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h i g h l i g h t s

� n-ZnO/p-aSi interface potential barrier controls electrons supply for Li coupling reaction.
� The interface electric field exceeds 105 V cm�1 to draws in Li ions from ZnO into aSi.
� n-ZnO/p-aSi heterojunction could have ohmic or diode type behavior under initial charging.
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a b s t r a c t

Electron and Li-ion transport at the n-ZnO/p-aSi (amorphous Si) heterojunction interface is analyzed for
the initial charging conditions of a secondary battery anode. The ohmic and diode-type currentevoltage
characteristics of the junction are investigated for varying doping levels of aSi and ZnO layers. The
interface potential barrier impacts the electrons supply to control the Li þ ZnO / Li2O þ LixZn reaction.
The interface electric field could exceedw105 V cm�1 and draws in Li ions from zinc oxide into the silicon
layer. Relatively low-level doping (w1018 cm�3) of the semiconductors is preferred for the optimum
draw-in effect. During the initial charging, when the Li content in ZnO (as substitution LiZn acceptors)
does not exceed the solubility level (w1019 cm�3), the overall doping maintains the n-type, and
the interface electric field continues to draw in Li ions towards silicon. Under further increase of Li
content at interstitials, the layer conductivity is converted, and the heterojunction becomes n�enep (or
even penep) type. During the subsequent transport of Li ions, the interface potential barrier diminishes
and vanishes, and the currentevoltage characteristics become ohmic. The importance of doping level
control for both the materials is emphasized. The results are applicable for interface engineering in LIB
anodes.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide ZnO is a novel prospective material for lithium-ion
secondary battery anodes due to its high theoretical capacity
(978 mAh g�1), which is three times higher than that of graphite
(372 mAh g�1). The material is characterized by low cost of the
constituent ingredients, good processability, and environmental
and health safety in production and recycling. The related oxide
semiconductor for LIB anodes is tin oxide. In previous work [1],

graphite was coated with tin oxide by fluidized-bed chemical vapor
deposition.

Thin-film electrodes in lithium-ion batteries (LIB) become espe-
cially vital in view of battery applications in compact and flexible
devices [2]. Interfaces and interphases between different thin layers
and grains tend to control the transport of charge carriers (electrons,
ions), and reactions leading to an increase in capacity. For example,
SnO2 “nanobaskets” [3] have been fabricated, which exhibited ca-
pacity exceeding the theoretical value for bulk SnO2 (1480 mAh g�1

instead of 781 mAh g�1). This was attributed to the interfacial
charging of lithium at the grain boundaries. Improvements are still
required to further stabilize the interfacial lithium storage.

The ion transport in poly- and nanocrystalline solids and
thin films depends substantially on the space-charge effects at
the interfaces [4]. The space-charge regions (SCR) at the interfaces
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and intergrains could spread and overlap, changing the resulting
conductivity type and controlling the ion transport.

Amorphous Si film coated with fullerene C60 (fullerite layer) has
been investigated in previous studies to improve the charging/
discharging performance of the anodes [5,6]. In particular, boron
doping of the fullerite layer was investigated [7]. The boron atoms
in the fullerite lattice improve the first cycling performance of the
anode due to enhanced conductivity of the C60/Si film system and
better transfer of Li ions at the electrode/electrolyte interface (SEI)
layer [5].

The scope of the present work is the initial charging process that
will set the resulting microstructure and electrochemical features
of the anode electrode based on n-ZnO/p-aSi heterostructure.

2. Background

ZnO is presumably an n-type wide-bandgap semiconductor, for
which the basic dopant is oxygen vacancies. If we consider the first
charging processes in an LIB anode, we should analyze the trans-
port phenomena of lithium ions entering the anode structure.
Initially, the Li ions will behave as a dopant in the host semi-
conductor. With Li ions substitution in Zn sites in the lattice, n-type
doping of ZnO was obtained [8]. Other data demonstrated p-type
doping of ZnO when Li ions form interstitial defects [9].

The p-type conductivity could not be achieved if the total con-
centration of shallow acceptors does not exceed 1020 cm�3 [10]. In a
theoretical work [11], the solubility limit was calculated for LiZn
acceptors in ZnO as w1019 cm�3.

Generally, it is important to note the difference between the
conductor-type Li-absorbing layers, like carbon, fullerite [12],
copper, lithium itself, etc., and semiconductors, like silicon, as a
medium band-gap material, or tin oxide, zinc oxide, another wide
band-gap semiconductors. In the first case, the Li-absorbing layer
always has enough electrons to take part in Liþ ion coupling. With
semiconductors like ZnO, the Li coupling reaction depends on the
moving charges (electrons or holes) concentration, or on their
external supply. The reaction could be controlled by doping, charge
carriers current or photo-injection (in general case) supply. The last
mechanism may be involved in prospective experimental cell with
transparent packaging to test the effect.

Taking into account the strong exponential-type dependence of
the moving charge carriers in a semiconductor on factors such as
the doping level, temperature, mechanical stresses (in piezoelectric
semiconductors), grain boundary interfacial charge centers, the
process of Li ion intercalation/bonding in ZnO should dependmuch
more on external parameters, like ZnO layer processing mode,
working conditions, etc.

It is worth comparing the oxygen atoms behavior, as the main
base dopant, with another oxide semiconductor SnO2. Oxygen va-
cancies in SnO2 could diffuse/drift, in both the near-surface (acti-
vation energy of w1.1 eV) and bulk modes (w1.8 eV) [13]. For the
first case, near-surface diffusion is possible at room temperature,
and for the second, the room-temperature process is almost pre-
vented. In the case of ZnO, the interstitial oxygen is responsible for
self-diffusion in n-ZnO, and oxygen vacancies are responsible for
self-diffusion in p-ZnO [14].

The enhanced ion transport along the grain boundaries has been
investigated [15]. Lateral diffusion of Li ions along the hetero-
junction interface and intergrains boundaries could be more
effective than the bulk transport. The small-grain layers would be
preferential, so the interface space charge regions become critically
important. In this view, the zinc oxide/amorphous silicon hetero-
interfaces, as well as inter-grain interfaces, should be analyzed in
regard to their electronic features related to charge carriers accu-
mulation and transport processes.

In the case that all the defects (ions) could move and re-
distribute in the heterostructure’s space charge region, the Gouye
Chapman approach is applicable [16]. The one-dimensional flux JLi
of Li ions in the structures under study is controlled by both the
diffusion due to the concentration gradient and the drift in the
electric field:

JLi ¼ �DLi
vCLi
vx

þMLiCLiE; (1)

where DLi is the diffusion coefficient, CLi is the ions concentration,
and MLi is the Li ion mobility in the semiconductor.

At low temperatures, the defects usually have low mobility to
move in response to the excess charge at the interface. The depleted
defects could be neglected. The charge density is controlled by the
dopant concentration, as is the case with the MotteSchottky
approach.

Thus, in conditions where Liþ ion insertion occurs through the
heterointerface during the initial charging, the MotteSchottky case
will dominatewhen nomovable ions are at the interface area. Then,
during the lithium ion penetration, the transition to the Gouye
Chapman case should proceed where the movable Liþ ions and
resulting species modify the SCR and compensate for the immobile
doping n-type centers.

3. Results and discussion

The heterojunctions formed by the n-ZnO thin layer on p-type
amorphous silicon (aSi) were modeled, including varying doping
levels of silicon (NA) and zinc oxide (ND) layers, using the corre-
sponding Poisson equation and the charge carrier transport equa-
tions. Lithium ion drift/diffusion proceeds much slower than the
response of the electron subsystem to the ion movement and cor-
responding composition changes. Thus, the band structure of the
junction could be considered as quasi-stationary for the electron
transport at every step.

The general view of the n-ZnO/p-aSi heterojunction band model
is presented in Fig. 1 for varying doping levels of the both layers, aSi
and ZnO. The space charge region (SCR) widths vary by up to
w20 nm. Thus, for the typical ZnO grain size of w50 nm [17], the
grains could be depleted almost completely under doping levels
less than 1018 cm�3. To obtain maximum efficiency of electric field
promotion for Li ions entering ZnO, the thickness should not be
more than w50 nm.

For low-level doped ZnO, the electric field mainly concentrates
in this (ZnO) layer (Fig. 2). Lithium ions will undergo this field ac-
tion under the first charging.

The SCR electric field of the n-ZnO/p-Si heterojunction forces Li
ions to be drawn in from the zinc oxide into the silicon (see Fig. 3). It
is more effective to use relatively low-level doped ZnO (less than
w1018 cm�3) for the space charge region extended over the most of
this layer’s thickness. For the same goal, a relatively low-level
doped aSi is required. For these doping levels, the wider SCR’
field configuration will be less sensitive to volume changes in Si
under Li ions incorporation. And, vice versa, the narrow SCR in
highly-doped materials will be modified (and destroyed) at the
very beginning of Li ions transport at the interface.

At the initial stage of the first charging, the interface electric field
controls the charge carriers (electrons and Li ions) in the active zone
of the junction. The electrons supply determines the main subse-
quent electrochemical reaction of Li ions coupling in the layer:

ðxþ 2Þe� þ ZnOþ ðxþ 2ÞLiþ ¼ Li2Oþ LixZn (2)

In the heterostructure under investigation, the mobile Liþ ions
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