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Low-temperature resistance and its temperature dependence in nanostructured silver
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The dc resistance and the temperature coefficient of resista@i® of bulk nanostructured silvgn-Ag),
synthesized by inert gas condensation anditu vacuum compaction as well as by the sol-gel method, was
investigated in the temperature range from 4.2 to 300 K. The results indicated that for all ofAbe
specimens with larger grain sized>*20 nm) and higher densitigselative densityD >88%) investigated,
their resistivity decreased with decreasing temperature, showing metallic behavior; however, it was found that
for then-Ag with smaller grain sizes and lower densify € 45—50 %), the resistance increased with decreas-
ing temperaturénegative TCR as its mean size<9 nm, exhibiting nonmetallic behavior. Furthermore, it
was found that generally at a certdiiixed) temperaturgat 280 K, for instance there were approximately
linear relations(with negative slopebetween its TCR and reciprocals of both grain size and density. In
addition, the absolute magnitudes of the resistivityneAg were higher than that of polycrystalline silver
(poly-Ag), and increased with decreasing both grain size and density. With the model of grain boundary
reflection, it was evaluated that the electron mean free path at room temperature was 44 and 33 nm for the
n-Ag with grain size 38.5 and 25 nm, respectively, both of which are smaller than that of pdl§1Agm. It
was also evaluated that the electron transmission coefficient through boundaries decreased monotonically from
0.83 to 0.42 a%-Ag density decreased from 98.5 to 88%, suggesting greater boundary barriersitfe
with lower densities. The fact that transition of TCR sign from positive to negative can be attributed mainly to
the dominant scattering caused by interfaces as compared to that caused by intragranular phmAgnsith
extremely fine grain sizes and low densitig80163-18207)07936-§

[. INTRODUCTION Ag(n-Ag), laying emphasis on the effects of both grain size
and specimen density on the resistance and its temperature
Nanostructured material®-materialg are artificial syn- dependence.
thesized polycrystalline materials whose grain sizes are of
the order of several to dozens of nanomete8ince the frac-
tion of interfacial component in-materials is comparable to
that of the intragranular compong(fior instance, the fraction The n-Ag used was synthesized by two methods. The
of interfaces is~50% for then-materials with grain size 5 specimens with higher densitieD88%) and relative
nm), the influence of the interfaces on the electron transporarger sizes §=20 nm) was prepared by inert-gas conden-
property cannot be neglected, as has been done in convesation andn situ vacuum compaction as described in Ref. 1.
tional polycrystalline material(polymateria). Therefore, The raw material was 99.99% pure conventional polycrystal-
some features involving electrical conduction may appealine Ag (poly-Ag). After the vacuum chamber was evacuated
that are closely associated with its structural characteristicsto the vacuum of X 10 ° Pa, it was filled with helium gas
The dc resistivity and its temperature behavior has beeto the pressure 0.1-0.3 kPa. Then nanoparticles were evapo-
widely investigated in metallic gla%$ and solid fims!~"  rated by a tungsten heater and collected in a cold finger filled
and some important results related to their structure haveith liquid nitrogen. Different heating currents were used to
been obtained. Im-materials, however, this investigation is alter the grain size of nanoparticles obtained. After a certain
in its preliminary stage. Wiet al® investigated the ionic amount of this nanopowder was collected, it was compacted
conductivity ofn-Ca _,La,F,., (x=0,0.25) and found that in situin high vacuum at different pressuré3.6—1.8 GPa
it is one to two orders higher than that of polycrystallineto alter the density of bulk-Ag specimens. The obtained
counterparts. The low-temperature resistivity oPd was specimens were disk shaped 6 mm in diameter, and 0.2-0.5
studied by Krad;® who found that the temperature coeffi- mm thick. Although there are difficulties in controlling mac-
cient of resistivity (TCR) decreases with decreasing grain roscopic density and mean grain size accurately, we did our
size. Recently, a negative TCR was found in baHNiAl utmost to ensure that the relative density differences among
with lower densities D<68%) by the present autholf3At  the specimens used to investigate size effects quantitatively
present, however, we are far from a full understanding of thavere smaller than 3%; the size differences among those used
characters and mechanism of the electron transport propertp investigate density effects quantitatively were smaller than
in n-materials. In this paper, we report the investigations or nm.
the low-temperature resistance and TCR of nanostructured The specimens with smaller grain sizes and lower densi-

Il. EXPERIMENT
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TABLE I. List of the resistivity at 5 and 300 K for poly-Ag and 50
n-Ag (d=94-96.5 %) of different grain sizes.
< (a)p-Ag
. n-Ag n-Ag n-Ag o (b) (d=47nm)
Specimen poly-Ag (47 nm (30 nm (20 nm 40 - & (c) (d=30nm)
o (d) (d=20
ps (1 cm) 0.04 0.49 1.90 2.69 () (d=20nm)

30 |-

ties (D=45-50%) were synthesized by the sol-gel
method® The nanoparticles of silver were obtained from re- &
action of tannic acid (&Hs,046) (purity: 99.9% with silver = 2OF
nitrate solution(purity: 99.9% at room temperature. By al-
tering the concentration of silver nitrate solution, nanopar-
ticles with different mean grain sizes were obtained. Bulk
n-Ag was obtained by compacting the nanopowder with
lower uniaxial pressure~0.5 GPa) at room temperature.
The chemical components of the synthesized nanopar
ticles with different grain sizes were analyzed by x-ray- 0
photoelectron spectroscogXPS (model: VG ESCALAB
MK Il electron spectrometer The results revealed that the T S TR T S A

10

samples contained trace oxygen and carbon; no obviou: 0 50 100 150 200 250 300
change of chemical components was observed in the spec
mens with different grain sizes. The crystalline structure and Temperature (K)

mean grain sizébased on Scherrer methodf n-Ag speci-
mens was analyzed by using x-ray diffraction on a Philip-
PW1700 type x-ray diffractometé¢XRD) and confirmed by
tr.a_nsmission electron microscofyEM). The s_pecimen d.en. dences of TCR oh-Ag’s with different grain sizes differ
S'F;ﬁ.s‘ were measureg,ob;jed on the Archimedes prInCIpI%)’reatly from those of poly-Ag; with decreasing temperature
" Twear?leaacsclrrf;)éﬁt of dcore3|stance was carried out, in tqhe TCR of poly-Ag rises more rapidly than thoseeAg’s,
temperature range from 4.2 to 300 K, by using the conven' d|cat|ng that the reduction of the resistance of poly-Ag is
tional four-probe method. The voltages were recorded by ¢ [
nanovoltmetermodel 182, Keithley Ing.and the tempera- I .

ture was controlled within an accuracy 8f0.5 K. 0.050 . Eb
: (
(

FIG. 1. Variation of resistivity ratigp(T)/ps of p-Ag (a) and
n-Ag (b,c,d) with different grain sizes on temperature.
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lll. RESULTS
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A. Effects of grain size on the resistance

The resistivity of poly-Ag anch-Ag (relative densityD
=04-96.5% with different grain size was measured. Table 0.030
| gives the residual resistivityt& K and that at 300 K for
poly-Ag andn-Ag with different grain sizes. It shows clearly =
that, whether the absolute magnitude of resistivitneig is T 0020
at 5 Korat 300 K, it is greater than the corresponding values 5
for poly-Ag, and increases with decreasing grain size. The
resistivity ratio of the resistivity at different temperatures to 0.010
that & 5 K was plotted as a function of temperature in Fig. 1.
Comparing with poly-Ag, some features about the resistivity
of n-Ag can be seen from this figurét) Similar to poly-Ag, 0.000 |
the resistivity of n-Ag decreases linearly with decreasing [ %
temperature at temperatures aboevé40 K, showing metallic L o
behavior.(2) The slope of the linear parfT¢>40 K) of the 0010 —lew v oouw
curvep/ ps versusT of poly-Ag is much greater than those of 0 50 100 150 200 250 300
all the n-Ag specimens investigated, and among these
n-Ag’s, the slope decreases with decreasing grain size. Fig Temperature ( K)
ure 2 shows the TCRdefined asa=(1l/p)dp/dT] of
poly-Ag (curvea) and threen-Ag specimengcurvesb, c, FIG. 2. Variation of TCR of poly-Ag &) andn-Ag (b, ¢, and
andd) as a function of temperature. The temperature depend) with different grain sizes on temperature.
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TABLE II. List of the resistivity at 5 and 300 K for poly-Ag and-Ag (d=25-30 nm) of different

densities.

Specimen poly-Ag n-Ag (D =98.8%) n-Ag (D=94.7%) n-Ag (D=91.7%)
ps (uQ cm) 0.04 0.44 2.70 3.82

P300 (€2 cm) 1.64 2.48 5.00 6.06

much faster than that af-Ag with decreasing temperature.
In addition, at a fixed temperature the TCR mfAg was

much smaller than that of poly-Ag, and decreased with de-

creasing grain size.

B. Effects of specimen density on the resistance

Table Il gives the residual resistivitt & K and that at
300 K for poly-Ag andn-Ag (grain sized=25-30 nm with

C. Temperature dependence of resistance of the-Ag
with extremely fine grain sizes and low densities

To reveal the effects of grain size and density on tempera-
ture dependence of resistance, th&g’'s with smaller grain
sizes and lower densitiegelative densityD =45-50 %)

were synthesized and their resistance were measured in tem-
perature range 77—300 K. Figure 5 shows the XRD pattern
of poly-Ag (a) and an-Ag sample b) (5.3 nn). It can be

different densities. It can be seen that, whether the resistivity®e"n that, apart from broadening of all of the reflection peaks

of n-Ag is at 5 K or at 300 K it isgreater than the corre-

sponding values for poly-Ag, and increases with decreasin
density. The resistivity ratio of the resistivity at different

temperatures to thattéd K was plotted as a function of

in curveb (which was mainly caused by smaller grain gjze
e reflection peaks in the two curves correspond to one an-
ther, indicating that the crystalline structure of theéAg
sample is identical with that of poly-Ag. Moreover, no evi-

temperature in Fig. 3. It can be seen that the slope of th§€nce of other phase, such as,@gwas detected in curig

linear part T>40 K) of the curvep/ps versusT of poly-Ag
(whose full curve is shown in the ingas much greater than

those of all then-Ag specimens investigated. Among these

which coincided with the results of XPS analysis. Figure 6
shows a typical TEM morphology of the grains of theAg
with mean grain size 6 nm determined by XRD. It can be

n-Ag's the slope decreases with decreasing density. Figure 3€€N that most grain sizes are around 6 nm with rather even

shows the TCR of poly-Adcurvea) and threen-Ag speci-

size distribution. The inset gives the electron diffraction pat-

mens(curvesb, ¢, andd). This figure indicates that the TCR tern of its structure, which is typical fcc structure—the same

of n-Ag was smaller than that of poly-Ag, and decrease

with decreasing density.
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FIG. 3. Variation of resistivity ratiep(T)/ps of poly-Ag (a) and
n-Ag (b, ¢, andd) with different densities on temperature. The
inset shows the full curve g§(T)/ps of poly-Ag.

£S that of poly-Ag.

Figure 7 gives the resistivity of theseAg’s as a function
of temperature. It can be seen that forAg's with larger
grain sizes(d=11 and 18 nm their resistance increased

0.050 |- . (a) p-Ag
- e (b) n-Ag ( D=98.8% )
[ R (©) n-Ag (D=94.7% )
: P —mm (d) N-AQ (D=91.7% )
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FIG. 4. Variation of TCR of poly-Ag &) andn-Ag (b, c, and

d) with different densities on temperature.
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(b) n-Ag (5.3nm) 7 o (b)6.80m
6 v {c)11nm
" o (d) 18nm
£ %
(b) ($] 41
> P4
z T S
5 (1 2 2 b
£ 200) E ; CHITCIm T I TR
e >
@ (220) G1D R x
$ 3 ©
222 0.035 F
(@) A o o : m/ww
0.030
1 1 1 1 1 i 1 1 [ i 1 r
30 40 50 60 70 80 0025 F
26 (degree) 0020 F
FIG. 5. X-ray-diffraction pattern of poly-Ag standard)(and a 0015 F
n-Ag specimen ) (mean grain size: 5.3 nn{Cu K« radiation. 0.010 _
with increasing temperature, showing normal behavior, for 0.00554 100 150 200 250 300

the n-Ag specimenghaving the same density as that of the
specimens of larger grain sizewith smaller mean grain
Sizes (d:5'3 and 6'8. nm_however, the|r_ r_e_5|stance N FIG. 7. Variation of the resistivities oh-Ag's (density D
creased with decreasing temperature, exhibiting nonmetallic ,5_g % with different grain sizes on temperature.
behavior, which, to our knowledge, was first observed in

bulk nanostructured pure metal. In order for us to confirm the . . . L
its TCR from positive to negative with grain size in more

observed results and exclude possible effects produced b Ltail. we investigated the dependence of TCR on its arain
other factors, such as chemical purity or contamination, ori.” "’ igated. penden 9
ize of n-Ag, which is illustrated in Fig. 9. It can be seen

the temperature behavior of resistance for the finer grain SIZC carly that with decreasing grain size the TCR whether at

N-Ag specimens, after measurement of resistance the SPEY00 or at 250 K, all decreased slowly with decreasing grain

men with grain size 5.3 nm was annealed at 643 K in the_.”~ S
vacuums of 103 Pa for 2 h, and its resistance was remea-> >’ when grain size was reduced-t@ nm, they changed

sured. The result showed that as its grain size grew to 11.79" from positive to negative, below which negative TCR

nm after annealing, its resistance decreased with decreasif peared and dropped more steeply. The origin of this ab-

temperature, showing normal behavisee Figs. &) and normal phenomenon will be discussed further in the follow-
8(b)]. In addition, the appearance of the nonmetallic behav"Y section.
ior in the specimens with finer grain sized<10 nm) was

of good reversibility, that is, the resistance-temperature curve IV. DISCUSSION
measured during cooling coincided well with that measured

during the heating process. To survey the transformation of

Temperature (K)

A. Magnitude of resistivity and microparameters
of electron transport

The difference in resistivity and its temperature behavior
between poly-Ag and-Ag as well as amongn-Ag’s with
different grain size and/or densities must be associated with
the differences between their microstructure characteristics.
The high resistivity ofn-Ag as compared to that of poly-Ag
(see Tables | and)Iimay originate from one of the following
two aspects.

(a) Macroscopic defect effectSince the density afi-Ag
(D~88-99 %) was generally lower than that of poly-Ag,
there is inevitably a lot of porosityvoids with sizes of the
order of~1 wm); there are, as well, vacancy clusté¥&C’s)
(with the size d>3 nm) residing in triple junctions of
n-Ag.**1?Even a great number of microcracks exishiig,
especially for those specimens with smaller densities. Their
existence will lead to the reduction of effective conduction
area, giving rise to extrinsic increase of its resistivity. Be-

FIG. 6. The typical morphology of grains, observed by TEM, of cause the volume fractions of each type of defects, their ac-
n-Ag with mean grain size 6 nm. The inset shows the electroncurate shape, their size distribution, and their spatial distri-
diffraction pattern of their structure. bution in n-Ag are difficult to determine experimentally,




10 600 QIN, ZHANG, ZHANG, JIANG, LIU, AND JIN 56

8 L % O (a) before annealing (5.3nm)
- [¢) O (b) after annealing (11.7nm)

3z = FIG. 8. The resistivity of an-Ag specimen as
0.050 [ a function of temperature.aj Before annealing
0045 [ (d=5.3nm), and ) after annealing treatment at

oos0 | 643 K for 2 h @=11.7 nm).

Resistivity (Qcm)

0035 [
0.030

0.025

0.020
Temperature

there are difficulties in quantitative deduction of the extrinsic n=nyG(l,d,T*)=nyT*"d, 2
resistivity caused by them. This should be kept in mind as
we try to extract the microparameters of electron transport.From formula(2") one knows thah approaches, for con-

(b) Interfacial and microscopic defect effecBue to the Vventional polymateriald>1000 nm,|=20-50 nm, where
small mean grain Si2€0—47 nn), there is a greater number I/d<2><10_2—5>< 10_2< 1, which means that the influence
of interfaces(interfacial fractionf~6—15 %, assuming the Of grain-boundary scattering on conduction-electron density
thickness of the grain boundary is 1 him n-Ag than in ~ ¢an be neglected. In-materials, however, the grain size is
poly-Ag (f<0.1%). These interfaces, which are always re-comparable to the MFP. Then the reductionnofaused by
lated to random atomic arrangements and superimposed Kgctor T*''® cannot be neglected. Combining formuléss
vacancylike(VL) defectst™!2 have strong scattering ability and(2), we have
to conduction electrons and therefore cause additional resis- _ 2 2k —1/d
tivity. For this reason, the “intrinsic resistivity” oh-Ag is p=[mvg/neeJT* 5. )
different from that of poly-Ag. The normal Drude formula Here  is the intrinsic resistivity ofn-Ag. We know from

o=noe’l/mV; [herem is the mass of electroV the Fermi  formula (3) that MFP| cannot be determined by using a
velocity, e the electron chargey, the free electron density,

andl the mean free pattMFP)] cannot be used to determine 2.00 - : - -
the microparameters, which, by using the measured intrinsic : :
resistivity, may lead to unphysical magnitude, such as a MFP F | g
smaller than a lattice constant. The investigations on resis- 0,00 beeederreeeegBoreees b L] E ]
tivity of solid state films indicated that as the grain size of ' : : : : :
polymaterial is comparable to the electron MFP, each crystal
acts like a potential well with boundasjnterface as a bar- : : : : :
rier. As a result, a fraction of conduction electrons is local- 200 [reeepeeaeeee g e preeeeeee preneeey
ized within this well, and the effective conduction electron : : : : :
density is limited to those which tunnel through all the
boundaries along the MFP, resulting in decrease of effective
density of conduction electrons. The relationship between
conductivity and microparameters is described by a modified
Drude formula, and has the fofrh

-4.00 _ ............. .............. R feenrenannns ...........

o (10 3/k)

B.00 [oreeshafurenannnns PP RRPSR. RS .

o=[(e?l/mve)]nyG(l,d, T*). )

—e— TCR at 100K

L . . . .
- )
Hered the grain size,T* (<1) is the transmission coeffi -8.00 —O—TCR at 250K

cient of the electron through a boundary, a@dl,d,T*)
gives the correction of conduction electron density due to
grain boundary scattering. Using the transfer matrix ap- P L I S IR R S
proach, Reisgt al!® calculated the functios, which in the ' 5 10 15 20 25
first approximation has the form

Grain size (nm)
G(l,d, T*)=T*"9, )
FIG. 9. Variation of TCR at 100 K®) and at 250 K([J) of
or n-Ag (of lower density on its mean grain size.
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single measureg because there is another unknown param- TABLE lll. List of evaluated mean free patlh)((at 300 K and
eter T* in it. Since the electron transmission coefficidrft ~ grain size () of n-Ag and poly-Ag.
reflects the energy barriers of grain boundaries, the determi

nation of it is beneficial to understanding the interfacial SPecimen Poly-Ag n-Ag n-Ag
structures_ oh—Ag.ffH(_ere Weﬁevalut?te tge elecr;trm:c '|\|/“:P and d (nm) ~1000 385 o5
transmission coefficient oh-Ag based on the following | (nm) 511 Qa4 33+ 3

three assumptions.
(i) For then-Ag specimens with extremely high densities,
for instanceD >98%, the influence of macroscopic defectsm:9_1>< 103 kg, ande=1.602<10"1°C, and by using

on resistivity ofn-Ag can be neglected, i.e., extrinsic resis- experimental resistivity data available for poly-Ag ama\g,
tivity caused by these defects can be neglected as compargfl gptained the MFP and transmission coefficient for
to that caused by boundaries scatteringi) For the speci- poly-Ag andn-Ag, which are given in Table Il and Fig. 10,

mens with identical or similar densitie$or instanceAD  yegpectively. It can be seen from Table IIl that the MFP in

<2%), their transmission coefficieflt" is identical or simi-  ,_Ag is smaller than that in poly-Ag, and decreases with
lar. This assumption is based on the results of positron ”fedecreasing grain size. It is worth noticing that the MFP in

time .spgctrum(PLS) '”V?St'ga“o”i Wh'_Ch showed that _ n-Ag are greater than the corresponding grain size constitut-
density is a comprehensive index reflecting the states of Mhg the material. This fact suggests that the MFP is not di-

terfacial defects and interface formation(iii) The MFP is a = octly determined by grain size, which agrees with the results
gradually changing function of grain size. This assumption iS¢ other investigation& The decrease of MFP with decreas-

based on the results of investigations on the resistivity ofyg grain size mainly originated from the enhanced distor-
solid films;™ which showed that the MFP is mainly deter- yiong in smaller grains, for x-ray-diffraction investigatidhs

mined by background scattering within grains, i.e., by thegyoed that the lattice microstrain in smaller nanograins was
deviation of atomic arrangements from periodicity within

: generally a little larger than that in larger nanograins.
grains.

o Figure 10 illustrated that with decreasing density from
Then for poly-Ag[hereG(l.d,T*)=1], we have 99% to 88% the transmission coefficient decreases mono-

pPp= mV,: /n082| O:All 0

with A=mVE/nge?. Herel, is the MFP in poly-Ag. For the
two n-Ag specimens with similar densities, from formyg

4) tonically from 0.83 to 0.42. This result indicates that with

decreasing density, the interfacial barriers become greater
and greater, that is, the amount of interfacial defects and the
random degree in grain boundaries increase with decreasing

density, which agrees with the results of PLS

we have[using assumptiofii)]
investigations! Figure 11 gives the plot of If* versus the

_é T (~11/dy) () reciprocal of the density. The straight line is the fit to experi-
pl_ll ' mental data. It can be seen that a good proportional relation
between InT* and 1D exists. Its implication will be dis-
A cussed in the following section.
_T*(flzldz). (6)

p2=

2
. . . B. Grain size and density effects on resistivity
Here indexes 1 and 2 denote specimens 1 and 2, respectively.

On obtaining formulag5) and (6), we have considered that As men_tioned above, tht_a conduction process of electrons
(in the first approximationthe effective mass of electrons N N-materials can be described by a m?f/j('jf'e_d Drude formula
and Fermi velocity im-Ag are same as those in poly-Ag. In [See formula(3)] within which factorT* ~"¢ gives the cor-
addition, since MFP is a gradually changing function of
grain size[assumptior{iii )], we can divide the specimens of
different grain sizes into several sections according to thei
grain size, so that in each section the grain size difference ¢ 08
two specimens was smaller than 10 nm. Then the differenc
between the MFP’s of the two specimens was small, and, &
approximation treatment, they were replaced by a mea
value, i.e.,l;~l,=I, and from formulag5) and(6) we ob- ,
tain sl

09 F

n-Ag

0.7 |-

-

T A d> p1 |
I—exp{ln o di—d, In —}. (7) 05|

In the same way, from formula$) and(6) we obtain 04 _ ¢

86 88 90 92 94 96 98 100

d.d
T*zex;{——1 2_In b1 .
[(dy—dy)  p2

Consequently, by using literature valles (at
300 K) of ny=5.85x10%7cm?, Vp=1.39x10° cm/s,

)

Relative density { % )

FIG. 10. Variation of transmission coefficie@t room tempera-
ture) of n-Ag on its density.
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0.0

rameters because of the existence of the term Ipg) [see
formulas(7) and (8)] (asp1/p>~p1i/poi, hereps; andpy;
denote intrinsic resistivity of specimens 1 and 2, respec-
tively). (b) Influences of interfacial barrierddigh resolution
electron microscopyHREM) (Ref. 18 and PLS(Ref. 11
investigations showed that grain boundariesnimaterials
often existed in the form of “extended states,” i.e., they are
always related to random atomic arrangements and contains
VL interfacial defects. Obviously, this kind of nonequilib-
rium interface has stronger scattering capacity to conduction
electrons than normal equilibrium boundaries have.
Experimentst!? showed that with decreasing density the
amount of VL defects increased. It can be conceivable that
the interfaces containing more VL defects will have stronger
) Y S U S R scattering ability than the one with fewer VL defects. This
0054 009 009 0100 0102 0104 0406 0108 OMO \yould be manifested by the decrease of the electron trans-
mission coefficient with decreasing density as present experi-
1/D (cm3 9) ments shown in Fig. 10. Obviously, as transmission coeffi-
cient decrease, the resistivity increagese formula(3)],

FIG. 11. Variation of transmission coefficient () of n-Ag  \hich contributes partly to the variation of resistivity of
on reciprocal of its density. The solid straight line is the fit to n-Ag on density(see Table I

evaluated values from experimental déade).

n-Ag

*

Ln(T")

-08 -

C. Grain size and density effects

rection of the conduction-electron density. With decreasing on the temperature dependence of resistivity

grain size, the number of interfacésoundaries in n-Ag
increases, with its volume fraction being related to grain size As mentioned above, there aether than grain bound-

by the relation off~3A/d (heref is the volume fraction of ~aries three types of defects in-materials, i.e., porosity and
interfaces and\ the thickness of grain boundarjé€ This ~ VC and VL defects**? Among them, porosity only affects
results in intensification of electron scattering mAg  the absolute value of resistance and residual resistivity due to
(which is reflected by the increase of factéd in T* —lidy its macroscopic character; i.e., it does not influence the TCR
leading to an increase of its resistivity. In fact, by using©f n-Ag. So do the VC defects, for VC defects reside mainly
relation f~3A/d, from formula (3) one has p in triple junctions and are also of macroscopic character due
= (mvg/nge?)T* ~(13%) "\which shows explicitly the rela- 0 their_ greater spaIéLO—l_S monovacancil!i’é... On the other

tion between resistivity and number of interfaces. In addi-hand, inn-materials the interfaces combining with VL de-
tion, smaller nanograin sizes are often accompanied bfects(having smalll™) and possessing great volume fraction
greater lattice distortion’, which leads to reduction of the (largef) have strong scattering capacity. Therefore the re-
MFP (see Table Il). This also causes the resistivity to in- Sistivity temperature behavior ofmaterials is controlled by
crease. However, the MFP influence on resistivity is relaboth phonon scattering within nanograins and interfacial
tively weaker because of the “counteracting effect.” That is, scattering. As the temperature decreases, the MFP increases,
on one hand, reduction of the MFP will give rise to increasewhich indicates that the resistivity caused by background
of intragranular resistance. On the other hand, however, it§cattering within grains decreases. On the other hand, how-
reduction will lead to a decrease of the number of interfacegVer, the increase of the MFP will lead to a further descent of
along one MFP, resulting in an increase of effective electroréffective electron densitysee formula2)] because the num-

density and therefore a decrease of its resistige formu-  ber of grain boundaries encountered by conduction electrons
las (2') and(3)]. along one MFP increases. In addition, as temperature de-

The density influence on resistivity can be divided intocreases, thermal activation declines, which leads to descent
two aspects(a) Macroscopic defect effectés mentioned Of electron transmission coefficiefit*. All these will give
above, the existence of these defects, such as porosity or Vits€ to additional resistivity caused by boundary scattering.
defects, will give rise to extrinsic resistance. Obviously, theThis would explain why the decrease of resistivityroA\g
amount of these defects will increase as densitwith decreasing temperature become slow, i.e., the increase
decrease$!'? leading to an increase of total resistance ofof TCR of n-Ag with decreasing temperature becomes
n-Ag. In the high-density range, their influence can be neslower than that of poly-Adsee Figs. 2 and)4

glected. In relatively lower densitieésuch asD<90%), According to the definition used here,
however, their influence will become important gradually.
Although we cannot experimentally separate it from total a=(1lp)dp/dT=—(1Uo)do/dT. (9)

resistivity accurately, the microparameters obtained here
(Table 1l and Fig. 10 are reliable for the following reasons: Substituting formulag1) and (2) into (9), one obtains
(i) the densities oh-Ag specimens investigated here were
generally greater than 90%apart from one specimen with
the density of 88% (ii) the influence of extrinsic resistivity

al
= — * —_—
were removed to a considerable degree on obtaining the pa- « [AD+(L/d)in T (10

aT’
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8 is satisfied, the TCR becomes negative. Forn{ti) indi-
cates that exp{d/l) decreases rapidly with increasing grain
5 size. For conventional polymaterial(d>21000 nm, |
=20-50 nm where d/1>0.5x 10P—5x 10?> 1,
exp(—d/)—0, while theirT* — 1. Hence, formuld13’) usu-
ally cannot be satisfied there, which explains why few nega-
tive temperature coefficients of resistance appear in normal
metals. Clearly, for a given-material, only those specimens
with smaller grain sizesl and smaller densitiefT* de-
creases with decreasing densigsee Fig. 1 or, increasing
= height or/and width of boundary barri€f can possibly sat-
isfy formula (13'). Hence, it is understandable that a nega-
t tive TCR only appeared in the specimens with both ex-
tremely fine grain size and low density as observea-ig's
T — by the present authorsee Figs. 7-9
001 000 001 002 003 004 005 006 For the case of high boundary barri@s inn-material$
d-! -1 and weak field, the transmission coefficidrit, according to
(nm) ) . . S
quantum mechanics theory, is the tunneling probability of a
FIG. 12. Variation of TCR at 280 K d,g) On reciprocal of  €lectron through a boundary barrier, and has the refgtion
grain size. The solid straight line is the fit to the experimental data

Tm = pAg

apgo ( 10°2/K)

(m). T* ~exp(—2BW) (14
with
In high temperature3>0.50 [here®y (~225K) is the
Debye temperature of silvgrthere is a relation 14T, and B=+(2m/A)(U—E).
therefore HereW is the width of the boundary barridd, the height of
4l the barrier,E the kinetic energy of electrons, arfd the
—=—-BI2 (11  Planck constant. In the case of high boundary barrier and
Jr weak field, the relatioft/U<1 holds approximately. Hence
HereB(>0) is a constant related to the material. Substitut- 5= 2R (U=E)~UY2(2m/#) 2

ing Eq. (12) into formula(10), one has
Consequently one has the relatii@ee formula(14)]
a=BI[1—(1/d)]l In(1/T*)]. (12
INT* =(—2BW)~ —aWU? (15)

Formula (12) indicates qualitatively that as grain size de- . 2 )
crease€1/d increases the TCR decreases as seen in Fig. 2.With a [=2(2m/%)7">0] being a constant. Roughly speak-
In addition, it also indicates that as grain size-« (the case N9, the macroscopic density of-materials is a parameter
in conventional polymaterialsy— BI, which is the TCR of whl_ch reflects, to a certain deg_ree, the cpupllng state among
polymaterial. Hence if one plots the TQRt a temperatuje  9r&ins, ar_1d we assumes tha_t in a certain density range, for
versus the reciprocal of grain size ofAg, he will obtain a instance in the.relatlve density .88—99 %, the d_ensny is re-
straight line with negative slope and by extrapolatifg to lated to the grain boundary barrier by the following relation:
zero, it passes through the TCR of poly-Ag. Figure 12 shows 1/2y -1 1/2
the plot of aygq (the TCR at 280 Kversus 1d. It can be seen Dec(WUTH™ or 1D (WU™. (16
that a straight line exists indeed, and within the scope offhe assumption of the relation O« (WUY?) actually as-
experimental error it pass through thegg, of poly-Ag. sumes that-InT* is proportional to 1D [see formula15)].

As mentioned above, the resistivity temperature behavioWhile this proportional relation betweenInT* and 1D has
of n-materials is controlled by both phonon scattering withinbeen verified by experiments as illustrated in Fig. 11. By
nanograins and interfacial scattering, and the interfacial scasubstituting formulag15) and (16) into (12), we obtain the
tering enhances with decreasing temperature. Obviously, delation
the interfacial scattering becomes dominant, then the total
resistance of tha-materials will possibly increases with de- a=BI
creasing temperature, showing nonmetallic behavior. It can
be known from formula(12) that the requirement for this

. - . Here, b(>0) and C are constant. Formulél?) indicates
transformation of the TCR from positive to negative can be S o :
realized as the term in the brackgt of formu )gils smaller qualitatively that at a certaiffixed) temperature, there is a

than zero. that is. as the condition linear relation between I/ and the TCR(with a negative
' ' slope for ann-material. Figure 13 plotted the TCR at 280 K
(1/d)In(LT*)>1 (13) as a function of r_eciprocal qf density _oFAg. It can been
seen that approximately a linear relation betweeg, and
or 1/D exists indeed, which also implies that the assumed con-
dition U>E holds for n-Ag in present experiments. It is
T* <exp(—d/l) (13')  worthwhile to point out that because the slope of the straight

1 /al
(1+C)_5<ﬁ”' 17)
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V. SUMMARY AND CONCLUSIONS

4.5 ] -— p- C . .
¢ P-Ag The dc resistivity and its temperature dependence was ex-

perimentally investigated and following conclusions can be
4.0 drawn.

(1) For all then-Ag specimens with larger grain sizes
(d>20 nm) and higher densitiesD{>88%) investigated,
351 their resistivity decreased with decreasing temperature,
showing metallic behavior. For the-Ag with smaller grain

X 20 sizes and lower densityd(=45-50%), however, its resis-
) : tance increased with decreasing temperature as its grain size
= d<9 nm, exhibiting nonmetallic behavior. Generally, linear
~ 25 relations between the TCR at(fixed) temperature and re-
@ ciprocals of both grain size and density existed, which can be
] interpreted well based on an interfacial reflection model.
2.0 (2) All their magnitudes ofn-Ag’s with different sizes
and density were higher than that of poly-Ag at correspond-
s ing temperatures, and increased with decreasing both grain
7] size and density. In addition to the extrinsic resistivity
caused by macroscopic defects, this high resistivity of
10 L — n-Ag’'s can be attributed to intense scattering by interfaces
0094 0096 0098 0100 0102 0104  0.106 and interfacial defects. With the model of grain boundary

reflection, it was evaluated that the electron MFP at room
1/D (cm3/ ) temperature was 44 and 33 nm for thé\g with grain sizes
9 38.5 and 25 nm, respectively, both of which are smaller than
FIG. 13. The plot of TCR at 280 K vs reciprocal of density that of poly-Ag(51 nm. It was also evaluated that the elec-
(1/D) of n-Ag. The solid straight line is the fit to the experimental ron transmission coefficient decreased monotonically from
data(®). 0.83 to 0.42 as-Ag density decreased from 98.5 to 88%,
suggesting greater grain-boundary barriers in thAg's

line is inversely proportional to grain siz [see formula With lower densities.

(17)], it is usually about three orders greaterrirmaterials
(d~1 nm) than in corresponding polymateriats~<1 wm).
Hence, the fact that obvious changes of the TCR with density The authors thank Dr. Y. P. Sun and Professor J. J. Du for
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