterfacesareruledoutby thecapaci-
tancemeasurementsdescribedin Section3.1. An averagevalueof the�eld-lo weringcoef�cient

W = 1.9 � 10��� eV m!2N

� V �"!2N

� wasdeterminedfrom thedataof Fig. 3, whereasa theoretical
valueof W�Y

> = 2.9 � 10� � eV m !�N

� V �"!2N

� is obtainedusing *
+ = 6.8. However this calculated

valuemaybeinappropriatein thepresentcase,sincethehigh-frequency dynamicrelativepermit-
tivity valueof 4-7 shouldbeused[31]. It shouldalsobenotedthatYadav andJoshi[32] found
experimentalvaluesof the �eld-lo wering coef�cient considerablysmallerthan the theoretical



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

Fig. 3. Dependenceof currentdensityon thesquare
rootof appliedvoltagefor samplesof differentthick-
nessbeforeelectroforming.The linear dependence
indicatesthattheconductivity is via a �eld-lo wering
process,whichwasidenti�ed with thePoole-Frenkel
effect.

Fig.4. Dependenceof AC conductivity onfrequency
at temperaturesof 173- 373K for asampleof thick-
ness160 nm. The slope � wasin the range0.83 c

�bc 1.31, and is consistentwith Elliott' s hopping
modelin thelow frequency range,wherethedensity
of localisedstateswasestimatedto beapproximately
10��� m �4� .

Poole-Frenkel value in ion-beam-synthesizedSi� N � �lms, andthat thereareseveral modi�ed
versionsof Eqn. (2) in theliteratureto accountfor thecurrentdensityvariationsin thepresence
of variouscombinationsof centres,includingdonorsandtraps. It wasthereforeconcludedthat
a form of Poole-Frenkel emissionis observed in these�lms ashasbeenobserved previously
[16,19-22,31],but that the low experimentalvaluesof W"Y

> obtainedarerelatedto an inexact
knowledgeof the trappinganddonor levels present,and the appropriatevalueof the relative
permittivity.

Theuseof Au ratherthanAl electrodesin thepresentsamplesis seento in�uence thecon-
ductivity in severalways,all of which maybe accountedfor in termsof thepenetrationof Au
atomsinto the insulator. At low voltagesthe ohmic conductivity is increased,at intermediate
voltagesthehigh �elds stimulatePoole-Frenkel emissionat thecentres,andathighvoltagesfull
electroformingoccurs. Thusthe Poole-Frenkel conductivity may be associatedwith the �eld-
assisteddiffusionof Au into the insulator, andnot with theexistenceof Si-N bonds,which are
alsopresentin sampleswith Al electrodeswherePoole-Frenkel conductivity is absent.

3.3 AC conductivity

Fig. 4 showsthedependenceof AC conductivity d on frequency for different�x edtemperatures
in therange173- 373K for a �lm of thickness160nm. It is clearfrom the�gure that d is very
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Frequencyrange 173K 223K 273K 313K 343K 373K
100Hz - 1 kHz 1.04 0.99 0.98 0.91 0.87 0.83

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

Tab. 1. Dependenceof theindex �fehgji ontemperatureandfrequency rangedeterminedfrom thedataof Fig.
4 for a sampleof thickness160nm.

sensitive to frequency andincreaseswith increasingtemperature,althoughat higherfrequencies
thedependenceon temperatureis lessmarkedandthereis a tendency for thecurvesto merge.
Therelationshipbetweenconductivity andangularfrequency k maybedescribedby [33]

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

where 0 is a proportionalityconstantand r<s

^ut

is a temperature-dependentindex. The index r

canbedeterminedfrom theslopeof a logarithmicconductivity-frequency curve[34], i.e.

ruD

)�swvyxOd

t

);szvpx{k

t (5)

Meanvaluesof r over three�x ed frequency ranges,ascalculatedfrom the dataof Fig. 4, are
presentedin Table1for eachtemperature.From the tableit is evident that r is relatively close
to unity, lying in the range0.83 |}rE| 1.31. Furthermorethereis a generaltendency for r to
decreasewith increasingtemperatureandto increasewith increasingfrequency, asobservedin
otherdielectric�lms, notablyCeO� [35] andSiO� [36]. Theseresultswereinterpretedusingthe
hoppingmodelof Elliott [34], wherethecarriersareconsideredto hopover a potentialbarrier
betweenadjacentsites,andtheAC conductivity is givenby

d~s•k

t
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(6)

where€ representsthedensityof localisedstates,* (=*<+‹*f.

t

is thepermittivity, ‰

. is theeffective
relaxationtime (approximately10�"!

� s) [34], and r = 1 - W at low temperature,where W =
6kT/W† and …

† is theopticalbandgap.Sincethemaximumvalueof r permittedby thismodel
is unity it cannotbefully applicablein thepresentcase.However in therelateddielectricSiO� ,
hoppingconductiontakesplacein which a sublineardependenceof d on k is followedat low
frequencies,tendingtowardsasquare-law athigherfrequencies[33,36,37]andasimilarprocess
occursin silicon nitride. An estimateof thedensityof localisedstateswasobtainedfrom Eqn.
(6) usingthevaluesof r = 0.99and dŒ? 3.7 � 10��• S m �"! at

^

= 223K and Ž = 1 kHz. Values
of * = 6 � 10�1!2! F m �"! (Section3.1)and …‡† = 5.3eVfor amorphousSi� N � [38], yield avalue
of €

? 10�
� m �

� . This in goodagreementwith thevalueof €•• = 2 � 10�
� m �

� for the trap
concentrationobtainedfrom DC measurements[18]; thustheDC trapconcentrationcorresponds
to theAC densityof localisedstates,offeringadditionalevidencefor this typeof conductivity.

In Fig. 5 the dependenceof the conductivity d on inversetemperature1/
^

is shown for
the samesampleas in Fig. 4 for variousfrequenciesin the range100 Hz - 20 kHz over the
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Fig. 5. Dependenceof AC conductivity on inverse
temperatureat frequenciesof 100 Hz - 20 kHz for
a sampleof thickness160 nm. Activation energies
were 0.04 - 0.1 eV above room temperatureand
0.006- 0.01 eV below room temperature,andcon-
sistentwith a hoppingprocess.

Fig.6. Dependenceof roomtemperaturecapacitance
on frequency for samplesof thickness50 - 160nm.
The geometricdependenceof capacitance,as also
evident in Fig. 1, is the major causeof the capaci-
tancevariation.

temperaturerange143 - 373 K. It is evident from the changein slopeof the �gure that the
conductivity is moresensitive to temperatureaboveroomtemperature(1/

^

? 3.4 � 10 �

� K �"!

t

thanbelow room temperature.Discretecarrieractivation energies ‘ may be calculatedfrom
the slopeof a ln d - 1/

^

plot suchasFig 5. Although in the presentcasehoppingactivation
energiesareexpectedto becontinuouslydistributed,suchcalculationsgivea goodindicationof
the rangeof values. Above room temperaturethe activation energieswerein the range0.04 -
0.1 eV. A hoppingconductionprocessis consistentwith this rangeof activation energies,and
is in agreementwith earlier resultsof Sullivan and Card [39] and of Sze[40]. Below room
temperaturethe calculatedactivation energieswerelower, in the range0.006- 0.01eV. There
wasno evidenceof higheractivationenergiesof theorderof several tenthsof an electron-Volt
characteristicof a free-bandconductionprocess,andthusthis type of mechanismis absentin
sampleswith Au electrodes.

3.4 Capacitanceand losstangent

Fig. 6 shows the variationof room temperaturecapacitance$ with frequency for samplesof
thickness50 - 160 nm. In Fig. 7 the dependenceof capacitanceon frequency is shown for a
sampleof thickness160nm at different�x edtemperaturesin therange143- 373K. In general
thecapacitanceincreasedwith increasingtemperature,but decreasedwith increasingfrequency.
At high frequenciesall the capacitancestendedtowardsa constantvalueof approximately4.1
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nF, irrespectiveof temperature.
A similar dependenceof capacitanceon frequency andtemperaturehaspreviously beenob-

servedin thedielectricsCeO� [35] andSiO� [36].Thesewereinterpretedin termsof anequiva-
lent circuit modelof Goswami andGoswami [41], in which thesandwichstructureis modelled
by a frequency-independent capacitive element$PN in parallelwith a temperature-dependentre-
sistance’ , andbothin serieswith aconstantlow-valueresistance“ whichrepresentsthecontacts
andleads.Theresistance’ is thermallyactivated,decreasingwith increasingtemperature.This
model was developedfrom the model of Simmonset al [42], which appliesto sampleshav-
ing Schottky-barriercontacts.Accordingto themodelof Goswami andGoswami themeasured
seriescapacitance$&” is givenby therelationship

${”aD•$—–�˜ ™

k

�

’

�

$

–

(7)

Thebehaviour shown in Fig. 7 is consistentwith this expression,in that themeasuredcapaci-
tanceshoulddecreasewith increasingfrequency, reachinga constantvalue $•N at high frequen-
cies. Similarly, the increasein capacitancewith increasingtemperatureis alsopredicted,as ’

decreaseswith increasingtemperature,andthe secondterm on the right-handsideof Eqn. (7)
increases.

The dependenceof losstangent,tanš , on frequency andtemperatureis shown in Fig.8 for
a sampleof thickness160 nm. In general,tanš initially decreasedwith increasingfrequency,
beforepassingthrougha minimumandincreasingagainat higherfrequencies.Theminimumis
notapparentfor thelowesttemperature,althoughthetheorybelow suggeststhatit shouldappear
at a lower frequency thancoveredexperimentally. Accordingto the model,the losstangentis
givenby [41]

›8œ
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˜
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Thepositionof thelossminimum k
†{Ÿy  is givenby
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D ™
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The�rst termontheright-handsideof Eqn.(8) dominatesatlow frequenciessotanš is predicted
to decreasewith increasingfrequency. At higher frequenciesthe secondterm dominates,and
thereforetanš shouldincreasewith increasingfrequency. This behaviour is clearlyapparentin
Fig.8. Furthermorethe positionof k~†jŸy  appearsto shift to higher frequenciesfor increasing
temperatures,asalsopredictedby Eqn.(9), since ’ decreaseswith increasingtemperature.

4 Summary and conclusions

Capacitance-voltage-thicknessmeasurementsindicatethattheAu/siliconnitridecontactis ohmic
andthat *

+
? 6.8,exceedingthevalueof 6.3foundin similarsampleshaving Al electrodes.The

differing valueswererelatedto thepossiblepresenceof theAu electrodematerialin thesilicon
nitride layers.Samplesinitially showedohmicconductivity with ameancarrierconcentrationof
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Fig. 7. Dependenceof capacitanceon frequency at
temperaturesof 143 - 373 K for a sampleof thick-
ness160 nm. At higher frequenciesthe capaci-
tancetendstowards4.1 nF irrespective of temper-
ature, consistentwith the model of Goswami and
Goswami.

Fig. 8. Dependenceof loss tangenton frequency
at temperaturesof 143 - 373 K for a sampleof
thickness160 nm. The observed minimum, which
shifts to higher frequenciesat higher temperatures,
is also consistentwith the model of Goswami and
Goswami.

about1.6 � 10�
� m �

� whichis higherthanin sampleswith Al electrodes,re�ecting thepresence
of additionalcentreswithin thesilicon nitride layers.At highervoltagesPoole-Frenkel conduc-
tivity was identi�ed having a typical value for the Poole-Frenkel �eld-lo wering coef�cient of

W�Y

> = 1.9 � 10��� eV m!2N

� V �"!2N

� , which is signi�cantly lower thanthetheoreticalvalue.This
mayberelatedto thefactthattheexactnatureof theenergy levelsappearingwithin theband-gap
of thesilicon nitride �lms is undeterminedandthat the high frequency optical relative permit-
tivity is morelikely to beapplicablethanthelow frequency value. Furtherwork on identifying
thedonorandtraplevelspresent,usingfor instancethermallystimulatedcurrentmeasurements,
is probablynecessaryto resolve this question. At voltagesabove 2 V therewasevidenceof
VCNR andelectroformingbehaviour aspreviouslyobservedin otherinsulating�lms having Au
electrodes.AC activationenergieswerelow andconsistentwith a hoppingconductionprocess.
The valueof the exponent r derived from conductivity-frequency datawasalwayslessthan2,
andthereforealsoconsistentwith a hoppingprocess.Valuesof the densityof localisedstates
estimatedfrom Elliott' s model in its region of applicability, were consistentwith earlier DC
measurementsof trapconcentrations.Thedependenceof thedielectricpropertieson frequency
andtemperaturewerein agreementwith themodelof GoswamiandGoswamifor dielectric�lms
with ohmiccontacts,andtypical of thatshown by someotheramorphousmaterials.

It hasbeenshown that althoughsputteredsilicon nitride �lms sharesomefeaturesof their
electricalconductivity with PECVDandLPCVD �lms therearealsosigni�cant differences.The
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principal novelty of the resultsreportedis that such�lms exhibit Poole-Frenkel conductivity
with Au electrodes,but not with Al electrodes.This suggeststhat the Poole-Frenkel centres
areassociatedwith penetrationof Au into the insulator, andnot with Si-N bondsashasbeen
recentlyreportedin hydrogenatedamorphoussilicon nitride andoxynitride �lms preparedby
PECVD[43].
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