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Grain-boundary-limited transport in semiconducting SnO 2 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 parameters~the carrier effective mass and mean free
path! the model contains grain boundary parameters~barrier height and width! and a coefficient of
current nonuniformity. Temperature-dependent conductivity and Hall measurements on
polycrystalline SnO2 thin films with different Sb concentrations are consistently interpreted.
© 1998 American Institute of Physics.@S0021-8979~98!01302-4#
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I. INTRODUCTION

Polycrystalline semiconductors find wide application
thin-film electronic and optoelectronic devices. Increasin
important are the high-mobility wide bandgap oxidic sem
conductors~SnO2,ZnO,In2O3, . . . ! for transparent conduct
ing electrodes,1 for gas sensing devices,2 and also as a chan
nel material in thin-film transistors.3 In the first case the
material is degenerately doped, while for the other appli
tions a nondegenerate semiconductor is required.

The electronic transport in polycrystalline semicondu
tors is often limited by scattering at the grain-bounda
depletion layers. When the intergrain electrostatic barrie
larger thankBT/e, the current can be described in terms
thermionic emission-diffusion of carriers across the gr
boundaries~e.g., Refs. 4 and 5!. However, thermionic emis
sion theory is not applicable if the grain boundaries and
terior of the grains can be degenerate as well as nonde
erate due to intentional and unintentional doping, as is, e
the case for polycrystalline oxidic semiconductors. The p
pose of this article is to present a more general treatmen
grain-boundary-limited conduction in polycrystalline sem
conductors, that is applicable to thermally assisted balli
as well as diffusive transport, for degenerate as well as n
degenerate doping. Our model depends on bulk parame
@the carrier effective mass and the mean free path~mfp!#,
grain boundary parameters~barrier height and width!, and a
coefficient of sample inhomogeneity. The model is applied
interpret temperature-dependent conductivity and Hall m
surements on polycrystalline SnO2 thin films with different
Sb doping levels.

II. MODEL

In polycrystalline semiconductors the grain bounda
scattering results from the electrostatic charge trapped a
intergrain boundaries, which sets up potential barriers to c
rent flow. To describe the electronic properties of granu
SnO2 samples we separate the transport in the interior of

a!Correspondence to: Menno W. J. Prins, Philips Research Laborato
Prof. Holstlaan 4, 5656 AA Eindhoven, The Netherlands; pho
131.40.2742116; fax:131.40.2743365 or 2743352; electronic ma
prins@natlab.research.philips.com
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grains from the transport across the intergrain bounda
~for a review on this approach see Ref. 4!. This separation is
particularly useful if the mfp of the charge carriers is smal
than the grain size; this condition is satisfied for our expe
ments~see Secs. III and IV!. We can distinguish three pos
sibilities for the electron energy diagram of the grain inter
and grain boundary~cf. Fig. 1!. The barrier heightF is de-
fined as the energy difference between the Fermi level
the top of the barrier. Figure 1~a! applies to grains where th
interior of the grains is degenerately doped and the top of
intergrain barrier is situated below the Fermi level (F,0!.
Figure 1~b! corresponds to a degenerate grain interior w
the top of the intergrain barrier above the Fermi lev
(F.0!. Finally, Fig. 1~c! represents the case of a nondege
erate semiconductor (F.0!. In the Appendix it is shown
that for small voltages applied across the grain bound
(euVu,kBT), the barrier conductancegb per unit area~units
V21 m22) is given by

gb5
4pe2me

h3

l

l 1 3
4 w

kBT lnF11expS 2
F

kBTD G , ~1!

with the carrier mfpl , the width of the barrierw, the elec-
tron chargee, the effective electron mass in the barrierme,
and temperatureT. Equation~1! was derived with the as
sumption that the electronic wavefunctions in the conduct
band resemble free-electron states. Equation~1! covers the
limit of thermally assisted ballistic transport (l @w) as well
as the case of diffusive transport (l !w). The grain-
boundary-limited conductivity of the sample equals

sb5aeff Lgb , ~2!

where L is the average grain size. The coefficientaeff ~0
<aeff<1! takes account of the conductivity reduction due
a nonuniform current distribution. In an ideal sample cons
ing of equal-sized grains with intimate grain-to-grain conta
and homogeneous barrier heights, the current would sp
out evenly through the material. However, in general po
crystalline materials exhibit a considerable nonuniformity
grain size and presumably also in grain-boundary proper
such as the barrier height. This results in an inhomogene
distribution of the current, leading to a total cross-section
charge transport smaller than the sample cross-section.

s,
:
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In addition to measurements of conductivity, Hall effe
measurements serve to further characterize the electr
properties of semiconductor materials. It is nontrivial
model the Hall constant for a granular material with an
homogeneous current distribution. Nevertheless, if the g
size is larger than the carrier mfp (L.l ), and the carriers
outside the charge transporting filaments are assumed t
immobile, it can be shown that the measured carrier den
n is a good approximation of the free carrier density ins
the grains.4 As we will find, the carrier density closely fol
lows a behavior of thermal activation,

n}exp~2Ea/kBT!, ~3!

whereEa is the activation energy of charge carriers$Ea50
for a degenerately doped grain interior@Figs. 1~a! and 1~b!#
and Ea.0 for nondegenerate doping@Fig. 1~c!#%. From the
measured conductivitys and the carrier densityn derived
from the Hall effect, it is customary to define an effecti
mobility m* ,

s[nem* ⇔ m* 5s/ne. ~4!

In case of grain-boundary-limited transport it is important
realize that the Hall effect yields aneffectivemobility: due to
the electrostatic barriers, the free carrier density at the g
boundaries differs from the carrier density inside the gra
A repulsive electrostatic potential at the grain boundaries
cally reduces the carrier density, hence the magnitude of
effective mobility is anunderestimateof the true carrier mo-
bility in the barrier region.

FIG. 1. One-dimensional conduction band diagram of a grain with in
grain barriers.F is the energy difference between the conduction band e
~solid lines! and the Fermi level~dashed lines! at the grain boundary. Pane
~a!: for a degenerate semiconductor with the Fermi level above the top o
barrier. Panel~b!: for a degenerate semiconductor with the Fermi level
low the intergrain electrostatic barrier. Panel~c!: for a nondegenerate sem
conductor, whereEa is the activation energy of carriers inside the grain.
J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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III. EXPERIMENTS

We have grown Sb-doped SnO2 thin films by pulsed
laser deposition utilizing the off-axis technique.6 Five differ-
ent SnO2 targets were used, with an antimony concentrat
(NSb) ranging between 8 ppm~231017 cm23) and 13.5
3103 ppm ~3.831020 cm23). The films were grown on ce
ramic Al2O3 substrates at a substrate temperature of 500
and in a 20 Pa O2 ambient ~more details on targets an
preparation can be found in Ref. 7!. Samples were grown
with a film thickness between 100 and 300 nm. The sam
thickness was measured with cross-sectional scanning e
tron microscopy to a precision of about 5%. Measureme
by field-emission-gun scanning electron microscopy a
scanning tunneling microscopy revealed that the films c
sist of grains with a diameter of 30–70 nm.7 The granular
structure is independent of the film thickness or the Sb c
centration. X-ray diffraction and transmission electron m
croscopy data revealed that the films are polycrystall
without a preferred orientation and consist only of the Sn2

phase. The sample conductivity has been determined
four-point van der Pauw measurements8 using In contacts.
Hall effect measurements were made in fields up to 106 A/m.
For the samples with the lowest dopant concentration,
have observed a dependence of the electronic propertie
the gaseous environment~e.g., the air humidity! due to the
absence of a capping layer; at room temperature the obse
changes are equivalent to a variation in the dopant conc
tration of about 1017–1018 cm23.

IV. RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of the
ductivity, carrier density, and effective mobility of SnO2 thin
films with different Sb concentrations~samples A–E, see
Table I!. At room temperature, we find a variation of co
ductivity by more than seven orders of magnitude, dem
strating the importance of doping for the conductivity. T
samples of lowest dopant concentration show a nearly e
conductivity, indicating that the level of unintentional dopin
is reached. All samples exhibit a positive temperature dep
dence of the conductivity, indicative of a semiconducti
behavior. The data of conductivity versus temperature
fitted to Eq.~2! of our model, where the barrier conductan
is derived from Eq.~1!. For each sample, the barrier heig
F and widthw, the mfpl , and the effective sectionaeff are
assumed to be independent of the temperature. The fi
parameters are given in Table I. Hall measurements y
n-type free carriers. Figure 2~b! shows the measured Ha
carrier density and the fit to Eq.~3!. For films with a charge
carrier density .1018 cm23 we find a temperature
independent carrier density~degenerate semiconductor!,
while for lower carrier densities an activation energy up
0.1 eV is measured; this behavior is in agreement with m
surements on doped single-crystals.9 The doping efficiency,
n/NSb, ranges from the order of unity for heavy dopin
~A,B! to the order of 1024 for low doping~D,E!. This can be
attributed to charge trapping in the intergrain states as w
as to the nonnegligible thermal activation energy. The eff
tive mobilities in Fig. 2~c! have been calculated from th
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measured data and fitted curves by using Eq.~4!. The mo-
bilities are typically an order of magnitude lower than t
values measured in single-crystalline samples of similar
rier density,10,11 which already points to the importance
the grain boundaries in limiting the carrier transport. Fir
we will describe the results for the respective samp
mainly in terms of the energy band diagrams. Thereafter,
will discuss the prefactors deduced from the conductiv
fits.

FIG. 2. ~a! Conductivity, ~b! carrier density, and~c! effective mobility of
polycrystalline SnO2:Sb thin films. Different symbols ~squares,
circles, . . .! correspond to different dopant concentrations in the films~see
Table I!. In panels~a! and ~b! the symbols represent measured data, wh
the lines are calculated with Eqs.~2! and ~3!, respectively. For the conduc
tivity fit, the barrier heightF, barrier widthw, mfp l , and effective section
aeff were assumed to be independent of temperature. The resulting fi
rameters are given in Table I. The data and fits in panels~c1! and~c2! were
calculated according to Eq.~4!. For clarity the mobility data of sample D ar
plotted separately in panel~c2!; note the difference in the scales of pane
~c1! and ~c2!.
890 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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The sample of highest dopant concentration~A! shows a
negligible temperature dependence of the conductiv
~, 3% variation over a temperature range of nearly 300!
and the carrier density. This implies that at the grain bou
aries the Fermi level is situated well above the conduct
band minimum@Fig. 1~a!#: due to the high dopant concen
tration the electrostatic barriers at the grain boundaries
negligible. Also the interior of the grains is degenerate
doped, as is evidenced by the temperature-independenc
the carrier density. The temperature-independent trans
exhibits a mobility of 18 cm2/Vs. The carrier scattering ca
be attributed to scattering at neutralized grain bound
states and scattering in the dopant impurity band.

Sample B shows a temperature-dependence of the
ductivity that corresponds to a barrier height of216 meV,
while the interior of the grains is degenerate@situation of Fig.
1~b!#. Using the measured carrier density, we can estim
the energy difference between the Fermi level and the c
duction band minimum inside the grains to be 70630 meV
~Ref. 12!. This is much larger thankBT, in agreement with
the measured temperature-independence of the carrier
sity. The positive temperature dependence of the effec
mobility results from the non-negligible barrier at the gra
boundaries.

Sample C exhibits a moderate temperature depende
of the conductivity. The model underestimates the cond
tance at low temperatures; this could be due to tunne
through the intergrain barriers, which has not been includ
in the derivation of Eq.~1!. The moderate temperature
dependence of the carrier density indicates that the mat
is in an intermediate situation between a degenerate an
nondegenerate semiconductor. The calculated mobility cu
shows some deviations from the measured data, wh
is a direct consequence of the imperfect model of
conductivity.

Sample D shows a very strong temperature-depende
of the conductivity and a less strong temperature-depende
of the carrier density. This situation corresponds to the b
diagram of Fig. 1~c!. Due to the intergrain barrier (F.Ea)
the effective carrier mobility shows a strong positiv
temperature-dependence, which contrasts to the nega
temperature dependence of high-purity single-crystals.10 As
a result of the electrostatic barriers, the measured mobilit

a-

TABLE I. Results of conductivity fits@Eqs.~1! and~2!# and carrier density
fits @Eq. ~3!# as a function of temperature, for thin-film SnO2 samples
doped with Sb~dopant concentrationNSb). The conductivity prefactor
aeff•l /@ l 1(3/4)w# was calculated usingL550 nm andme50.2m0 ~Ref.
9!, both parameters having a relative uncertainty of a few tens of perce
The values between brackets represent the absolute fitting uncertaintie

s Fits n Fits

Sample NSb ~cm23) F ~meV!
aeff•

l

l 1~3/4!w Ea ~meV!

A 3.831020 , –70 ••• 0~2!
B 3.731019 216~2! 3.7~0.4!31022 0~5!
C 7.631018 128~4! 2.9~0.4!31023 20~8!
D 1.431018 1170~20! 5~2!31023 90~60!
E 231017 1130~15! 4~2!31024 •••
Prins et al.
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an underestimate of the intrinsic SnO2 conduction band mo-
bility @cf. Eq. ~4!#. In spite of a difference in antimony con
centration, the electronic properties of sample E and sam
D are quite similar, indicating that the level of unintention
doping is reached. The temperature-dependence of the ca
density and mobility of sample E is not shown due to t
large measurement uncertainties.

The prefactorsaeff•l /@ l 1(3/4)w# that follow from the
conductivity fits are listed in Table I~the factor could not be
determined for sample A due to the weak temperature de
dence!. Parameteraeff takes account of the reduced transp
section; the fractionl /@ l 1(3/4)w# equals unity for ballistic
transport (l @w) and 4l /3w for diffusive transport (l
!w). The mfp l can be estimated to be 7 nm for singl
crystalline SnO2 at room temperature,13 and 4 nm for degen-
erately doped SnO2.14 In sample B the width of the electro
static barrier is about 3 nm~twice the Fermi wavelength!;
since this is similar to the mfp, we can conclude that car
transport across the barriers is closely ballistic. Hence, in
sample the prefactor is a good estimation of the effec
transport sectionaeff in this sample, being of the order o
1022. These results indicate that only a fraction of t
sample is efficiently guiding the current. As was stated w
Eq. ~2!, we attribute the reduction of the transport section
the granular nature and inhomogeneity of the sample,
variations in barrier height and in grain size.

The prefactor tends to decrease for samples of lo
doping density. This can be attributed to an increase of
barrier width for samples of lower dopant concentration. T
maximum barrier width is about 40 nm~Ref. 15! ~roughly
the average grain size!; assuming a minimum mfp of 2 nm
we estimate a lower limit ofl /w to be about 2/40 nm
5531022. We conclude that the numerical value of th
prefactor of the conductivity equation is given by an effe
tive transport section of the order of 1022, with an additional
reduction by one or two orders of magnitude in nondegen
ate samples due to the diffusive nature of the transport.

V. SUMMARY AND CONCLUSIONS

We have discussed conductivity and Hall data of po
crystalline SnO2:Sb thin films in terms of a grain-boundary
limited transport model. The carrier density of the film
spans a wide range~1014–1021 cm23), controlled by the dop-
ant concentration. The temperature-dependence of the ca
concentration is similar to what is observed in single crys
~activation energy between zero and 0.1 eV!. However, the
conductivity of all films shows a positive temperatur
dependence and is significantly lower than in single-cryst
For this behavior we have provided a consistent explana
with our model, which includes scattering at the gra
boundary barriers and a coefficient of nonuniform cha
flow through the sample~effective transport section!. For a
carrier density below 1018 cm23 the material is nondegene
ate and the conductivity is limited by carrier diffusion~in-
stead of by ballistic emission! across the grain boundary ba
riers; due to the intergrain repulsive potential the carr
mobility depends strongly on the temperature. At higher d
ant concentrations the interior of the grains becomes de
erate; the conductivity is limited by ballistic transport acro
J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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the barriers, which can be temperature dependent if
Fermi level is not situated sufficiently above the conduct
band in the intergrain region. The effective transport sect
is estimated to be of the order of 1022; this is attributed to a
nonuniform current distribution, caused by inhomogeneit
in grain size and barrier height. For future work it will b
interesting to include tunneling in the transport model~see,
e.g., Ref. 16!, and to quantify the effective transport sectio
by simulating the charge transport in an inhomogene
granular film. Finally, it will be interesting to explore th
significance of this grain-boundary-limited transport mod
for other polycrystalline materials, such as for gas-sens
oxidic systems.
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APPENDIX: BARRIER CONDUCTANCE

In this Appendix we derive an equation for the condu
tance of a planar electrostatic barrier separating two re
voirs ~i.e., two grains!. The equation is derived with the
transmission approach~Landauer formalism! and applies for
ballistic transport~when the carrier mfp is larger than th
barrier width! as well as diffusive transport~when the mfp is
smaller than the barrier width!. As an additional exercise, w
show that in the diffusive limit the same equation for t
conductance can be derived with the Drude formalism.

a. Landauer formalism: Ballistic and diffusive transpor
The influence of elastic scattering on the current is descri
by the two-terminal Landauer equation~for a review see Ref.
17!,

J5
1

A

2e

h E
2`

`

de@ f 1~e!2 f 2~e!#Tr t~e!t†~e!, ~A1!

where J is the current density across the barrier,A is the
cross-sectional area of carrier transport,e is the electron
charge,h is Planck’s constant,f 1 and f 2 are the Fermi dis-
tribution functions in the reservoirs, andt(e) is the matrix of
transmission probability amplitudes of states at energye.
Calculation of the transmission matrixt(e) requires knowl-
edge of the electrostatic barrier profile and the elect
wavefunctions. Let us assume that the states inside the
rier can be described by free-electron wavefunctions with
effective massme, having an energy offsetF with respect to
the Fermi level~situated ate50!. For a channel with a two-
dimensional cross-section, the number of transmiss
modes at energye equals

N~e!5H Ak2

4p
5

A

4p

2me

\2
~e2F! if e.F

0 otherwise.

~A2!

Here we neglect quantization effects in the barrier regio18

and use the semiclassical expression.17 If we assume a unity
891Prins et al.
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transmission probability for these free-electron states, it
be shown that the transmission trace to a good approxima
equals19

Tr t~e!t†~e!5N~e!F11
3

4

w

l ~e!G
21

, ~A3!

wherel (e) is the carrier mfp andw the width of the barrier.
For a voltage drop across the barrier smaller thankBT @linear
response~Ref. 20!# the following applies:

f 1~e!2 f 2~e!52eV
] f

]e
. ~A4!

Neglecting the transmission of electrons with an ene
lower than F ~no electron tunneling! and assuming an
energy-independent mfp, we find from Eqs.~A1!–~A4! the
following expression for the barrier conductance per u
area,

g5
J

V
5

2e2

h

2me

4p\2

l

l 1 ~3/4! wEF

`

de~e2F!S 2
] f

]e D
5

2e2

h

me

2p\2

l

l 1 ~3/4! w
kBT lnF11expS 2

F

kBTD G . ~A5!

This equation describes the barrier conductance due to
mally assisted ballistic as well as diffusive transport, for
bitrary value of the barrier height~note the usage ofh as well
as\ in the formulas!. In caseF@kBT we recover

g5
4pe2me

h3

l

l 1 ~3/4! w
kBT expS 2

F

kBTD . ~A6!

For l @w this equals the well-known equation for therm
onic emission21 at small applied voltage~euVu!kBT). For a
negative barrier height withF!2kBT, Eq. ~A5! becomes

g5
2e2

h

me

2p\2

l

l 1 ~3/4! w
uFu, for F!2kBT,

~A7!

which equals the conductance of a ballistic point contact.17,19

b. Drude formalism: Diffusion only.In case the barrier
conductance is limited by scattering inside the barrier,
current density can be approximated by

J5enbvd , ~A8!

wherenb is the free-carrier density in the barrier region, a
vd is the diffusion velocity. Assuming free-electron wav
functions inside the barrier, the free-carrier density is giv
by21

nb5Nc

2

Ap
F1/2S 2

F

kBTD ,

with Nc52S 2pmekBT

h2 D 3/2

, ~A9!

whereNc is the effective conduction band density of sta
inside the barrier, andF1/2 is the Fermi–Dirac integral.21 The
diffusion velocity is given byvd5mbE, wheremb andE are
892 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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the carrier mobility and electrostatic field in the barrier, r
spectively. The field is; V/w, wherew is the width of the
barrier. This yields for the barrier conductance in the diff
sive limit

gdiff5J/V5
emb

w
Nc

2

Ap
F1/2S 2

F

kBTD . ~A10!

The carrier mobility in the barrier can be expressed in ter
of the carrier relaxation timet or the carrier mfpl ,

mb5
et

me
5

el

c̄me

, ~A11!

where c̄ is the average carrier velocity. In caseF@kBT, the
kinetic energy of free carriers (mec̄ 2/2) equals (3/2)kBT. It
is easily shown that in this limit Eq.~A10! becomes

gdiff5
4pe2me

h3

l

w
A2p

3
kBT expS 2

F

kBTD , ~A12!

which nearly reproduces Eq.~A6! in the diffusive limit (l
!w). Similarly, it can be shown that forF!2kBT ~when
the average carrier velocity is given by the Fermi veloci!
Eq. ~A10! is in agreement with Eq.~A7!.
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