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Grain-boundary-limited transport in semiconducting SnO - thin films:
Model and experiments

M. W. J. Prins,a) K.-O. Grosse-Holz, J. F. M. Cillessen, and L. F. Feiner
Philips Research Laboratories, Prof. Holstlaan 4, 5656 AA Eindhoven, The Netherlands

(Received 28 July 1997; accepted for publication 6 October 1997

We present a model that describes grain-boundary-limited conduction in polycrystalline
semiconductors, for thermally assisted ballistic as well as diffusive transport, both for degenerate
and nondegenerate doping. In addition to bulk paramétieescarrier effective mass and mean free
path the model contains grain boundary parametbesrier height and widthand a coefficient of
current nonuniformity. Temperature-dependent conductivity and Hall measurements on
polycrystalline Sn@ thin films with different Sb concentrations are consistently interpreted.
© 1998 American Institute of Physid$0021-89788)01302-4

I. INTRODUCTION grains from the transport across the intergrain boundaries
Polycrystalline semiconductors find wide application in (for a review on this approach see Ref. #his separation is

thin-film electronic and optoelectronic devices. IncreasinglypartICUIarIy useful if the mfp of the charge cariers is smaller

important are the high-mobility wide bandgap oxidic Serni_than the grain size; this condition is satisfied for our experi-

conductors(Sn0, ZnO, In,O ) for transparent conduct- ments(see Secs. Il and I\ We can distinguish three pos-
ing electrodes fo,r gas' sengiﬁé .devicésand also as a chan- sibilities for the electron energy diagram of the grain interior
nel material in thin-film transistors.In the first case the and grain boundarycf. Fig. 1. The barrier heighth is de-

material is degenerately doped, while for the other applicaIlneci as the energy difference between the Fermi level and

tions a nondegenerate semiconductor is required. the top of the barrier. Figure(d) applies to grains where the

The electronic transport in polycrystalline semiconduc—!merlor of the grains is degenerately doped and the top of the

tors is often limited by scattering at the grain-boundarymtergrain barrier is situated below the Fermi levéi<0).
! ) : . . ~Figure 1b) corresponds to a degenerate grain interior with
depletion layers. When the intergrain electrostatic barrier '?he top of the intergrain barrier above the Fermi level

Iarger_thz_:kaT/_e, _the current can be Qescrlbed in terms O_f(q>>o)_ Finally, Fig. 1¢) represents the case of a nondegen-
thermionic emission-diffusion of carriers across the grain

boundarieqe.g., Refs. 4 and)5However, thermionic emis- erate semiconductord(>-0). I.n the Appendix it IS shown
that for small voltages applied across the grain boundary

sion theory is not applicable if the grain boundaries and in- . . )
terior of the grains can be degenerate as well as nondege 9',!';'552;){;2?/;?87 conductanag, per unit aregunits

erate due to intentional and unintentional doping, as is, e.g.,

the case fpr po]ycrystalline oxidic semiconductors. The pur- 4ne?m, / ®
pose of this article is to present a more general treatment of g,= 3 — kgT In| 1+exp — pa it (D)
grain-boundary-limited conduction in polycrystalline semi- h /HIw B

conductors, that is applicable to thermally assisted baIIistiQNith the carrier mfp/, the width of the barriew, the elec-
as well as diffusive transport, for degenerate as well as nonson chargee, the efféctive electron mass in thé barrisg

degenerate doping. Our model depends on bulk parametefs 4 temperaturd. Equation(1) was derived with the as-

[the_- carrier effective mass an_d the_ mean fre(_a Hatfp)], sumption that the electronic wavefunctions in the conduction
grain boundary parametefbarrier height and widthand a 54 resemble free-electron states. Equatibncovers the

coefficient of sample inhomogeneity. The model is applied tq;nit of thermally assisted ballistic transport&w) as well
interpret temperature-dependent conductivity and Hall Me355 the case of diffusive transpory’ €w). The grain-
surements on polycrystalline Sp@hin films with different boundary-limited conductivity of the sample equals
Sb doping levels.

b= e LOp, 2

Il. MODEL where L is the average grain size. The coefficieng; (O
In polycrystalline semiconductors the grain boundarysaeﬁsl) takes account of the conductivity reduction due to

scattering results from the electrostatic charge trapped at tfznonuniform current distribution. In an ideal sample consist-
intergrain boundaries, which sets up potential barriers to cur"d Of equal-sized grains with intimate grain-to-grain contact
rent flow. To describe the electronic properties of granula@®"d homogeneous barrier heights, the current would spread

SnQ, samples we separate the transport in the interior of th@ut evenly through the material. However, in general poly-
crystalline materials exhibit a considerable nonuniformity in

Y _ y ~ grain size and presumably also in grain-boundary properties
Correspondence to: Menno W. J. Prins, Philips Research Laboratorieg o a5 the barrier height. This results in an inhomogeneous
Prof. Holstlaan 4, 5656 AA Eindhoven, The Netherlands; phone:” "~ . . . .
+31.40.2742116; fax:+31.40.2743365 or 2743352; electronic mail: distribution of the current, leading to a total cross-section for
prins@natlab.research.philips.com charge transport smaller than the sample cross-section.
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grain diameter lll. EXPERIMENTS

We have grown Sb-doped Sp@hin films by pulsed
laser deposition utilizing the off-axis technigti€ive differ-
ent SnQ targets were used, with an antimony concentration
(Ngp ranging between 8 ppni2x 10" cm 3) and 13.5
X 10% ppm (3.8x 10?° cm™3). The films were grown on ce-
ramic Al,O; substrates at a substrate temperature of 500 °C
and in a 20 Pa © ambient(more details on targets and
preparation can be found in Ref). 7Samples were grown
with a film thickness between 100 and 300 nm. The sample
thickness was measured with cross-sectional scanning elec-
tron microscopy to a precision of about 5%. Measurements
by field-emission-gun scanning electron microscopy and
scanning tunneling microscopy revealed that the films con-
sist of grains with a diameter of 30—70 rinThe granular
structure is independent of the film thickness or the Sb con-
centration. X-ray diffraction and transmission electron mi-
croscopy data revealed that the films are polycrystalline

position of the without a preferred orientation and consist only of the $nO
intergrain barriers phase. The sample conductivity has been determined with

FIG. 1. One-dimensional conduction band diagram of a grain with inter-four'poInt van der Pauw measuremémslng In contacts.
grain barriers® is the energy difference between the conduction band edgd1all effect measurements were made in fields up foA/m.
(solid lineg and the Fermi leveldashed lingsat the grain boundary. Panel For the samples with the lowest dopant concentration, we
(@: f_oradegenerate semiconductor with the Fermi Ieyel above th_e top of th¢,3ve observed a dependence of the electronic properties on
barrier. Pane[b)_: for a degenerate _semlcond_uctor with the Fermi level pe— the gaseous environmetfi.g., the air humidity due to the
low the intergrain electrostatic barrier. Pafel for a nondegenerate semi- ) !
conductor, wheré, is the activation energy of carriers inside the grain. ~ absence of a capping layer; at room temperature the observed
changes are equivalent to a variation in the dopant concen-
tration of about 1&—108 cm™3.

In addition to measurements of conductivity, Hall effect
measurements serve to further characterize the electronf- RESULTS AND DISCUSSION
properties of semiconductor materials. It is nontrivial to Figure 2 shows the temperature dependence of the con-
model the Hall constant for a granular material with an i”'ductivity, carrier density, and effective mobility of Sp@hin
homogeneous current distribution. Nevertheless, if the graifiims with different Sb concentrationgsamples A—E, see
size is larger than the carrier mfip /), and the carriers  Taple ). At room temperature, we find a variation of con-
outside the charge transporting filaments are assumed to l@ﬁjctivity by more than seven orders of magnitude, demon-
immobile, it can be shown that the measured carrier densitgtrating the importance of doping for the conductivity. The
n is a good approximation of the free carrier density insidesamples of lowest dopant concentration show a nearly equal
the grains' As we will find, the carrier density closely fol- conductivity, indicating that the level of unintentional doping
lows a behavior of thermal activation, is reached. All samples exhibit a positive temperature depen-
dence of the conductivity, indicative of a semiconductive
behavior. The data of conductivity versus temperature are
fitted to Eq.(2) of our model, where the barrier conductance
is derived from Eq(1). For each sample, the barrier height
@ and widthw, the mfp/, and the effective section. are
assumed to be independent of the temperature. The fitted
parameters are given in Table I. Hall measurements yield
n-type free carriers. Figure(B) shows the measured Hall
carrier density and the fit to E¢3). For films with a charge

o=neu* & p* =olne. (4  carrier density >10'® cm™® we find a temperature-

independent carrier densitydegenerate semiconduckor

In case of grain-boundary-limited transport it is important towhile for lower carrier densities an activation energy up to
realize that the Hall effect yields affectivemobility: dueto 0.1 eV is measured; this behavior is in agreement with mea-
the electrostatic barriers, the free carrier density at the graisurements on doped single-crystalhe doping efficiency,
boundaries differs from the carrier density inside the grainsn/Ng,, ranges from the order of unity for heavy doping
A repulsive electrostatic potential at the grain boundaries I0{A,B) to the order of 10# for low doping(D,E). This can be
cally reduces the carrier density, hence the magnitude of thattributed to charge trapping in the intergrain states as well
effective mobility is anunderestimat®f the true carrier mo- as to the nonnegligible thermal activation energy. The effec-
bility in the barrier region. tive mobilities in Fig. Zc) have been calculated from the

nocexp(—E,/kgT), ()

whereE, is the activation energy of charge carri¢i,=0
for a degenerately doped grain inter[éiigs. 1@ and ib)]
and E_>0 for nondegenerate dopiri§ig. 1(c)]}. From the
measured conductivity- and the carrier densitp derived
from the Hall effect, it is customary to define an effective
mobility u*,
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T T T TABLE |. Results of conductivity fit§Eqs.(1) and(2)] and carrier density
104} i fits [Eq. (3)] as a function of temperature, for thin-film Sp@amples
i i doped with Sh(dopant concentratiomNgy). The conductivity prefactor
— ae- /I[/+(3/4)w] was calculated using =50 nm andm.=0.2m, (Ref.
- 10%+ b 9), both parameters having a relative uncertainty of a few tens of percents.
= | i The values between brackets represent the absolute fitting uncertainties.
vl—o 10°F ] o Fits n Fits
G - 7 /
;’ 102} - Sample  Ng,(cm™3) @ (meV) * /1 @iHw  E, (meV)
i o A A 3.8x 107 <-70 0(2)
1041 Vo E B 37%10°  —162)  3.70.4x 102 0(5)
| (a) i C 7.6x10% +28(4) 2.90.4x10°3 20(8)
o0 . L . L . L D 1.4x 108 +170(20) 5(2)x 1073 90(60)
10 ' ' ' E 2x107  +130(15) 42)x 1074
| B—=a = = = 8 A |
1020 | ]
b i e———o——= ¢ B The sample of highest dopant concentratién shows a
'c 107 C T negligible temperature dependence of the conductivity
o - - (< 3% variation over a temperature range of nearly 300 K
: 108+ W i and the carrier density. This implies that at the grain bound-
aries the Fermi level is situated well above the conduction
i D | band minimum[Fig. 1(a)]: due to the high dopant concen-
10"} W . tration the electrostatic barriers at the grain boundaries are
L (b), \ . \ . . negligible. Also the interior of the grains is degenerately
o0F T T '—EA ] doped, as is evidenced by the temperature-independence of
| - = o the carrier density. The temperature-independent transport
B exhibits a mobility of 18 crf/Vs. The carrier scattering can
~ 1or = c i be attributed to scattering at neutralized grain boundary
‘>° I § states and scattering in the dopant impurity band.
N of (c1) . Sample B shows a temperature-dependence of the con-
£ — : ' : ' 40 ductivity that corresponds to a barrier height 616 meV,
3 while the interior of the grains is degenerggéuation of Fig.
* g | 1(b)]. Using the measured carrier density, we can estimate
r D 120 the energy difference between the Fermi level and the con-
I duction band minimum inside the grains to bex780 meV
| (c2) 1o (Ref. 12. This is much larger thakgT, in agreement with

the measured temperature-independence of the carrier den-
sity. The positive temperature dependence of the effective
T(K) mobility results from the non-negligible barrier at the grain

boundaries.

FIG. 2. (a) Conductivity, (b) carrier density, andc) effective mobility of .

polycrystalline Sn@Sb thin films. Different symbols (squares, Sample C _e)_(hlblts a moderate temperature dependence

circles, .. ) correspond to different dopant concentrations in the fiisee ~ Of the conductivity. The model underestimates the conduc-

Table . In panels(a) and (b) the symbols represent measured data, while tance at low temperatures; this could be due to tunneling

the lines are calculated with Eq®) and(3), respectively. For the conduc- through the intergrain barriers, which has not been included

tivity fit, the barrier heightd, barrier widthw, mfp /, and effective section . he derivati f Eo.(1 'I"h d

aq Were assumed to be independent of temperature. The resulting fit pdn the aerivation o Q( ). _e T“O. erate temperature-_

rameters are given in Table I. The data and fits in pafellsand(c2) were ~ dependence of the carrier density indicates that the material

calculated according to E@4). For clarity the mobility data of sample D are s in an intermediate situation between a degenerate and a

plotted separately in panét2); note the difference in the scales of panels nondegenerate semiconductor. The calculated mobility curve

(c1) and(c2). .. .
shows some deviations from the measured data, which
is a direct consequence of the imperfect model of the

measured data and fitted curves by using &4 The mo-  conductivity.

bilities are typically an order of magnitude lower than the Sample D shows a very strong temperature-dependence

values measured in single-crystalline samples of similar caref the conductivity and a less strong temperature-dependence

rier density'®! which already points to the importance of of the carrier density. This situation corresponds to the band

the grain boundaries in limiting the carrier transport. First,diagram of Fig. {c). Due to the intergrain barrield{>E,)

we will describe the results for the respective samplesthe effective carrier mobility shows a strong positive

mainly in terms of the energy band diagrams. Thereafter, wéemperature-dependence, which contrasts to the negative

will discuss the prefactors deduced from the conductivitytemperature dependence of high-purity single-crysfakss

fits. a result of the electrostatic barriers, the measured mobility is

o 100 200 300
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an underestimate of the intrinsic Sp@onduction band mo- the barriers, which can be temperature dependent if the
bility [cf. Eg. (4)]. In spite of a difference in antimony con- Fermi level is not situated sufficiently above the conduction
centration, the electronic properties of sample E and sampleand in the intergrain region. The effective transport section
D are quite similar, indicating that the level of unintentional is estimated to be of the order of 1%) this is attributed to a
doping is reached. The temperature-dependence of the carrieonuniform current distribution, caused by inhomogeneities
density and mobility of sample E is not shown due to thein grain size and barrier height. For future work it will be
large measurement uncertainties. interesting to include tunneling in the transport mogsde,
The prefactorsyes- /[ / + (3/4)w] that follow from the  e.g., Ref. 1§ and to quantify the effective transport section
conductivity fits are listed in Table(the factor could not be by simulating the charge transport in an inhomogeneous
determined for sample A due to the weak temperature depemgranular film. Finally, it will be interesting to explore the
dence. Parameter takes account of the reduced transportsignificance of this grain-boundary-limited transport model
section; the fraction’/[ /' + (3/4)w] equals unity for ballistic  for other polycrystalline materials, such as for gas-sensing
transport ¢>w) and 47/3w for diffusive transport {  oxidic systems.
<w). The mfp/ can be estimated to be 7 nm for single-
crystalline Sn@ at room temperatur® and 4 nm for degen-
erately doped SnO" In sample B the width of the electro- ACKNOWLEDGMENTS

sfcanc b"?‘"!er IS _about 3 nritwice the Fermi wavelenglh . The authors thank P. W. M. Blom and M. J. M. de Jong
since this is similar to the mfp, we can conclude that carrier, . . : . )
oo L . —for in-depth discussions and for critically reading the
transport across the barriers is closely ballistic. Hence, in this ;
. 2 . Tanuscript.
sample the prefactor is a good estimation of the effective
transport sectiorue; in this sample, being of the order of
107-. T_hese. r.esults |nd_|cate that only a fraction of theAPPENDIX: BARRIER CONDUCTANCE
sample is efficiently guiding the current. As was stated with
Eq. (2), we attribute the reduction of the transport section to  In this Appendix we derive an equation for the conduc-
the granular nature and inhomogeneity of the sample, i.etance of a planar electrostatic barrier separating two reser-
variations in barrier height and in grain size. voirs (i.e., two graing The equation is derived with the
The prefactor tends to decrease for samples of lowetransmission approadhandauer formalissnand applies for
doping density. This can be attributed to an increase of theallistic transport(when the carrier mfp is larger than the
barrier width for samples of lower dopant concentration. Thebarrier width as well as diffusive transpofivhen the mfp is
maximum barrier width is about 40 nifRef. 15 (roughly  smaller than the barrier widthAs an additional exercise, we
the average grain sizeassuming a minimum mfp of 2 nm, show that in the diffusive limit the same equation for the

we estimate a lower limit of//w to be about 2/40 nm conductance can be derived with the Drude formalism.

— —2 ;
=5x10"%. We conclude that the numerical value of the 5 | andauer formalism: Ballistic and diffusive transport.
prefactor of the conductivity equation is given by an effec-Tpg jnfluence of elastic scattering on the current is described

tive transport section of the order of 19) with an additional by the two-terminal Landauer equatidfor a review see Ref.
reduction by one or two orders of magnitude in nondegener17)

ate samples due to the diffusive nature of the transport. 10
e =]

V. SUMMARY AND CONCLUSIONS I AT Adfo-fAaTTr et e, (AD

We have discussed conductivity and Hall data of poly-where J is the current density across the barriér,s the
crystalline Sn@:Sb thin films in terms of a grain-boundary- cross-sectional area of carrier transpatjs the electron
limited transport model. The carrier density of the films chargeh is Planck’s constant; andf, are the Fermi dis-
spans a wide rangd.0'~1G** cm™3), controlled by the dop-  tribution functions in the reservoirs, angk) is the matrix of
ant concentration. The temperature-dependence of the carrigansmission probability amplitudes of states at enetgy
concentration is similar to what is observed in single crystalsCalculation of the transmission matrike) requires knowl-
(activation energy between zero and 0.1)eMowever, the edge of the electrostatic barrier profile and the electron
conductivity of all fims shows a positive temperature- wavefunctions. Let us assume that the states inside the bar-
dependence and is significantly lower than in single-crystalsiier can be described by free-electron wavefunctions with an
For this behavior we have provided a consistent explanatiosffective massn,, having an energy offs& with respect to
with our model, which includes scattering at the grain-the Fermi levelsituated at=0). For a channel with a two-

boundary barriers and a coefficient of nonuniform chargedimensional cross-section, the number of transmission
flow through the sampleeffective transport sectignFor a  modes at energy equals

carrier density below 7§ cm™2 the material is nondegener-

ate and the conductivity is limited by carrier diffusidim- A_k2_ A 2m, _& e

stead of by ballistic emissigracross the grain boundary bar- N(e)=4{ 47 CA4m g2 (e=@) if e (A2)
riers; due to the intergrain repulsive potential the carrier
mobility depends strongly on the temperature. At higher dop-
ant concentrations the interior of the grains becomes degerHere we neglect quantization effects in the barrier retfion
erate; the conductivity is limited by ballistic transport acrossand use the semiclassical expressibi.we assume a unity

0 otherwise.
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transmission probability for these free-electron states, it cathe carrier mobility and electrostatic field in the barrier, re-
be shown that the transmission trace to a good approximatiospectively. The field is~ V/w, wherew is the width of the

equald®
-1
Trt(e)t’(e)=N(e) : (A3)

/(€)
where/(¢€) is the carrier mfp anav the width of the barrier.
For a voltage drop across the barrier smaller thgh [linear

responseéRef. 20] the following applies:

1+3
4

of
fl(e)—f2(6)=—eV£. (A4)

Neglecting the transmission of electrons with an energy

lower than @ (no electron tunneling and assuming an
energy-independent mfp, we find from Edél)—(A4) the

barrier. This yields for the barrier conductance in the diffu-
sive limit

P

Elp _®
kgT)"

2
Qair=J/V= w N

o

The carrier mobility in the barrier can be expressed in terms
of the carrier relaxation time or the carrier mfp/,

(A10)

er e/
pp=—=—, (A11)
Me  cmg

wherec is the average carrier velocity. In cade>kgT, the
kinetic energy of free carrierar(,c?/2) equals (3/RgT. It

following expression for the barrier conductance per unitis easily shown that in this limit EA10) becomes

area,

J 2 2m, [/ Fd © f
V™0 aanz 7+ @AWl 4PN TG
_2e* m, /

ksT In (A5)

1 o
+ex kB_T .

T h oo 2/ + (3lHw

_4we2me/ /27Tk - P AL2
gdiff——h3 w V3% ex _kB—T , ( )
which nearly reproduces E@A6) in the diffusive limit (/
<w). Similarly, it can be shown that fob<—kgT (when
the average carrier velocity is given by the Fermi veldcity
Eqg. (A10) is in agreement with EqA7).

This equation describes the barrier conductance due to ther-
mally assisted ballistic as well as diffusive transport, for ar-1, | Chopra, S. Mayor, and K. Pandya, Thin Solid Filt@2, 1 (1983.

bitrary value of the barrier heiglihote the usage df as well
as# in the formulas. In case®>kgT we recover
4e’m,

/ T d
9= s T 0 " T

7+ (3lHw
For />w this equals the well-known equation for thermi-
onic emissiofA! at small applied voltagée|V|<kgT). For a
negative barrier height witd < —kgT, Eq. (A5) becomes

~2¢° m, /
9= 2 v @AW

. (AB)

®|, for d<—KkgT,

(A7)
which equals the conductance of a ballistic point contatl.
b. Drude formalism: Diffusion onlyln case the barrier

2See, e.g., W. Guel and K. D. Schierbaum, Sens. Actuator2@-27, 1
(1995.
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(1996.

7K.-O. Grosse-Holz, J. F. M. Cillessen, M. W. J. Prins, P. W. M. Blom, R.
M. Wolf, L. F. Feiner, and R. Waser, Mater. Res. Soc. Symp. P40t,
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10C. G. Fonstad and R. H. Rediker, J. Appl. Ph42, 2911(1977).

113, A. Marley and R. C. Dockerty, Phys. Red40, A304 (1965.

2In a free-electron model the Fermi energy is given by;
=#2/2my(37%n)?3. Forn=7.5x 10" cm~2 (sample B andm,=0.2(0.1)

conductance is limited by scattering inside the barrier, the m, (Ref. 9 one hasee=70(30) meV.

current density can be approximated by

J=enypy, (A8)

wheren, is the free-carrier density in the barrier region, and
vq is the diffusion velocity. Assuming free-electron wave-

3The carrier mfp/ is given by:/=Mc_me/e, whereu is the carrier mo-
bility and ¢ is the carrier velocity. In a nondegenerate semiconductor the
kinetic energy of free carriers equal§3/2)kgT, such that c
=(3kgT/Mmg Y2 Thus /'=pcm./e=(3kgTmy)*2u/e. In SnQ, single-
crystals, the room-temperature carrier mobility is about 256/¢s(Ref.
10); with me=0.200.)m, (Ref. 9 we find /" = 7.3(1.8) nm.

functions inside the barrier, the free-carrier density is givert*For a degenerately doped semiconductor with free-electron bandstructure

by**

N 2 . ()
ny= c\/_; 1/2 kB_T )
27mkgT | >

with  N.=2 , (A9)

h2

whereN. is the effective conduction band density of states

inside the barrier, anH,,, is the Fermi—Dirac integréf: The
diffusion velocity is given by 4=u,E, whereu, andE are
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the carrier velocity equals the Fermi velocity: = (%#/mg) (37?n)*3, such
that/=#(3w2n)“u/e. In the limit of very high doping of a polycrystal-

line semiconductor, the electrostatic barriers at the grain boundaries are
negligible and the carrier mobility is limited by neutral impurity scatter-
ing. Now using the measured data of samplenA=(.8x 16?* cm 2 and
w=18 cnt/Vs) we find/ = 4.4 nm.

In the depletion approximation the Schottky barrier width equals
(2€06,Vp/eN) Y2, whereVy, is the band-bending voltad&ef. 21). Using
=10, V,=0.1 V, andN=2Xx 10" cm™3, we find a depletion width of
about 20 nm. The intergrain barrier consists of two back-to-back Schottky
barriers, such that the total width of the depleted region is about 40 nm.

16G. D. Mahan, L. M. Levinson, and H. R. Philipp, J. Appl. Phg8, 2799
(1979.
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17C. W. J. Beenakker and H. van Houten, Solid State P#gs1 (1991). 19M. J. M. de Jong, Phys. Rev. 89, 7778(1994.

18The importance of quantum interference in the barrier can be estimated aeNonlinearities are expected when the voltage drop per grain boundary
follows: The maximum spacing of energy levels is given Hy?/gm,) exceedkgT/e. In our samples the average grain diameter is 50 nm, while
x(m/L)2, whereL is a typical length scale of the system. For our experi- the sample size is a few millimeters. Hence, we expect nonlinearities for

' - ) ) ) applied voltages larger tharn<2L0* kgT/e, which at 100 K equals a few
mentsL is the diameter of the SnOgrains (30—70 nm which gives a

hundred volts, nearly two orders of magnitude larger than the voltages we
maximum energy-level spacing of about 1 meV. This plays no role at our apply.

measuring temperatures, for whikBT is larger than 3 meV. 213, M. Sze,Physics of Semiconductor Devic@#iley, New York, 1982.
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