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TEMPERATURE DEPENDENCE 01' TillO CIIAHGE TRANSPOHT

IN ALKALI METAL FILMS

Cario Reale

C~n/ro U.ict'Tcht' pt'lIicolt' Sol/ili. ,\1t'lal Lux. ,\lilan, /tal)'

(Recibido: agosto 15, 1\>72)

AIlSTR ..\CT: The hehaviour 01 the resisti,-ily oí va<.'uum-JepositcJthin ...•o1id

films oí alkali meta1s wasohsef\"('d ro depan from (he predictions

of rh(' Fuchs-Sondheim'f sil'c-dfeCI rheory wirh decr{'a_,in~

conden ...•;lrion remperarur{': rh(" d('vialion :akcs place when Ihe

mean fr("(' palh of rhe conduniofl (.1{'ctrons becomes comparahle

with ¡JI(" a\erage linear dimcll_,ion of rhe grains of Ih{' film. :\
s{'cond change in the e1e('trical prol){'((i('s (}ccurs .H a crilical

crystalline-ro-amorpholls transformation tf.'mpcrature !lelo\',

which IIg' deposir exhihits a highly disordcred liquid-lib'

strllclurl', The (eSU1IS"leri,'n! 011 modifyin~ thl- Fuchs-

:'endhl'inH'r trealmcn( so as (O includ(, hoth phenomena are In

reasonahll' agrt'emenl w¡lh the oh,,'rvations.

1. I:'\TROllUCTI01\

If one of rhe dillll'Il .....iollS of a metal sample lH'collles \-ery smal!. a ....in

th(' C,IS(' of film s whll"(' Ihickll(' ....S is so reducnl a .... 10 be comparahll' wirh
(he IlH',lfl (rel' path of (h" conduc£iofl electrolls itl lhe hulk melai. th(,ll the
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.••urface."i of rhe specimen beha\'(' as a son uf srructural imperf{'crion imposing
a gt'ornctrical limir<lrion on [he mo\'cment of rhe charges. Henc(' [h<: cl{'ctri-

cal conuucri\'ity of a (hin film shall dcpend on a size cff('C{ which may b{,
studied by introducin~ rhe boundary conditions al rhe film surfaces inw rhe
Bolrzmann distribution ('quation according ro rhe well known charge transpon
t!1{'ory \\"ork('d out by Fuch.'i I and Sondheimer2 fOf a free elecuon gas and a

spherical Fcrmi surface3,4. This theory leads to a rclation between rcsis-

t¡vir)' and rhickness which involves borh rhe bulk metal value of rhe mean
free parh oC tht: carricrs al rhe Fermi level and a paramcu:r dt'scribing [h(;'
an'rage probahility of their specular reflecrion from [he film surfaces, that

was dcduced from rhe roughness uf i.he surfaces by taking into account the

angular disuiburion of rhe clectrons incid('nr on them and using a formula
pro~x)sed by Suffn5,

The Fuchs-50ndheimer rrearment is bas{.d on rhe assumprion rhar th<.-

film can be rhou,ghr of as a homogeneous, isorropic slab of bulk marerial, so

thar i[ should be app!ied onl)' in the case of single-crystal and amorphous

laY<"fs: ho\\'C'vn. i{ JJl~]~ h(: extended to polycrysralline films, even if rhey

consist of ~rains whOSt, aVt'rage dianH'terin rhe direcrion ofthe elecrrlc (ieId,

d , is Icss than rh<: background m('an free parh of rhe electrons wirhin the/(

crysral lauice, Ah (sorne values of which are Ilsted in TabIe 1). on condirion

rhar also anorher size {'Hect is consid{'red. [he one associare~1 w¡[h [h{,

scauering of (he carr~ers by (he grain boundaries, which can he represcnred

as an arrangemenr of parrially reflecting, ranclornly spaced planes, oriented
perpendicular tu [he direction of the currenr and acting as un assembIy of
parullel S-funcrion potentials6•

oin angstroms

~letal 77°K 123°K 173°K 273 o K Melting point

I.i 900 569 210 115 64
~a 1892 1283 623 343 223
K 1265 952 612 374 270
Rb 1154 784 383 226 185
es 656 467 262 160 138

Tahle L Back~round mean free path of the elecrrons within a grain for [he

alkali merals ar various tcmperarures: [he values are expressed
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The iofluencc of the sample size on the transpon processes was
already discussed in previous works 7, where ir was {'xamined ho\\' eh<.'
elcctrical conduceivity, rhe temperature coefficienrof rcsistivity, the rhermo-
eleceric powcr. [he ehermal eonduetiviry, rhe field-induced changes of resis-
eiviey and the piezoresistive properties of a film are affcclcd by its ehickness.
The aim of the prcsent investigation i5 a rcasonable cxplanation of lhe
elcetrical behaviour exhibited by alkali metal fiIms vaeuum eondensed al
various lemperarures, ehar has becn inrcrpreted by adapting the Fuehs-Sondhcime.-r
model to lhe seructural eharaeteristies of the specimens and gcneralizing
ehe ealculations to ioe lude the ineernal siz{' effccts arising in fine-graincd

polycrystalline filros.

lI. EXPERIMENTAL DETAILS

o
Alkali metal films 500A thick were vacuum deposited on very £Iat,

optically polished hard glass substrates held at temperatures between 77°K
and the meltiog point of the metal: before film condensation, the substrates
had been degassed by baking in vacuum at 350 oe for 24 h and cleaned
afterwards by both ultrasonic agitation at 50 kc and ionic bombardment using
a glow discharge of 5 kV.

Lithium was evaporated with a 2700 beam deflection electron gun
from a copper water-cooled crucible, while the other metals were sublimated
from a multiple source consisting of a quartz tube ~ro'i[hseveral holes and
heated by a tungsten coil: the pre~surc during condensation ""as of the order
of 10-8 tore for lithium, 10-7 rOfr for sodium, 10-6 torr for potassium, 5 x 10-6

[Ofr for rubidium and 10-5 toff foc caesium. Both the film thickness and the
deposition rate were carefully controlled with a piezoelectric quartz crystal
oscillator.

The sheet rcsistivity of the film and its change with temperature were
determined by rncans of a de \\'hcatsrone briJge conncc{ed \Vilh the film by
two terrainals sealed in rhe substratc ends, which had been coated with ,..lee-
trodes of gold \'acuum deposited pri'1r ro the film condensation. The resdts
thus found are shown as solid lines in Figs. 1 ami 2, wher<: the ratio~ of the
film rcsistivity and its temperature eoefficient to the corresponding macro-
crystallinc buh.: ~uantities have becn plottcd as a function oí temperature:
each of {he data points reprcscnted in the figure was derived by avcraging the
\'alues obtaira-d for several square-shapeé~ samples.

1'0 minimize the chemieal contaminationduc tooxidationor adsorption
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Fig. 1. The ratio of [he (esistlv1ty of [he film to (ha! foc ,he macrocrystallinc
bulk metal. as a tunction oí [he condensation tcmpecarure. foc alkali
meral films '500 Achick vacuum Jeposited on ,'tlass substra(f's.
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Fi~.2. The ratio ol the temperature coefficient oí resistlvny oí {he film to
that oí the macrocrystalline hulk metal, as a fAJnction oí the conden"
salioo temperature foc alkali metal films 500 A [hick vacuum deposited
on glass subsuates.

N...
-.o



H, ,11 l'

III "tlme (lthe' re"iLlu.d ,e;l<"l'<" ,trld tn ,\\tll,j

frlllll dlfklUl(l~\1 thl'flll.ll l 'P,Ill"1111l hl \\ l

,1:11" l;,. j)[ .u :hl ...•ll11C pr, " ....Ufl ,illli

',h'\.. pl,H"
dlt '7\j"'l"lIll' 111l~" ...•1:1 " :" t'"" ...•,.,ll

rl'rfnrl'l\'d <111In

I t \. ,\!l hIClllpCr,l(UH

"':'IIlL(";1

;rj{ ,Udi!II' 11"Illll 111dll

(
R

" \'( l' In ¡, ~ .,
" , \ I III '!lC,!

\nd hl ,111 , \ . ,1 f. , k, {[,'Il ,lI1-
,1 .1 ,1.( tl1t j,ll \l \\ lllf!. :

\\ 1 1 !

~II( kili "" .lllli 111(-rl',I"("" \\ lrh

I j

ilJ!lI

IdH' , " Ih lI' 111.1 .,1 \ ,1 j \ll I lIt"

lh '. ,,' , ." II ,¡ ti, bul\... lll(' 11 1. hrll.ld"
oC' Ih \ r Illd \ ht l "-pLlinl ¡; .1\ (!Ut '"

Ikl "1 ~:,' ' un' -1:, '> T( "Illr lerl lo'" \\' T tl > !-\llllllllk."
,

,1 r1'>l pI

\\ !WrL I•
.q 'n

UII, )f '1,

, ,

le tn,1 n t(,1(11Il" (\.1111

."

d
R

"Ll!I¡I1'

Cllrh\('n"dtl,lll t('rnpl'f ltllT~'

!IH ,U1 frc(" ¡-,Hh llj rhe (Iu

uf lhe 1¡lm

fr,ICCi('Tl

1) \\Illn tI-
,he IHt!lo:r lIt

h,llo-tYI'L' {I'i '.H fl

a Illghh di \ rdl'rt,
("ull' ..;il~('r,l[I¡ITl"" ,In

llnh :1 t]l( j Inl ~tr\l('tur(" 1" ¡'('rfef!l, k

\-e!'\ olLltlLltL;\ líl ,111(lCt troll micro'" ll¡'(

l-r(llTl [he l''\,tllllll<lrillll Id tll(' "HU( [Ill,¡[ prllpl nll"" ,trl,l .h,

\\"Ith tlH l,lcctTlt-;:llllll .•.• \\C Ilb!,\l1!,',! I L"(l" .I11I! I
J' (,'mi) 1r1"',Hl

F l\l~ Hh1UrJl

{ 1::; " ,Hld '{ ~S:; " r tll ",,,11Ulll, 1" " ,Itl, ~
LI" •.•il:lll: I , 10' " ,1I1d { ~.!~" 1"1 !Uhl{lllllll. I

"f 1If (,,1(''> 111m.

" l\lf ;'11-

) 11) !'. .Ilh!"' -= 1<)- !-\

"

,d Pld\'cri"ullllH.' I [1m,,: (',t"'e \\lWll '/ ""1

"
,1[ [(,Ill¡'l('ratUTe" h i,cher
{eTll!'cf.trurt. c(wf-

Tl) in(('rprel rlll' hdl;n"l\)UT of dc,!'""!!,,, (1lIlt1t-n"'ed

• "'ll rh,lt ti :> 1\1' rlie film n'''¡''(I\\[\. .llld it •.•e '
\\"efC e"-pft'>"'t",j by rht f"fl:11.1.'1'

dl,lll T•ficieIl[. (ll

P¡ (' (1) " h) h
" r

d:
{I - ll'r

d 1, 11' I h 1
a¡ " h' !'

,i , \ j 1;
"

(11

(:? )



1 f'mpf'r<lll.lrr /Jf"'f'tldf'tH P ( f, ' ,

whl'fe {- ~lIId df-J¡dT are [!le r(' ....I ••.•riút\. of ~l llla~ ....I\'e speCinH'l1 of the film
o (1 •

m~Herial lu:ld .H lhl. ....anw 1('llq'('ra{llre ,lile! ]¡;l\'ill1!- lhe ~,lme ....trllcmr(' a ....the

film (which for d > t-; ('illl be ¡'raCIie1ll\' e11u.lted l{l th<: itHrin ....'c re:-.istivit\g o . , .
of t1 ....ino\c-cn-Qa1. t )and il ....d('r1\'arin' with re .....pcC[ tu (\](' i,h ....(llutl.' [empera-

r- . h
[tire. whik (IJp(hl i:-. t1 fUrlCIiorl .en'en by 1, 2

]

_1

dx .(3)

derived by in ..•(:rtin~ lhe bound,uy condition .... ,H the film ~urfilc(:'" into lhe

Boltzmann l.'qualion for the dislributiol1 fUllCIioll of rh<: conduction electrons,
hu{ ignoring the contrihutioll ((l the film rt' ....isli\.lty ({ue lO char.cc ~c<1((ering

at grain boundaries. tha( whcn dI!, > .\) may 11<'nq::;i<:ucd wi(hou[ appreciahle

error.s '
1'he non-dim<:n .....ion.li quantilY h can he represl'f}ll'd in lerms of

[he film thicknes.s. t. ,1Od t1H' c.urier ct.lnc(,lur,uioll. S. using (ht. expr(' •.•~ion

h (l)

where h indicoue.s I~lanck's constanl and,. the electronic ch.lrge; pis lhe

fraclion of elec(rons incidt.'fll on the film ....ud,lces which are specularly

rcflectl.'d. called rhe SC;1ltt'fin¡:; parametu: in rhe absencl' ¡)f ran,g<.:nrial corr<'-

tarian of [h<: surface aspl'f1tl( ..... it lIla\ be \\'riltl.'lI <1S5, 10

p
., . ~I

l'XP [-(27) c~l •••.. f (3:1.\) 3 J (5)

wherc 'TJ is ,1 pararnucr represenr<lti\'e or rhe fllu,gh£H:SS of tht, surfan's, ~i\'ing

th<> root rnl'an ...•quare hei~h{ dc\'iation frolll ,1 fl;lr configuralilln. \\'hich rnay be

dctermined hy assumin,g [hat rht' heighls of rhe asp(:ri(i(, .....are disrributed

srati.-.,tic.dly in (.aussian fa:-.hion abollt a ....uiLlble mt';ln V.tllll'. and f3 is an

appropriatc.: ¡l\'l'fage <w,gle pf reflcction of lhe ekClr~JO \\'an' H'C{ors as measurl'd
from rhe surfan: normal, ,.•.hích can be cait.-u1a[('d by laking into account rhe

angular distrihution of lhe carriers s{rikin~ the surfaces, As in the alkali
nH..'tals S t'orrc.:....•ponds to the IlUmheT nf allll1l ••.•I'WT unit '\'OIUIU(', l'q, (5) sho\\ .•••

lhal [he prohahilily of e1asric scatrering at liJe film surfac('s will increas('

wirh lhe neaf('st neighbour dist,lnce,
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On substituting (4) ami (5) in (3), and then (3) in (1) and (2), the
tempcrature d{'pendences of PI/ Pb and al/ah plotted as dashed curves on tht.
right side of Figs. 1 and 2 wece (ounci. Jlere abdenotes [he tcmperarure coef.
ficient uf resistivity corresponding to Pb'

b) Polyctystalline Films: Case whete 'fd< Tg

lf (he f¡lros are deposited at a temperaturc lower than T , hUI higherg
than Te' so as [O produce microcrystalline layces where dg < Ab ' another
resistivity component shall be takcn ioto account, (he one associated with
(he interactions of (he conduction clcctrons w¡lh (he graio boundaries. Tu
determine [he value of chis nc\\' contribU[ion [he ~tayadas-Shatzkes6 model
was applied, where lhe crystal boundari('s are treated as a series of p1nially
rcflecting, randornly spaced paralleJ planes, oriented perpendicular to the
d¡rection of the current flo\\', with an average separatiun d , aod behavingg
as an array of smoo[h, shorr-ranged S.funttion potentials.

00 [hese assumptions a compu[ation of PI and af using eqs. (l) and
(2) entails teplacing Po and $p(b) by the telation's

[

"12 OOt ) ,$(b)=b 1_6(1-P) J J ~_~ ca, W

p 7Tbl'(e) o ,.3 xS 1/2 (x, W)

""(th

(6 )

1- exp(-bxl/(x,w» dWdJ-'
I-pexp(-bxl/(x,w)) J

(7 )

F (e) = 3 [ 1/3 • cl2 + e' - e3 loge(1 + 1/ C)]

2 11/ (x,w) = 1 + e/cos w(I-I/x) ,

(8 )

(9)

where e is a oumerical (ydram('(er depénding 00 bo[h du.o crystal size and (he
grain.boundaryeHects. To make a direct comparison bet"reen this procedure
and (he Fuchs.Sondheimer (heory, e mus( be expressed in th~ form

[ /' ] ,'¡,e = h (1 - q) 2. A d q (3/7TN ) 3 ,o g ( 10)
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where q denotes a transmission coefficient giving the average probability of
eharge transfer across the grain boundaries, mat can be derived from con.
siderations on the mechanism of electron tunneling through the potential
barriers existing between the crystaIlites.

Solving eqs. (1) and (2), the resules represented as broken curves in

the centre of Figs. 1 and 2 were obtained.

When the condensation occurs be low a critical temperacure Te' always
lower ,han T and 01 ,he order 01 T /3, rhe films exhibi, a very disordered,

g' '"liquid-like structure, as evidenced by electron diffraction patterns.
1'0 study the electrical properties of such deposits the same procedure

as in the case (a) may be applied, since the medium is isotropic and the only
size effect is mat conceming the surfaces of the film. However, it shall be
noted that in this case the background resistivity Po due to the scattering of
(he carriers by rhe thermal vibrations of the atoms (electron.phonon coIlisions)
and to rheir interacrion with structural defecrs is rarher different from Pb•

If one assumes thar a crystalline-to-amorphous transformarion can be
treared as a meleing process, then Po may be derived from rhe equation

(JI)

where k is Bolezmann's constant, while Sa and Se are the entropies per unit
volume of the amorphous and crystalline phases, respectively: obvioush:, S
. ' a
IOcludes also rhe configurational conrribution arising from the disorder of rhe
suucrure.

Introducing now (1l) inlO (1), (2) and (4), and lollowing !he lines of
rhe Fuchs-Sondheimer rrearment, rhe dashed curves shown on the left side of
Figs. I and 2 resulted.

The discontinuiries berween the branches of rhe rheorerical curves ob.
tained using the rhree models described in rhis section,may be easily understo<xl
if one considers thar [he changes in (he charge transpon mechanism duc to
the structural rransformarions produced by varying rhe deposition temperature,
cannot occur so suddenly as it was supposed in the mathematical proccdure.
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4. DlSCUSSION OF RESULTS ANIJ CONCLUSIONS

Reale

Figs. 1 and 2 show rhar rhe rheorerically predicted remperarure de-
pendellce uf p¡/Pb and al/ah is in good agreemenr wirh rhe observations.
rhough rhe fir is flor complcre. Apan from rhe neighbourhood of T and T ,
where ob\'iously a comparison is meaningless, rhe film resisrivity and.girs
[cmperarure coefficient are respecrivel}' higher and lower rhan would be ex-
p('cred on rhe basis of eqs. O) and (2): the difference between ca!cula(ions
and measuremenrs inereases wirh borh rhe pressure in rhe vacuum chamber
anJ [he oeposirion rempera(urc.

AII rhese discrepancies mal' he explained by assuming thar even at
pressures berween 10-5 and 10.8 tore rhe free surface of rhe films ean be con-
raminareJ by small traces of oxide and physisorbed impuriries able ro prexiuce
a reducrion in rhe conducriviry and (emperature coefficienr of resistiviry.
rhar obviously will become more evidenr rhe rhinner rhe film. This hyporhesis
is supporred by rhe rise of borh rhe conductiviry ami rhe remperarure coef-
ficienr of resisriviry wirh improving vacuum condirions or increasing film
rhickness observed by comparing (he behaviour of samples of differenr
rhicknesses deposired and tesred ar various pressures, and explains why
rhe deviation from rheory is less rhe lower rhe pressure ar which rhe filros
wen.' produced and measured (rhar was raised wirh rhe a(omie number in
proponion ro rhe volariliry of rhe meral, from 10~8 torr for li(hium ro 10.5rorr
for caesium. ro a\'oid lhe reevaporarion of rhe atoms of rhe film) or rhe colder
rhe subsrrare (as rhe rherma! agiration activares rhe diffusion of foreign atoros
o\"('r (he free surface of rhe film, faciliraring rhus (heircaprure by adsorprion
sires) .

Experimen(s perforrned using lirhium films preparcd and held in a
-8 f b -9 dvacuurn better rhan 10 ton show, however, rhar rom a our 10 rore on own

rhe film resisrivity and irs remperarurt. codficienr give up decreasing and in.
creasing, respecrivc1y: one can rhen assullIc rhar ar such a pressure rhe ad-
sorprion phenomena have become quire "negligible.

H()\\'ever, even ar lo-q torr rhe values of p and a¡ are iarger and smaller.
respecri\'ely. rhan in rhe rheOferical predicriofls. hur in rhis case rhe difference
reduces wirh raising "Id. Thercfore. rhediscrcpancies bcrween ealcularions
and measuremenrs illusrrared in Figs, 1 and 2 cannor be complere!y attribured
ro the fi 1m conraminarion. The residual deparrure noriced in specimens evapw
rared and invesrigared ar 10.

9
tore may be interprercd by supposing rhar rhe

fracrion of carriers elastically scattered from rhe film surfaccs is less rhan
would resulr from (5). and does flor remain consranr as in lhe id('alized model
cOllsidered in rhe marhemarical rreatmenr. bU[ increases with rhe condensarion
remperarure.
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This explanation is rcasonable, as we have assumed that the valucs
of p deduced from considerations on the structural characteristics of (he
film-vacuum interface can be used al so for the substrate-film interface, while
rhe proportions of e lectrons specularly reflected at the top and bottom surfaces
of the film could be differentll, and the second could be smaller, since obvi.
ously the bottom surface must have the same roughness as [he subs[rate,
whereas [he asperities of [he [OP surface may be partially smoothed by a
diffusion mechanism which is enhanced by incrcasing [he deposition [emper-
ature.

1I0wever, a study of [he influence of rhe [hermal agitation on the sur-
face mobiliry of vapour atoms of rhe alkali me[alcaptured by [he free surface
of the film during the condcnsation process1 shows that in the low temperarure
region [he residual deviation from [heory in [he absencC' of con[amina[ion
should be greater rhan is observed in ultra-high-vacuum deposi(ed lithium
films. This may be explained by considering rhat rhe lower is che temperarure,
rhe more small-angle clectron-phonon interacrions become effecrive in de-
flecring rhe elecrrons toward the film surfaces for further scattering, which
enrails a shorrening of rhe electron mean free parh used in the Fuchs-Sondheimel
[heory 12, and can rhen balance parrially the d(:'creasc of p arising from rhe
reduction in the atom surface mobility.
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RESUMEN

Se observó que el comportamiento de la resistividad de películas só ..
lidas delgadas de metales alcalinos, depositadas en el vacío, s.e des\.ía de
las predicciones de la teoría de Fuchs~Sondheimer sobre el efecto del tama ..
ño: la des"iación tIene lugar cuando la trayectoria media libre de los elec ..
(Cones de conducción es comparable con la dimensión lineal promedio de los
granos de la película. Ocurre un segundo cambio en las propiedades eléctri ..
cas, a la temperatur~ crítica de transfonnaciÓll de cristalino a amorfo, abajo
de la cual, el depósito muestra una estructtua altamente desordenada, seme-
jante a un.líquido. Los resultados obtenidos al modificar el tratamiento
Fuchs.Sondheimer de modo que incluya ambos fenómeno~, están razonable.
mente de acuerdo con las observaciones.




