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The enhanced visible-light absorption for photovoltaic response and room temperature photolumine-
scence of Bi3*-doped Zn,Sn0, nanoparticles are studied. The valence states of Bi>* and Zn2*/Sn*" are
detected by their core level X-ray photoelectron spectra. Bij, and Big, from substitutions of Bi3* for
Zn%*/Sn** interattract and form noncompensated n-p codopant band to improve visible light absorption
and facilitate electron transition for photovoltaic response and photoluminescence. Abundant surface
states and weak built-in electric field near surface improve together the separation of photoinduced
charges of n-type nanoparticle semiconductors. The investigation of high dopant solubility to enhance
visible light absorption could be applied to other wide band gap ternary oxides.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Due to weak absorption of long-wavelength photons of silicon
and oxide semiconductor solar cells, intermediate band (IB) and
noncompensated n-p codopant band (CDB) solar cells have been
proposed for the third generation of photovoltaics [1-3]. Accord-
ing to IB theory, the IB can be obtained in standard semiconductors
by the introduction of deep levels between valence band (VB) and
conduction band (CB) from designing quantum dots or doping ions
[4]. Ton-doping to construct IB is widely used in oxide semiconduc-
tor solar cells due to its simplicity. Whereas low dopant solubility
usually hinders to construct IB to further improve visible light
absorption of wide band gap ternary oxides. For CDB theory, band
gap narrowing is caused by noncompensated anion—-cation codop-
ing and there is attraction between anion and cation substitutional
ions. The Fe/Cr+N codoping usually selects the uni-metal oxides
such as TiO, [2,3,5,6]. The investigation of Fe/Cr + N codoping TiO,
triggers us to consider that noncompensated anion-cation codop-
ing could be constructed by substitution trivalent ions (A3*) for
bivalent and quadrivalent ions (B2*/C4*) in ternary oxides such as
SrTiO3 and Zn,;SnOg4 (ZTO).

* Corresponding author. Tel.: +86 371 67767838; fax: +86 371 67766629.
E-mail addresses: ejliang@zzu.edu.cn, liuxiansheng69@126.com (E. Liang).

ZTO is an attractive n-type semiconductor with band gap 3.6eV
[7], whichis only sensitive to ultraviolet light. A recent study reveals
that ZTO has a lower rate of electron-hole recombination and longer
lifetime of electrons comparing with TiO, in dye-sensitized solar
cells [8]. Nevertheless, the photoelectric response of ZTO is not
strong due to its weak visible light absorption [9,10]. To enhance
the visible-light absorption of ZTO, so far, doping with S has been
tried [11]. Visible light photocatalytic activity of ZTO was enhanced
by S-doping. $** and S5* are common valence states, however, Zn2*
and Sn** are the considered valence states in ZTO. The substitu-
tion S6*/S** for Zn%*/Sn** could not form interattraction between
anion and cation to further enhance the dopant solubility. There-
fore trivalent ions should be introduced to substitute Zn%*/Sn**
in ZTO, just like In3*-doped Cd,SnO4 [12]. Dy3* ions have been
introduced to improve the photoluminescence (PL) and photocat-
alytic properties of ZTO [13], however, because of the high cost of
rare earth ions of Dy3*, the doping content is limited largely to fur-
ther enhance visible light absorption. It is significant to use low cost
trivalent Bi3* ions, well-known sensitizer, to substitute Zn2*/Sn** in
ZTO0.

In this paper, Bi3*-doped ZTO were synthesized by hydro-
thermal method to enhance the visible light absorption of ZTO. The
photogenerated charge separation and recombination behaviors on
the surface of the samples are investigated by surface photovoltage
spectroscopy (SPS) and electric field-induced surface photovoltage
spectroscopy (EFISPS) as well as PL spectra.
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Fig. 1. (a) XRD patterns of pure and Bi3*-doped ZTO with contents of 1, 3, 5, 7 and 11 mol%, respectively. (b) Structure refined results of Bi3*-doped ZTO (3 mol%) with XRD
data at room temperature. (c) and (d) Schematic diagram of lattice structures of ZTO and Bi3**-doped ZTO, respectively (red spheres indicate O, gray spheres indicate Zn1, gray
semi-spheres indicate Zn2, blue semi-spheres indicate Sn, Biy, indicates Bi** substituting Zn?*, and Big, indicates Bi** substituting Sn**). (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of the article.)

2. Experimental

ZTO samples with different contents of Bi3* were synthesized
with hydrothermal method. All the regents used were analytic
grade. ZnCl, (6.4mmol), Bi(NOs3)3-5H,0 (certain amount) and
SnCly-5H;,0 (3.2 mmol) were dissovled into 20 mL water/ethylene
glycol (1:1 volume ratio) mixed solvent. N;Hy4-H,0 was drop-
wise added into the solution till pH=10 and precipitation formed
rapidly. After stirring for several minutes, the obtained slurry was
transferred to a 100 mL autoclave and heated at 180°C overnight.
The autoclave was cooled to room temperature naturally. The
supernatant fluid was discarded. The lower precipitation was
rinsed with deionized water to remove residual cations and anions
followed by drying at 80 °C for 2 h. Then the samples were sintered
at 500 °C for 1.5 h in air to obtain the Bi3*-doped ZTO nanoparticles.

X-ray diffraction (XRD) patterns were recorded on a DX-2500
diffractometer with Cu Ka radiation with A=0.1542 nm. X-ray
photoelectron spectroscopy (XPS, AXIS UltraPP) was used to detect
binding energy change and valence states of elements. Raman spec-
tra were obtained on a laser Raman spectrograph (LRS-III). The
microstructures of the samples were recorded with a field emis-
sion scanning electron microscope (FE-SEM, Model JSM-6700F).
The diffuse reflectance spectra were observed on a UV-vis spec-
trophotometer (Varian Cary 5000) with BaSO4 as the standard
reference and were converted to the absorbance data through the
Kubelka-Munk method. The PL spectra were performed at room
temperature with a Fluoromax-4 spetrofluorometer (HORIBA Jobin
Yvon). SPS was carried out with a home-built apparatus and EFISPS
was used a technique combining an electric field-effect principle
with the SPS method. The samples were put in the middle of a
sandwich structure composed of two pieces of ITO (indium tin
oxide) glass. External electric field was applied to the two sides of

samples and was regarded as positive whenits direction was identi-
cal to that of incident light. The life time of photogenerated carriers
is estimated with the life time of fluorescence on a PL spectroscopy
(HORIBA, FL3-22).

3. Results and discussion
3.1. Crystal structure

Fig. 1a shows the XRD patterns of pure and Bi3*-doped ZTO with
Bi3* contents of 1, 3, 5, 7 and 11 mol%, respectively. It is clear that
the diffraction peaks correspond to a cubic structural zinc stan-
nate (JCPDS No. 74-2184) and become weaker and wider after Bi3*
doping. The average grain sizes of pure and Bi3*-doped (5 mol%) ZTO
are estimated from the XRD patterns using Sherrer’s equation with
their strongest peaks to be about 27 and 17 nm, respectively, i.e.
the average grain sizes of ZTO are within nano-scale and decrease
obviously after Bi3* jons doping. In addition, the diffraction peaks
shift toward smaller angle after Bi3*-doping, suggesting that the
doping with Bi3* leads to an increase in the lattice constant. Since
all the XRD patterns were measured with powdered samples, the
effects of sample height, effective X-ray transparency, mismatch
strain, etc. on the peak shift can be excluded. Structure refinements
(seeFig. 1b) of the XRD data using Rietveld method confirm the pro-
posal. The lattice constants of ZTO with 0, 1, 3, 5, 7 and 11 mol%
Bi3* are obtained to be about 8.666, 8.692, 8.693, 8.694, 8.696,
8.698 A, respectively. Since the radius of Bi3* (0.103 nm) is larger
than those of Sn** (0.069 nm) and Zn2* (0.074 nm), substitutions of
Bi3* for Sn**/Zn?* can lead to the increases of the lattice constants.
Even though the large difference in cation size between Bi3* and
Sn**/Zn?*, the substitution ratio reaches larger value (7 mol%, the
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