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Highly conducting (q¼ 3.9� 10�4 Xcm) and transparent (83%) polycrystalline Si-doped ZnO

(SiZO) thin films have been deposited onto borosilicate glass substrates by pulsed laser deposition

from (ZnO)1�x(SiO2)x (0� x� 0.05) ceramic targets prepared using a sol-gel technique. Along

with their structural, chemical, and optical properties, the electronic transport within these SiZO

samples has been investigated as a function of silicon doping level and temperature. Measurements

made between 80 and 350 K reveal an almost temperature-independent carrier concentration

consistent with degenerate metallic conduction in all of these samples. The temperature-dependent

Hall mobility has been modeled by considering the varying contribution of grain boundary

and electron-phonon scattering in samples with different nominal silicon concentrations.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936613]

Transparent conducting oxides (TCOs) are widely

employed as transparent electrodes in photovoltaic cells, flat

panel and touch screen displays, light emitting diodes, and

low-emittance window coatings.1,2 Tin-doped indium oxide

(ITO) is currently the most widely used TCO material for

high-end applications because it possesses a remarkable

combination of low electrical resistivity and high transpar-

ency to visible light. However, the high cost, price volatility,

and scarcity of indium are all factors limiting the growth of

macroelectronics, which include large-area, cost sensitive

devices like solar panels, large displays, electronic paper,

and solid-state lighting. Much research has therefore been

aimed at producing indium-free or reduced indium TCO

materials for these types of applications.3,4

As an abundant and non-toxic TCO material, doped zinc

oxide has been the subject of considerable research interest

and has been utilized in numerous TCO applications.5 In par-

ticular, ZnO doped with silicon (SiZO) has attracted a great

deal of recent attention.6–9 Not only has Si been found to be

an effective n-type dopant, it is expected to act as a two elec-

tron donor when substituted for Zn in the ZnO lattice and

could thus potentially generate higher free carrier densities

at a given doping level than the one-electron Group 13

dopants Al, Ga, or In.10

Several deposition techniques have previously been

utilized to produce SiZO thin films, including RF magnetron

sputtering,6,11 pulsed laser deposition,8,12,13 sol-gel spin

coating,14 atomic layer deposition,15 and spray pyrolysis.9,16

An electrical resistivity as low as 3.8� 10�4 Xcm with an

average transmittance of 85% in the visible region has been

reported for SiZO thin films deposited at a substrate tempera-

ture of 250 �C by RF magnetron sputtering.6 Recently, we

also reported on fluoride-enhanced silicon doping of ZnO

thin films prepared by spray pyrolysis, which achieved elec-

trical resistivity as low as 1.5� 10�3 Xcm and a transparency

of 87% without any additional post-deposition treatment.16

These results demonstrate the potential of SiZO as an

entirely earth-abundant, low-cost substitute for ITO.

However, there is still limited information in the literature

concerning the fundamental factors that determine the com-

position (i.e., doping) dependence of optoelectronic proper-

ties in SiZO thin films.

In this letter, we report on a series of SiZO thin films

prepared by pulsed laser deposition from ceramic targets

having Si concentrations in the range of 0–5 at. %. Further

details of target preparation and the deposition procedure are

available in the supplementary material.17 The Hall effect

and resistivity of the samples were measured between 80 and

350 K to better understand how varying silicon content

affects electrical transport phenomena in these polycrystal-

line films. X-ray diffraction analysis showed that all films

only exhibit diffraction peaks corresponding to the (002) and

(004) planes of ZnO in the wurtzite structure, indicating a

strong preference for crystallites in the samples to be ori-

ented with their c-axis perpendicular to the substrate.17

Within experimental error, the position and breadth of the

Bragg peaks remains constant upon addition of Si; this can

be attributed to the very similar covalent radii of Zn and Si

(118 and 116 pm, respectively).18 While the precise silicon

doping level in deposited thin films can deviate somewhat

from the nominal doping level of the target, EDX and XPS

analyses on several samples clearly show the progressively

higher silicon incorporation into the samples with increasing
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nominal doping levels.17 For clarity, samples will be referred

to using the nominal doping level in the results and discus-

sion that follow.

The room temperature electrical transport properties of

SiZO thin films are summarized in Figure 1. Both the carrier

concentration and carrier mobility initially increase with

increasing Si doping and reach maximum values of

6.0� 1020 cm�3 and 27 cm2V�1s�1, respectively, at a nominal

doping level of 2 at. % Si. Since in the free electron picture,

resistivity is inversely proportional to carrier concentration

and mobility via 1/q¼ r¼ nel, this is also the sample having

the lowest electrical resistivity of 3.9� 10�4 Xcm. The rise in

electron density with increasing silicon content is consistent

with the fact that Si is an effective n-type dopant in ZnO and

that Si doping, rather than induced changes in oxygen stoichi-

ometry, is responsible for the changes in electrical properties.

This is also reasonable given that the atmosphere was kept at

the same oxygen partial pressure (2 mTorr) for each deposi-

tion run.

At Si concentrations above 2 at. %, both the carrier con-

centration and mobility decrease with the further addition of

silicon, indicating that additional dopant atoms are no longer

leading to net charge carrier generation. Previous reports on

SiZO films,9,12,13 as well as on some ZnO films doped with

Group 13 elements,19,20 have also shown that electrical prop-

erties are maximized at doping levels between 2 and 3 at. %.

The temperature dependences of resistivity, carrier

concentration, and carrier mobility in undoped and SiZO

thin films with different Si contents are presented in Figure 2

over the range of 80–350 K. For all samples, the carrier con-

centration is practically independent of temperature, imply-

ing that the films are degenerate semiconductors with the

Fermi level located above the conduction band minimum.

This is consistent with the fact that even the nominally

undoped film has a carrier density higher than the Mott criti-

cal concentration of 6.4� 1018 cm�3 anticipated for the

metal-insulator transition in ZnO.9,21 This also implies that

changes in sample resistivity with temperature are almost

entirely driven by changes in carrier mobility.

For samples with a nominal doping level of 2% or

greater, the carrier mobility decreases with increasing

temperature, while films with a Si content of 0.5% or below

show the opposite slope (Figure 2, middle).

A representative set of SiZO optical transmission spec-

tra is shown in Figure 3. The average transmittance of these

samples to visible wavelengths (400–750 nm) ranged from

75% to 83%, with the 2 at. % Si-doped ZnO film having the

highest value. A decrease in optical transmission in the near

IR region (750–2500 nm) occurs as increasing carrier con-

centration up to 2 at. % Si leads to a blueshift of the conduc-

tion electron plasma frequency. This trend reverses as the

FIG. 1. Room-temperature variations of electron concentration (n), mobility

(l), and electrical resistivity (q) of Si-doped ZnO thin films as a function of

nominal silicon doping level.

FIG. 2. Temperature dependence of carrier concentration, carrier mobility,

and electrical resistivity of undoped and silicon-doped ZnO thin films with

different nominal Si concentrations. The solid lines show theoretical temper-

ature dependence of mobility and electrical resistivity based upon a model

accounting for the effects of grain boundary and acoustic phonon scattering

(Equation 3).

232103-2 Kuznetsov et al. Appl. Phys. Lett. 107, 232103 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  163.1.252.129 On: Fri, 04 Mar 2016 10:04:45



carrier concentration decreases in films with a higher nomi-

nal silicon content.

Likewise, increases in carrier concentration also lead to

a Burstein-Moss blueshift of the ZnO optical bandgap transi-

tion in the UV region. This is clearly observed by using the

Tauc relation to calculate the direct optical bandgap energies

(Figure 3, inset), which show changes that correlate well

with the variations in carrier concentration.

In analyzing the macroscopic electrical performance of

these SiZO samples (and doped TCOs in general), two key

factors arise. The first is the influence of extrinsic dopants on

the concentration and mobility of free carriers. The second is

that such films are almost invariably polycrystalline, which

means that electronic conduction may be governed not only

by the properties of grain interiors but also by those of the

grain boundaries between them.

A number of theoretical studies have been performed on

the formation of native and extrinsic dopant defects in ZnO

as a function of Fermi energy.10,22,23 Such works show that

substitution at tetrahedral zinc sites or being located at octa-

hedral interstitial positions are the two most energetically

plausible states for cationic dopants in ZnO.23–26 These

studies also suggest that the lower formation energy of sub-

stitutional defects favors their formation over that of intersti-

tial defects at low dopant concentrations.23 However, as the

total concentration of impurities increases, a solubility limit

for dopant incorporation at substitutional sites will be even-

tually reached, meaning that further impurities will increas-

ingly reside at interstitial sites and perhaps eventually

precipitate as secondary phases.

Unlike cationic dopants at substitutional sites which are

shallow donors and from which conduction electrons are eas-

ily freed, for example, via Si2þZn ! Si4þ
Zn þ 2e�, interstitial

defects generally form donor states that are too deep in the

ZnO band gap to effectively contribute conduction electrons

at room temperature.24 At the same time, interstitial defects

can still act as scattering centers and reduce carrier mobility.

Such a picture would be consistent with our experimental

data if the thermodynamic limit for the concentration of sub-

stitutional silicon defects is �2 at. % Si. In this case, further

addition of silicon beyond 2 at. % would result mostly in for-

mation of interstitial defects that do not contribute to further

increases in carrier concentration, but do lead to a decrease

in carrier mobility (Figure 1).

Another plausible mechanism for the plateau in carrier

concentration is the compensatory formation of intrinsic

acceptor defects. For instance, a recently published DFT

study found that an increasing electron chemical potential

due to Si doping leads to spontaneous localization of elec-

trons by10

Zn2þ þ 2e� !Zn0 !VZn þ Zn0
i : (1)

Wang et al. have shown experimentally that in electron-rich

ZnO, the resulting reduced, interstitial Zn0
i can be stabilized

by interaction with lattice Zn2þ to form (Zn2)2þ dimeric

states.27 The formation of such defects would also contribute

to carrier scattering and a reduction in mobility, while at the

same time localizing electrons and causing carrier concentra-

tion to stabilize at a limiting value. Owing to differences

between nominal and actual film doping levels, these models

should be taken as qualitative explanations for decreasing

doping efficiency with increasing silicon concentration.

Additional work to characterize the local structure around

defects in these samples and more quantitative chemical

analysis will be needed to determine the relative contribution

of these two mechanisms at various silicon concentrations.

For nominal doping levels of less than 2 at. % Si, Figure 1

also shows that the carrier mobility in SiZO films increases

with Si doping in concert with carrier concentration. Notably,

the undoped ZnO thin film displays the lowest mobility of the

samples in this series. Furthermore, Figure 2 shows that the

carrier mobility of heavily doped films (�2 at. % Si) decreases

with increasing temperature, while lightly doped films exhibit

a thermally activated mobility. These trends are clearly incon-

sistent with a situation where impurities are the dominant

cause of carrier scattering and must instead arise from the pol-

ycrystalline nature of the samples.

Grain boundaries in ZnO are disordered regions which

tend to be oxygen-rich and hence dominated by defects that

can trap free electrons from nearby grain interiors. This

results in local depletion of carrier electrons from the bulk

and a buildup of negative charge at grain boundaries, leading

to the formation of a potential barrier between the grains that

can inhibit electronic transport.28–30 Another example of a

grain boundary effect is the preferential migration of impu-

rity atoms to grain boundaries, which can also lead to the

development of potential barriers. This has been exploited

to great effect in the production of ZnO-based varistors

with non-linear I-V characteristics,28,31 and has also been

predicted by DFT analysis for silicon impurities in ZnO.10

Our XPS results also indicate a surface enrichment of silicon

in these samples that can also be explained by impurity

segregation.17

The extent to which the grain boundary effects limit

carrier transport is related to the height of the boundary

potential barrier relative to the Fermi level EF. For a constant

barrier height, raising EF by increasing carrier concentration

or temperature makes the potential barrier increasingly insig-

nificant to electrical transport, as an increasing proportion of

FIG. 3. Optical transmission data for SiZO thin films with different dopant

concentrations. The inset displays ZnO optical bandgap energy calculated

using the Tauc relation as a function of nominal Si concentration.
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free electrons have enough energy to surmount the barrier

without the need for quantum tunneling. Therefore, an

increased mobility with increasing carrier concentration can

be explained by invoking the interplay of grain boundary

scattering and changes in carrier concentration with doping.

Generalizing the earlier work of Seto, and Orton and

Powell,32,33 Prins et al. have derived a model for grain-

boundary limited carrier mobility (lgb) valid for both degen-

erate and non-degenerate semiconductors

lgb Tð Þ ¼ BT ln 1þ exp � U
kBT

� �� �
; (2)

where B is a parameter which depends on the carrier concen-

tration, the effective electron mass, the grain size, the carrier

mean free path and the width of the potential barrier. kB is the

Boltzmann constant, and U is the energy of the top of the

average grain boundary potential barrier relative to the Fermi

level within the grain.34 For a temperature-independent car-

rier concentration (as is the case here, Figure 2, top), B is also

temperature-independent.

Grain boundary scattering cannot account for the

decrease in carrier mobility with increasing temperature

observed for SiZO samples with high (�2 at. %) silicon con-

centrations (Figure 2, middle). A number of scattering mech-

anisms with different temperature dependences are possible

within the interiors of ZnO grains, including acoustic pho-

non, polar optical phonon, and piezoelectric mode scatter-

ing.35 From a preliminary fitting of experimental results,

acoustic phonon scattering was found to dominate over other

phonon-carrier modes for all samples in the temperature

ranges studied, allowing the effect of phonon scattering on

carrier mobility to be satisfactorily approximated as

lph/T�3/2.36 By assuming that grain boundary and acoustic

phonon scattering mechanisms act independently, their com-

bined effects on mobility can be described using

Matthiessen’s rule, leading to a model for a temperature-

dependent mobility ltot(T)

ltot Tð Þ ¼ 1

BT ln 1þ exp � U
kBT

� �� �þ 1

AT�3=2

0
B@

1
CA
�1

; (3)

where A, B, and U are the parameters to be fit. The best fit

values for these parameters are summarized in Table I, with

the corresponding temperature-dependent mobility and resis-

tivity based on this model shown in Figure 2 as solid lines.

The derived values of U are negative for all samples,

indicating that EF is higher than the top of the average grain

boundary potential barrier in each case. Importantly, this is

independent corroboration that all of the samples are degen-

erate conductors, as previously inferred from observation of

a temperature-independent carrier concentration (Figure 2,

top).

The fact that mobility still shows a positive temperature

dependence for the lower carrier concentration samples,

despite the Fermi level being higher than the grain boundary

barrier, may be understood by noting that all free carriers

within the grains of a polycrystalline material will contribute

to the measured Hall voltage and hence carrier concentra-

tion, including those that cannot freely participate in inter-

grain electronic conduction due to grain boundary potential

barriers. In contrast, the corresponding direct current conduc-

tivity r only measures carriers with enough energy to partici-

pate in inter-grain conduction.37 For the free-electron

description r¼ nel to still hold, the inter-grain Hall mobility

must be lower than the intra-grain mobility by a factor

related to the proportion of total carriers that are trapped

within grains. Thus, when thermal energy can excite carriers

from states with energies below the top of the grain boundary

barrier to those above, the fraction of charge carriers free to

participate in inter-grain conduction, and hence the Hall mo-

bility, can be thermally activated. This is the situation

observed for ZnO samples doped with 0.5 at. % Si and

below. For samples with higher carrier concentrations, the

Fermi level sits so far above (more than kT above) the top of

the average grain boundary potential barrier that the barriers

become insignificant, clearly revealing the decreasing

mobility with increasing temperature expected for metallic

conduction when intra-grain processes such as electron-

phonon scattering dominate.

We have shown that Si acts as an effective donor im-

purity in ZnO thin films prepared by PLD up to about

2 at. % Si. As the silicon content of the films increases fur-

ther, the carrier concentration plateaus while the carrier

mobility continues to fall. This can be explained by the

increasing incorporation of Si at electrically inactive inter-

stitial sites or by the spontaneous formation of intrinsic

compensating defects that can still act as scattering centers.

Consistent with degenerate conduction, the carrier concen-

tration for each SiZO film is practically temperature inde-

pendent. The experimental temperature dependence of

carrier mobility in SiZO can be effectively modeled by

considering jointly carrier-phonon scattering within the

grains and grain boundary potential barriers, whose influ-

ence on electronic transport changes as a function of car-

rier concentration.
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TABLE I. Parameters resulting from fitting of variable temperature Hall mo-

bility data from SiZO thin films of various carrier concentrations using

Equation (3).

Nominal

doping,

at. % Si n, 1020 cm�3 U, meV A, 105 cm2/(V s K3/2) B, 10�2 cm2/Vs

0 0.24 �11.9 7.53 6.96

0.2 1.12 �20.0 5.30 6.05

0.5 2.73 �22.5 3.90 7.35

2 5.93 �25.8 4.60 9.76

4 3.57 �24.9 3.72 8.36
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