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ABSTRACT

Under high vacuum conditions, using €l ectron beam gun evaporation method
iron films of varied thicknesses were deposited onto the glass substrates.
These films have been investigated for electrical resistivity in the tempera-
turerange 80K to 300K . Theresidual resistanceratio, RRR, and thetempera-
ture coefficient of resistance, TCR, were determined and discussed. The
power laws for the temperature dependence of resistivity have been
established. The thickness dependence of electrical resistivity has been
considered in terms of Fuchs-Sondheimar theory and the resistivity of
infinitely thick film, p,, and electron mean free path, |, were determined. The
influence of deposition rate of the film on resistivity has been studied. The
resistivity decreased with increasing substrate temperature and that is
attributed to the formation of larger crystallites with increase of substrate
temperature. The deposition rate of 2 A/s is observed to be the optimum rate
at which theiron films of minimum resistivity can be produced. Itisfor the
first timethat iron filmshave been investigated in single measuring setup for
low temperature resistivity and its dependence on thickness of the film,
substrate temperature and rate of deposition.
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The study of thin filmsof magnetic materials has
alwaysbeen asubject of great interest to many physi-
cigsduetother interesting propertiessuch aslow tem-
peraturecoefficient of resdivity (TCR), low thermodec-
tric power (TEP) etc., and applicationsasthinfilmre-
sistorsZ. Theinteresting physicsassociated with the
propertiesof thethin filmshasal so been of attraction.
Thedectrical resigtivity studieson severd materidsas
afunction of temperature, thickness of thefilm, rate of

deposition, substratetemperature, annealing tempera-
ture, vacuum levelswerereported®7”. For example, the
res tivity of manganesefilmswasinvestigated asafunc-
tion of substratetemperature, thicknessand annealing
temperature'3, Thedectrica transport sudieson chro-
mium filmswerereported*. Though, most of themeta
thinfilmsexhibit temperature dependence of residtivity
similar tothat of their bulk forms, interestingly, few in-
teresting aspectshave been found in somemeta films.
For example, large deviationsfrom the M atthiessen’s
rule have been detectsin copper filmsof about 100nm
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thick®. Nicke filmsshowed anomalousresistivity de-
pendenceon temperature”. Themanganesefilmsmea-
sured negetivetemperature coefficient around itsNedl s
temperature® and low temperatureresistivity of these
filmswas found to follow a T2 law. The power law
behaviour of low temperatureresstivity inmany metds
differsfrom each other.

Thestandard theory used for accounting the elec-
trical conductivity of thin filmsisthat of Fuchsand
Sindheimer, whichwewill refer to asthe F-Stheory®
where, the scattering of electronswithinthefilmisde-
scribed by ardaxationtimet, andthat at the surface of
thefilm by aspecul arity parameter, p.

Inview of thefact that low temperatureresistivity
behaviour of trangtion metd filmsisnot completely un-
derstood yet, here, wereport low temperature resistiv-
ity sudiesonironfilmsdeposited using e ectron beam
gun under high vacuum conditions. Further, we report
heretheresidual resistanceratio (RRR), temperature
coefficient of resstance (TCR), resistivity dependence
onthickness, substratetemperature, rate of deposition
and temperature of thefilms produced under the same
vacuum conditionsmeasured in single setup. Very few
of studiesof thiskind can betraced intheliterature.

EXPERIMENTAL

Three setsof iron (of purity 99.5%) filmswerede-
posited onto the glass substrates by e ectron beam gun
method under thevacuum conditionsof 1x10°Torrrin
agtandard Hindhivac coating unit. Thesefilmsinclude,
(1) four filmsof thickness 100nm, 200nm 300nm and
400nm deposited at asubstrate temperature of 200°C
and therate of depositiontobe 1 A/sec, (ii) four films
of thinness 100 nm each deposited at the substrate tem-
peratures of 100 °C, 150 °C, 200 °C and 250 °C and
rate of depositionto be 1 A/sec and (iii) three films of
thickness 100 nm each deposited at asubstrate tem-
perature of 200 °C and therates of depositiontobe 1
A/s,2 A/sand 5 A/s. The thicknesses of the film were
monitored during depositionwiththehdp of quartz crys-
tal digita thicknessmonitor.

The sampleswere cut to the appropriate sizesand
electrica resistance measurementswere carried out by
following four point methodinaliquid nitrogen cryostat
inthetemperaturerangefrom 80 to 300K. A constant
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current of ImA hasbeen passed pardl€ totheplane of
thefilm from a Scientific Instruments make constant
source and the voltage devel oped acrossthe voltage
measuring leadswas measured using aK eithley nano-
voltmeter (Model 2182A). The currentsand voltages
were measured with in the accuracy of 2%. Thetem-
perature was controlled using alocal maketempera-
ture controller and is measured with the help of pt-100
sensor. The error on the measured temperature was
+1K.

RESULTS

Theresistivity, p, of the films has been determined
asper, p=(Rtb)/l, where R is the sheet resistance, t the
thickness, b the breadth and | thedistance betweenthe
voltage measuring leads on thefilm, and arefound to
be of theorder of 107 (QQm) for all three series of films.
Theresidua resistivity ration, RRR, of thefilmswas
worked out using the expression p(300K)/p(80K) as,
thelowest and highest temperaturesused inthe present
experiments were 80K and 300K respectively. The
RRR vauesthus obtained arerecordedin TABLE 1.
Thetemperature coefficient of resistance (TCR) has
been determinedin thetemperaturerangefrom 80K to
300K asTCR =[(dp/dT)/p ] wherep_istheroom tem-
peratureresistivity. Theobtained TCR vduesareinthe
order of 103(K*) and arerecorded in TABLE 1.
TABLE 1: Reddual resgtivity ratio (RRR) and temperature
coefficient of redstivity, (TCR) for different thickness, t, for
series(i), for different substratetemperature, T, for series
(if) and for different deposition rates, t , for series(iii) iron
films.

Series (i) Series (ii) Series (iii)
o RRR TR g rer TRA e rer TREC
100 1.356 1.230 100 1.251 0.962 05 1122 0.492
200 1.434 1.414 150 1.273 1.046 1 1356 1.230
300 1.548 1.701 200 1.356 1.230 2 1.305 1.002
400 1.596 1.768 250 1.320 1.209 3  1.320 1.080

Theresgtivity of thefilm decreased withincreasing
thicknessat all temperatures of interest. The plots of
resistivity versusthicknessat three different tempera-
turesareshowninFigure 1(a). Theresistivity decreased
withincreas ng substratetemperatureintheentirerange
of temperature of study. Theresistivity variation with
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substratetemperatureisshownin Figure 1(b). Within-
creasing rate of deposition, theresistivity of thefilms
decreased upto 2 A/s and increased for 5 A/s as shown
inFigure1(c).
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Figurel: (a) Resistivity, p, versus thickness, t, for series (i)
films, (b) Resigtivity, p, versus substrate temperature, T , for
series(ii) filmsand (c) Resigtivity, p, versus deposition rate,
t,, for series(iii) films.

DISCUSSION

Theresdivity of thefilmsincreased dowly within-
creasingtemperatureand areintherange of 107 (QQm),
which agreewith therangesreported for manganese
andnicke film™8. TheRRR vauesof thefilmsareclose
to unity suggesting that the mean free path of the elec-
tronsisbroadly constant with temperature. Thisalso
impliesthat impurity (defects) and/or grain boundary
scattering rather than phonon scattering isthe dominant
mechanism. The TCR increased with increasing thick-
nessof thefilmsand areintherangeof 1.230x10° K
to 1.768x 103K,

Resistivity dependence on thickness
Thehigher resigtivity for thinner filmsmay bedueto
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thepresenceof anidand structurewith alargedensity of
defect Stes. Theszeof idandsincreaseswithincrease of
filmthicknessand eventudly atachto each other leading
toacontinuousfilmandthat reducesthedensty of defect
gtes. Therefore dectricd resstivity decreaseswithincress-
ingfilmthickness'*W, Theresdivity decreasewithincresse
of filmthicknessiscondderedinview of Fuchs-Sondhamar
(FS) theory. According to FStheory, theelectrica ress-
tivity of ametdlicthinfilmisexpressedas(p/p ) =1+(3
18)(1-p), wherep is resistivity of the film, p, theresistiv-
ity of infinitey thick film, t thethickness of thefilm, | the
electron meanfreepath and p pecul arity parameter. The
plot of (pt) versus tisplotted and showninFgure2. The
|east squarelineear fitthrough thedatagavep, and1(1-p).
Thep, andl(1-p) vauesobtaned arep,=(2.30+0.1)x 10
7(Qm) and | (1-p)=(1.38+0.27) x10°(A) at temperature
100K, p,=(3.04+0.08) x 107 (©m) and | (1-p)=(1.14+
0.22) x 10°(A) at 200K and, p,=(3.864+ 0.05) x 107
(Qm) and [ (1-p)=(9.27+ 1.4) x 10°%(A) at 300K respec-
tively. Sincetherangeof specularity parameter whichisa
measureof surfacesmoothnessisOto 1, thedectronmean
freepath, |, hasbeen caculated for different vauesof pin
therangeOto 1. Thel vauesthusobtained a threediffer-
ent temperaturesarelistedin TABLE 2 and they arein
closeagreement with| val uesquoted for thin manganese
filmg3. Fromthe TABLE 2, it canbeseenthat | decreases
withincreasingtemperature. Thisimpliesthat whenthe
temperaureisincreased morephononsaregenerated and
which enhanced ectron-phonon scatteringleadingtore-
duced meandectronfreepahs.
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Figure2: Theplotsof (pt) versust at threedifferent tem-
peratures. Thesolid linesaretheleast squar elinear lines

fit asper F-Stheory.
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TABLE 2 : The electron mean free paths, |, at different
temperature, T, for different valuesof specularity parameter,
p, between Oand 1, for series(i) films.

T =100K T =200K T = 300K
p 1A p | (&) p | (A)
02 79 02 1248 0.2 2001
04 1065 0.4 1664 04 2669
06 1598 06 2496 06 4003
08 319 08 4993 08 8007

Resistivity dependenceon substratetemperature
and rateof deposition

Thedecreaseof resgtivity withincreaseof subdtrate
temperature (Figure (1(b)) may be dueto the presence
of larger crystdlitesinthefilmsthat weregrown at higher
substratetemperaturesthan that produced at |ower sub-
dratetemperatures. Whenthefilmisdeposted at higher
substratetemperature, the clusters or adatomswill ex-
hibit higher surface mobility and hence producelarger
crystallites13, However, our hypothesisneeds confir-
mation by thegtructural sudies. Theresstivity of thefilms
decreased up to the deposition rate of 2 A/s and in-
creased for higher depositionrates. It may bethat inthe
present filmsup tothedepositionrateof 2 A/s stable and
relatively larger crystalitesareformed and for higher
deposition ratesthe size of the crystallitesformed be-
comesmadl leadingtolarger electrica resstivities. This
impliesthat under the present vacuum conditionsthe
deposition rateof 2 A/s is an optimum rate at which a
filmof minimum dectricd resstivity canbeproduced.

Resistivity dependenceon temperature

Theresistivity-temperature dataindicated two re-
gimesof variaions. Asanexample, Theresdivity varia
tionwith temperaurefor series(i) filmsisshowninFig-
ure3. Similar natureof variationsareobserved for series
(i) and series(iii) films. Therefore, thetemperature de-
pendenceof resistivity of thefilmshasbeen consdered
by dividing theentiretemperaturerangeinto twointer-
vasthat is, T=80K to 125K and T= 125K to 300K.
Thepower law of thetype, p (T)=A+ B T "hasbeenfit
to the datain the temperature range from 80K 125K
andp (T)=C+D T "inthetemperaturerange 125K to
300K ™, Thebest fit coefficientshavebeen extractedin
both thetemperaturerangesand areshownin TABLE
3. Theexponent mwasfound to bedightly morethan
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Figure3: Theplotsof resistivity, p, versus temperature, T,
for series (i0 films.

TABLE 3: Thefit parameter sA, B and exponent n valuesfor all thethreeseriesof filmsfor thetemper aturerangefrom 80K

t0125K.
Series (i) Series (ii) Series (jii)
t A Bx10”’ Ts A Bx10”’ ty A Bx10”

(nm) (Qm) (@mK™ ‘c) (Qm) (@mK™ (A/s) (2m) (@mK™ n
100 6.1x1078 3.45 45 100 1.58x10™%° 4.02 20 05 7.55x10™ 3.81 22
200 8.72x10™° 3.03 35 150 5.53x10™® 3.88 35 1 6.17x10™8 3.45 45
300 4.29x10°%° 2.72 55 200 6.17x10™® 3.45 45 2 2.38x10™%° 3.05 2.0
400  9.08x10™ 2.48 26 250 1.83x10% 3.32 80 3 4.37x10*8 4.33 6.9

Thefit parametersC, D and exponent m valuesfor all thethreeseriesof filmsfor thetemper aturerangefrom 125K to 300K.
Series (i) Series (ii) Series (iii)
t C Dx10” Ts C Dx10” tq C Dx10”
(nm) (Qm) (@mK™) (°C) (Qm) (@mK™) (Als) (Qm) (@mK™)
100 2.85x10™M 321 15 100 1.14x10%° 3.74 125 05 218x10% 3.79 1.0
200 1.86x10%° 2.62 12 150 1.58x10%° 3.49 120 1  2.85x10 3.22 15
300 4.02x10%° 2.05 11 200 2.85x10" 321 150 2  33%x10*® 3.23 22
400  4.02x10™%° 215 11 250 8.66x10™M" 2.98 130 3  488x10*® 4.30 22
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oneindl thethreeseriesof filmsestablishinganon-linear
relation betweenresigtivity and temperatureinthetem-
peraturerange 125K to 300K, whichiscontrary to the
linear behavior observed previoudy inather metdlicfilms
inthisrangeof temperature. Thecoefficient Aisfoundto
beintherange 10**to 108 (Qm) for series (i), 10°to
10 (Qm) for series (ii) and 101 to 108 (Qm) for
series(iii) filmsrespectively. Thecoefficient Cisfoundto
beintherangeof 10°to 10t (Qm) for series (i), 101°
to 10t (Qm) for series (ii) and 10° to 103 (Qm) for
series(iii) filmsrespectively. ThecoefficientsB and D are
foundto beof theorder of 107 (QmK™) for dl thefilms.
The exponent nisfound to bemuch greater than one.
Usngthebest fit vduesof nand mtheplotsof ress-
tivity versus T"or T™ asthe case may be, were plotted.
For example, using thebest fit nvaueof 3.5, theplot of
resistivity versus T*° inthetemperaturerange 80K to
125K for afilm of thickness 200 nm belongingto series
(i) isshowninFigure4 (a). Similarly for thesamefilm,
usingthebest fit mvalueof 1.2, theplot of resistivity
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Figured4. (a) Theredstivity, p, versus T3*3for thetemperature
rangefrom 80K to 125K . (b) Theresistivity, p, versus T2 for
thetemperaturerangefrom 125K to 300K for afilm of thick-

ness200nmin series(i). Thesolid linesar etheleast square
linear lines.
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versus T2 inthetemperaturerange 125K to 300K is
showninFigure4 (b). Inboththe Figures4(a) and 4(b),
thesolidlinesdravn aretheleast squarelinear lines. Smi-
lar plotsfor onefilmfrom each of theseries(ii) and series
(iii) areshownin Figures5 & 6 respectively.
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Figure5. (a) Theresigtivity, p, versus T3>for thetemperature
rangefrom 80K to125K. (b) Theresigtivity, p, versus T*?for
thetemperaturerangefrom 125K to 300K for afilm depos
ited at thesubstratetemperatureof 150°C in series(ii). The
solid linesaretheleast squarelinear lines.

Inthelow temperature range above 20K or so, the
electron-phonon s-d scattering™*® T3 term called
Block-Wilson term beginsto dominate over the elec-
tron-magnon T2 term. In our samples, theexponent nis
between 2 and 5 for most of thesamples. Theselargen
vauesindicate smoothinterfacesbetweenthegrainsin
thefilmswhich yiel ded reduced e ectron-phonon scat-
tering. White and woods observed®® nvalueof 3.3in
bulk Feand concluded that theinterfaces betweenthe
grains got smoothened and larger grains have been
formed at thosetemperatures. At higher temperatures
ie, between 125K and 300K, linear relation between
resistivity and temperatureis expected. However, the
present mvauesdeviatefrom unity. Thismay bedueto
themagnetic contribution. Inthishightemperaturerange,
thereisapossibility of anadditiond inter-band s-d elec-
tron-magnon scattering where, the s electrons scatter
by magnonsinto d band holes.
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CONCLUSIONS

Threesariesof Fefilmsdeposted under highvacuum
conditionswereinvestigated for resstivity inthetem-
peraturerange80 K 300K . Thetemperature coefficient
of resistance and residual resistanceratio were deter-
mined. Thedatahasbeen andyzed intermsof thickness,
substratetemperature and rate of deposition.

Theelectron mean free pathswere determined by
applying F-Stheory to res stivity versusthicknessdata

Thedecreaseof resstivity withincressing subsirate
temperatureisattributed to theformation of larger crys-
taliteswithincrease of substratetemperature.

Under the present vacuum conditions, thedeposition
rateof 2 A/sis observed to be the optimum rate at which
theironfilmsof minimum resistivity can beproduced.

Temperature dependence of resistivity has been
thoroughly andyzed andfromthat itisnoted that inthe
temperaturerangefrom 80K to 125K, afunctiona re-
lation of thetype, p (T) = (A +B T ") holds with n
grater than 3. For thetemperaturerange 125K to 300K

afunctional relation of thetype, p (T)=(A+BT™M)
holdswith mjust grater than unity.

Itisfor thefirst timethat ironfilmsdeposited by
el ectron beam gun method wereinvestigated for low
temperatureresi stivity and the data subjected to thor-
ough anaysisintermsof thickness, rate of deposition,
substrate temperatureand empirica relationsbetween
resistivity and temperature are established.
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