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SPECIAL TOPIC — New generation solar cells

Performance enhancement of ZnO nanowires/PbS
quantum dot depleted bulk heterojunction solar cells
with an ultrathin Al,O; interlayer”
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Depleted bulk heterojunction (DBH) PbS quantum dot solar cells (QDSCs), appearing with boosted short-circuit
current density (Jy), represent the great potential of solar radiation utilization, but suffer from the problem of increased
interfacial charge recombination and reduced open-circuit voltage (Vo). Herein, we report that an insertion of ultrathin
Al, 05 layer (ca. 1.2 A thickness) at the interface of ZnO nanowires (NWs) and PbS quantum dots (QDs) could remarkably
improve the performance of DBH-QDSCs fabricated from them, i.e., an increase of Vi from 449 mV to 572 mV, Jy. from
21.90 mA/cm? to 23.98 mA/cm?, and power conversion efficiency (PCE) from 4.29% to 6.11%. Such an improvement of
device performance is ascribed to the significant reduction of the interfacial charge recombination rate, as evidenced by
the light intensity dependence on Jg. and V., the prolonged electron lifetime, the lowered trap density, and the enlarged
recombination activation energy. The present research therefore provides an effective interfacial engineering means to
improving the overall performance of DBH-QDSCs, which might also be effective to other types of optoelectronic devices

with large interface area.

Keywords: interface charge recombination, Al O3 interlayer, passivation, PbS quantum dots

PACS: 85.35.Be, 78.67.Lt, 73.63.Kv, 62.23.Hj

1. Introduction

Due to their unique characteristics, colloidal quantum
dots have attracted extensive interests from both fundamental
and applied points of view.!!™! During the last decade, a new
type of solar cells with PbS QDs layer as absorber was de-
veloped rapidly and showed many advantages towards future
photovoltaics, such as tailored light-harvesting, solution-based
deposition technology, and good air stability.[®1%1 However,
the compromise of light absorption and carrier collection still
serves as a big obstacle towards its further improvement.[!!]
The depleted bulk heterojunction (DBH) structure was proved
to deal with the compromise skillfully through orthogo-
nalization of the directions of light absorption and carrier
collection."?! The short-circuit current density of quantum dot
solar cells (QDSCs) with DBH structure was boosted strik-
ingly, while the power conversion efficiency was increased in-
sufficiently because of the reduced open-circuit voltage caused
by the increased interface charge recombination.!'%!3]

Interface charge recombination can usually be reduced
through interface engineering, such as interface energy level

DOI: 10.1088/1674-1056/27/1/018503

alignment and interface passivation.!'*"° In PbS QDSCs,
MgZnO buffer layer and dipolar molecule were proved to
elevate the interface energy level of ZnO and then increase
the open-circuit voltage (Vo ).['*13] Nevertheless, the elevated
ZnO energy level is not beneficial to photoelectron injection
from PbS QDs, thus it is harmful to the short-circuit current
density (Js) in principle. Depositing an insulating layer at the
ZnO NWs/PbS QDs interface was another effective strategy to
reduce the recombination. Ultrathin Mg(OH), interlayer was
proved to successfully suppress the interface charge recombi-
nation through effects of interface passivation and tunneling
barrier as discussed in our previous report.['”) But the over-
large barrier width was blamed for the decreased Js.. There-
fore, an optimal interface modification strategy is in urgent
need to solve interface charge recombination and improve Jg.
synchronously.

Herein, we utilized a modified sol-gel process to pre-
pare an ultrathin Al,Oj3 interlayer at the ZnO NWs/PbS QDs
interface using the aluminum sec-butoxide as the precursor.
With this Al,Os interlayer, the interface charge recombina-
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tion was distinctly reduced as successively confirmed by light
intensity dependence on V,. and Jy. and prolonged electron
lifetime. From the temperature dependence on V., the re-
combination activation energy was increased from 0.55 eV to
0.96 eV, which suggests that the V,,. was less limited by Fermi
level pinning after depositing the Al,Os3 interlayer. Further,
a calculation of density of states also confirmed that the trap
density was reduced in devices with the Al O3 interlayer. This
reduced trap density was further elucidated from photolumi-
nescence measurements, where the luminescence associated
with the ZnO surface defects at 500-600 nm was significantly
decreased with the ca. 1.2 A-thick Al,O3 interlayer. These im-
provements led to an enhancement of the device performance,
which had an increase of V,. from 449 mV to 572 mV, Js
from 21.90 mA/cm? to 23.98 mA/cm?, and power conversion
efficiency (PCE) from 4.29% to 6.11%.

2. Methods
2.1. Materials

Zinc acetate dehydrate (99%), zinc nitrate hexahydrate
(99%), and lead oxide (99%) were purchased from Beijing
Chemical Reagent Co. 1,2-ethanedithiol (EDT, 97%), ethy-
lene imine polymer (PEI, MW = 600, 99%), aluminum sec-
butoxide (97%), isopropanol (99.9%), hexamethylenetetramin
(HMTA, 99%), and acetonitrile (99%) were purchased from
Aladdin. Tetrabutylammonium iodide (TBAI, 98%), oleic
acid (OA, 99%), hexamethyldisilathiane (TMS, 99%), and 1-
octadecene (ODE, 90%) were purchased from Aldrich. All
chemicals were used as received without purification. SnO,:F
(FTO) conductive substrates (15 €/sq) were purchased from
Nippon Sheet Glass.

2.2. Solar cell fabrication

PbS QDs with a bandgap of 1.50 eV were synthesized
according to the previous literature.!?’) FTO substrates were

(211 ZnO nanowires array

cleaned as in our previous report.
with a length of ~ 600 nm was obtained through solvent ther-
mal process.'*? Aluminum sec-butoxide was diluted in iso-
propanol (1:5000; V:V) to prepare the precursor solution. It
should be noted that this process must be taken in inert at-
mosphere because of the extreme sensitivity of aluminum sec-
butoxide to moisture. But the diluted solution remains stable
in air for hours. The Al,O3 interlayer was prepared from this
precursor solution by spin-coating in air, following by anneal-
ing at 80 °C for 30 min in air. And the ZnO nanowires sub-
strates for cells without Al O3 interlayer also underwent the
same annealing process before PbS QDs deposition. PbS QDs
were deposited with a ligand exchange process according to
the previous report.[>’! Au electrode was finished after ther-
mal evaporation. The area of single cell was 0.053 cm?. All
cells were stored and tested in air condition.

2.3. Characterization

The cross-sectional morphology of the cell was observed
with an FEI Quanta 250 scanning electron microscope (SEM).
The x-ray photoelectron spectra were measured with an ES-
CALAB 250 spectrometer equipped with a hemispherical
electron energy analyzer using the Al Ko radiation (hv =
1486.6 eV) and an energy step of 0.1 eV. The electron take-
off angle was 90°. The photoelectron spectra were recorded
in constant analyzer energy mode. Photoluminescence mea-
surement was conducted on a J-Y Horiba UVlamb micro-
Raman spectrometer in a back-scattering configuration, using
a 325 nm He—Cd laser for excitation. Current density—voltage
(J-V) characteristics were recorded on a Keithley 2400 A
source meter under AM 1.5 G irradiation supplied by a Sun
2000 solar simulator (ABET Technology). Open-circuit pho-
tovoltage decay and charge extraction were carried out with a
Modulab XM PhotoEchem station (Solartron Analytical) and
a 680 nm diode light (M680L4 Thorlabs) as the excitation
source. All measurements were performed in air. The cells
were stored in ambient air between measurements without en-

capsulation.

3. Results and discussion

Previously, we reported that a solution-deposited
Mg(OH), interlayer could effectively reduce the inter-
face charge recombination and increase V,. in DBH PbS
QDSCs.!!"7I However, the barrier width still brought a decrease
in Jy. even under the optimum condition of interlayer (15.5 A).
Therefore, a more suitable insulating interlayer is needed to
improve the cell performance. As aluminum sec-butoxide has
a larger volume shrinkage than magnesium methoxide after
hydrolysis in air, a smaller barrier width could be obtained
accompanying with a thinner interlayer, and the goal of im-
proving Vi and Jy. synchronously may be accomplished.
DBH PbS QDSCs with Al,Oj3 interlayer were then fab-
ricated to verify our conjecture. All cells were stored and
measured under atmospheric condition. Figure 1(a) shows the
schematic diagram of the cells with DBH structure, which was
proved to promote photocurrent on the sacrifice of photovolt-
age owing to the increased interface charge recombination.[!?]
A solution prepared Al,O3 interlayer was added at the ZnO
NWs/PbS QDs interface, aiming at reducing the interface
charge recombination. Figure 1(b) shows the cross-sectional
morphology of the cell, where PbS QDs are fully filled in ZnO
NWs, and the part of the PbS QDs layer beyond the ZnO NWs
is needed to avoid short circuit formed by direct contact of Au

and ZnO NWs.
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Fig. 1. (color online) (a) Schematic diagram of cells with FTO/ZnO
NWs/PbS/Au DBH structure; (b) cross-sectional SEM image of the cell.
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Fig. 2. (color online) (a) J-V characteristics of cells with and with-
out Al,O3 interlayer under dark and AM 1.5 G solar irradiation
(100 mW/cm?), and cells transmittance data were shown in the insert;
(b) parameters statistics for 5 cells with and without Al,O3 interlayer.

Photocurrent density—voltage (/J-V') characteristics were
measured under AM 1.5 G solar irradiation (100 mW/cm?).
In Fig. 2(a), the cells with Al,O3 interlayer present an ex-
tremely prominent increase of Vo from 449 mV to 572 mV
(Table 1). This huge V. promotion is mainly attributed to the
reduced charge recombination from PbS QDs light absorbing
layer to ZnO electron transport layer.['®) What is more, the J.
increases from 21.90 mA/cm? to 23.98 mA/cm? (Table 1) af-
ter excluding the effect of light absorption (insert in Fig. 1(a)),

leading to a final increase of PCE from 4.29% to 6.11% (Ta-
ble 1). We also optimized the thickness of the Al,O3 interlayer
by controlling the dilution ratio of aluminum sec-butoxide.
‘When the dilution ratio is less than 1000, the diluted solution
could not be stable in air. In the case of dilution ratio greater
than 5000, the consistency of cells performance becomes terri-
ble, which may be caused by the nonuniformity of the formed
Al, O3 interlayer. And the cells performance achieves the best
when the dilution ratio is equal to 5000. Statistics results in
Fig. 2(b) further confirm the full improvement of the cells per-
formance with Al,Oj3 interlayer. These results are completely
consistent with our conjecture.

Table 1. Parameters of the cells.

Cells Voc/mV FF/% PCE/%
Blank 473438 43.46+1.66 4.36+0.39
Al,0O3 (1000) 501+14 44.254+0.33 4.87+0.13
Al,O3 (5000) 543 £25 44.00+£1.04 5.59+0.53
Champion 572 44.54 6.11

Jeo/mA-cm 2
21.24+1.40
21.94+0.16
23.28+1.15
23.98

Series of measurements were then conducted to investi-
gate the effect of the Al,Oj3 interlayer on the performance of
cells. Light intensity dependence of Js. and V. was firstly ob-
served. The Jy highly depends on the light intensity and can
be expressed as Jg. o< I*, where I and « are the light intensity
and the exponential factor, respectively.[>*2°l o = 1 means
that the absorbed photon converts into electron equivalently,
and the recombination during the charge carrier collection is
not dependent on the light intensity. In Fig. 3(a), a values of
0.924 and 0.942 are calculated for the cells without and with
Al O3 interlayer, which indicates that the charge recombina-
tion is reduced under the short-circuit condition.

The diode ideality factor n is an indicator of the domi-
nant recombination mechanism, which can be deduced from
Jse o< I% and

T
Voe = "L 1y (") , (1)
q Jo

where k, T, g, and J are the Boltzmann constant, the temper-
ature in Kelvin, the elementary charge, and the reverse satu-
ration current density, respectively. The ideality factor n = 1
means that the band to band recombination is dominant, and
when the trap-assisted recombination dominates, n = 2.[27] In
Fig. 3(b), the cell with Al,O3 interlayer exhibits a different
light intensity dependence of V,. with n = 1.63, whereas in
the cell without Al,Os interlayer, n = 1.82. The light intensity
dependences of Js. and V; for the two cells therefore suggest
that there is a higher interface trap-assisted recombination in
the cell without Al,O3 interlayer. These results manifest that
the Al,Os3 interlayer reduces the density of interfacial traps
and improves the charge extraction.
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The temperature dependence of V,, in Fig. 3(c) could give
an insight into the carrier generation-recombination processes.
The activation energy E, can be deduced from Fig. 3(c) ac-

cording to ?7}

E, nkT (Joo)
— ——In{ —),
q q Jse

where Jy is the prefactor. In the high temperature region, 7,

Voc = (2)

Joo, and Jg are nearly temperature-independent, and E, can be
obtained by extrapolating V;,. to 0 K. In Fig. 3(c), E, of the
cell increases from 0.55 eV to 0.96 eV with the incorporation
of the Al O3 interlayer. This indicates that the V. is less lim-
ited by Fermi level pinning to the trap states after inserting the
Al,Oj interlayer.[”®! And we believe that the Al,O3 interlayer
may passivate the trap states in ZnO, thus reducing the inter-
face charge recombination.

Electron lifetime (7,) can also represent the rate of charge
recombination from PbS to ZnO, and the larger 7, the higher
Voc-

circuit voltage decay (OCVD) measurements were carried out

To further make clear the origin of V,. increase, open-

with a 680 nm diode light as the excitation source. Electron
lifetime could be calculated from the cell open-circuit photo-

voltage decay behavior according to[?”]
dVo

_kaT B
e dr ’

where kg is the Boltzmann constant, 7 is the temperature, and

Th =

3

e is the elementary charge. In Fig. 3(d), the longer 7, at the
same V,,. means a slower charge recombination rate of the cells
with Al,Os3 interlayer. This result agrees well with the cells J—
V characteristics and results in Figs. 3(a)-3(c).

In order to gain more insight into the charge recombina-
tion, the trap density of the cells was investigated using charge
extraction method. This measurement typically starts at open-
circuit conditions under illumination. At time ¢t = 0, the cell
is switched to short-circuit with illumination turned off, the
trapped electrons are then extracted and the number can be cal-
culated by integrating current and time. The density of states
(DOS) can be deduced from the number of trapped electrons.
Since V, changes with the intensity of illumination, DOS in
the cells can be estimated as a function of V., as shown in
Fig. 3(e). With the incorporation of the Al,O3 interlayer, the
DOS exhibits a significant lower value. This result further
positively demonstrates the effect of the Al,O3 interlayer on
eliminating the trap density, suppressing the interface charge
recombination, and improving the cell performance.
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Fig. 3. (color online) Light intensity dependence of (a) Jc and (b) Vi; (c) activation energy calculation from temperature dependence of Vo,
with light intensity of 100 mW/cm?; (d) different electron lifetime of two cells inferred from their open-circuit photovoltage decay behavior;
(e) density of states of two cells calculated from charge extraction measurements.

The obtained results demonstrate the significant promo-
tion of the Al,Os3 interlayer to V,.. The highly reduced in-
terface charge recombination ought to protect photoelectrons

from trapping, thus increase Jg. at the same time, just as ob-

served from the J-V characteristics of the cells with Al,O3
interlayer. But the previously reported Mg(OH), interlayer
showed harm to Js.. We consider that the different barrier

width, namely, the interlayer thickness, might be the origin of
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this difference. Therefore, x-ray photoelectron spectroscopy
(XPS) was utilized to estimate the thickness of the Al,O3 in-
terlayer. Figure 4(a) shows the Zn 2p;; (1021.7 eV), O Is
(531.6 V), and Al 2p (74.7 eV) signals variation without and
with Al;O3 layer. The intensities of Zn 2p3/, and O s atten-
uate obviously due to the blocking effect of the Al,O3 layer,
which is shown in the inset of Fig. 4(a). And no new Zn 2ps
and O Is peak are found after coating, which implies no other
interaction occurred between ZnO NWs and the Al,O3 layer.
The relatively weak but distinct peak appearing at 74.7 eV in-
dicates the existence of the Al,Os3 interlayer. The thickness of
the Al,O3 interlayer is further estimated by using a two-layer
model,?Y and 1.2 A is calculated for the Al,O; interlayer
thickness. This thickness is dramatically decreased compared
with the optimal thickness of the Mg(OH), interlayer (15.5 A).
The huge volume shrinkage of aluminum sec-butoxide after

4

(a) &,
9, &
Zn 2p3/; \”‘ /
Ali'gi
= O 1s
08 — blank
— AlgOg
Al 2p
1024 1020 534 528 76 72
Binding energy/eV
(c)
PbS
E =
! Voe 1 Erp

ZnO

hydrolysis is the main reason of this sharply decreased inter-
layer thickness.

In order to seek the reason of trap density reducing as an-
alyzed above, room temperature photoluminescence measure-
ments were conducted as shown in Fig. 4(b). The completely
overlapped curves of UV emission at 377 nm suggest no band
shift of ZnO occurred. And surface defects luminescence at
500-600 nm, generated from the oxygen vacancies, is obvi-
ously attenuated with the incorporation of the ultrathin Al,O3
interlayer, indicating the prominent passivation effect. This re-
sult demonstrates well the reason of trap density reduction and
interface charge recombination decrease. And it also helps re-
ducing trapped photoelectrons and increasing Jy. at the same
time. Therefore, V. and Js. have been improved simultane-

ously.

(b) — blank
— ALOs

PL intensity

400 500 600 700
Wavelength/nm

1.2 A AlLO;
PbS

Fig. 4. (color online) (a) XPS spectra of Zn 2p3 5, O 1s, and Al 2p signals of ZnO NWs with and without aluminum sec-butoxide solution treatment;
(b) comparison of PL characters of different ZnO NWs on FTO substrates (Aex: 325 nm), and the broad peak range from 500 nm to 650 nm results from
the luminescence of surface defects of ZnO; (c) schematic illustration of effect of ultrathin Al,O3 interlayer on DBH PbS QDSCs.

4. Conclusion

In summary, we utilized the sol—gel process to prepare a
1.2 A-thick Al,O3 interlayer at the ZnO NWs/PbS QDs in-
terface in DBH PbS QDSCs. Obvious passivation effect was
observed from photoluminescence measurements. Drastically
reduced interface charge recombination was inferred from the
light intensity dependence of V,,. and Jy., and open-circuit de-
cay measurements. Sharply increased recombination activa-

tion energy and reduced DOS also indicated reduced trap den-

sity in cells with Al,Os3 interlayer. Therefore, Vo, Jsc, and
PCE of the cells were improved simultaneously. This work
may enlighten other type of cells in dealing with such carrier
recombination issues.
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