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A SAMs layer of 3-PPA with a phosphonic acid headgroup and carboxylic acid tailgroups has been used
to modify the surface of ZnO nanorods photoanode in CdS quantum dots sensitized solar cells. Its effects
on the photovoltic performance have been investigated in detail by adjusting the concentration and
deposition time of 3-PPA. Especially, we utilize ultraviolet photoelectron spectroscopy to characterize
the variation of band alignment after introducing 3-PPA layer in the solar cells. The results reveal that the

3-PPA not only suppress the electron-hole recombination process due to its passivation on the surface
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defects, but forms an energy barrier to efficiently retard the back transfer of electrons, which finally
results in the enhancement of conversion efficiency of solar cells.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Quantum dot-sensitized solar cells (QDSSCs) as derivatives
of dye-sensitized solar cells (DSSCs) have attracted considerable
attention, since the sensitizer of quantum dots (QDs) exhibits
fantastic advantages in comparison with dyes, such as higher
extinction coefficients, tunable band gap due to the quantum con-
finement effect, and the possibility of multiple exciton generation
[1-4]. All these advantages are quite beneficial for increasing the
exciton concentration, quantum yield and lifetime of hot electrons,
which finally results in a higher performance of QDSSCs. However,
so far, the highest photoelectric conversion efficiency of QDSSCs is
far from 13% of DSSCs [5]. The back electron transfer or recombina-
tion processes of photogenerated carriers happened at the interface
are known to the main factors for such lower efficiency of QDSSCs.
Therefore, how to prevent the back electron transfer or recom-
bination processes and accelerate the transportation of separated

* Corresponding author at: Department of Physics, Jilin Normal University, No.
1301 Haifeng Street, Siping 136000, China. Tel.: +86 434 3294566;
fax: +86 434 3294566.
E-mail address: jhyang1@jlnu.edu.cn (L. Yang).

http://dx.doi.org/10.1016/j.apsusc.2014.12.108
0169-4332/© 2014 Elsevier B.V. All rights reserved.

charge to the contact electrode is the effective way to improve the
efficiency of QDSSCs.

One of popular approach is to deposit a layer of semiconductor
or insulator with higher conduction band on the surface of photoan-
ode to form energy barrier, which will effectively retard the back
transfer of electrons and strongly enhance the efficiency of QDSSCs
[6,7]. For CdS QDs sensitized ZnO nanorods solar cells, people usu-
ally introduce ZnS compact layer between ZnO and CdS to retard
the back transfer of electrons to the CdS and electrolyte [8,9]. How-
ever, to guarantee the crystal quality and accurately control the
thickness of ZnS barrier layer, people usually take the methods of
chemical vapor deposition and magnetron sputtering, which needs
complex process, rigorous experimental conditions and high cost.

As an alternative method, to deposit self-assembled monolayers
(SAMs) on the surface of polymer [10,11], metal [12-14] and metal
oxide [15-18] is a simple and effective way to control their prop-
erties including wettability, work function, and charge transfer,
since the SAMs exhibit great advantages such as simple prepara-
tion, stable structure, high order and less defects. The SAMs are a
two-dimensional molecular array that is spontaneously organized
by adsorption of amphiphilic organic molecules on a solid inorganic
surface[19].The SAMs consists of three group: a head group enables
the molecule to anchor to a surface; a carbon backbone chain whose
length significantly influences the packing density of the SAMs
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Fig. 1. Device architecture of the QDs solar cell with self-assembled monolayer of 3-
PPA modified ZnO. For the molecule formula of 3-PPA as shown in the right-bottom,
O, P, C and H atoms are presented by the red, magenta, yellow and light blue color,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

[20,21]; a tail group determines the interfacial properties of the
SAMs [22-25]. The SAMs of silanes, thiols, carboxylic acids, and
phosphonic acids have all been used in the photovoltaics to modify
the transparent electrodes or photoanodes for enhancing the pho-
tovolatic performance since they can passivate surface, suppress
the surface charge recombination and enhance the charge separa-
tion at the interface [26-40]. Beyond that, Wang et al utilized the
phosphonic acid SAMs as coadsorbates in dye-sensitized solar cells
to improve device efficiencies by the suppression of dark current
[26]. Monson et al selected polythiophene and plkanethiol SAMs to
modify the interface of ZnO-P3HT bilayer photovoltaic devices and
realized the enhancement of photocurrent [28]. However, only a
few works so far have been reported about the utilization of SAMs
in QDSSCs, and most of them were focused on the TiO, photoanode
[41-45]. Forinstance, Bent et al introduced different SAMs between
CdS QDs and TiO, photoanode and found that the nature of the
SAM tailgroup does not significantly affect the uptake of CdS quan-
tum dots on TiO, nor their optical properties, and the presence of
the SAMs does enhance the power conversion efficiencies almost
three times [45]. But they did not reveal the native enhancement
mechanism. Since the ZnO photoanodes exhibit better optical and
electronic properties than TiO,, we believe the utilization of SAMs
in the ZnO-based QDSSCs may improve their photovoltaic perfor-
mance as well. However, until now, the reports about effects of
SAMs on the performance of ZnO-based QDSSCs is rather rare as
well as we know. Therefore, it is quite necessary to do the relative
research and reveal the corresponding mechanism.

According to the reports of Pawsey and Folkers, the SAMs with
phosphonic acid headgroup could provide the stronger attachment
to ZnO [46,47]. Therefore, in this work, we chose 3-PPA with a phos-
phonic acid headgroup and carboxylic acid tailgroups as SAMs to
modify the surface of ZnO nanorods. This 3-PPA/Zn0O nanorods was
used as photoanode to fabricate CdS QDs synthesized solar cells.
Fig. 1 illustrated the schematical structure of the cell. By varying
the deposition time of 3-PPA, we investigated in detail the effects
of 3-PPA on the surface structure and photovoltic performance of
solar cells. In particular, we utilized ultraviolet photoelectron spec-
troscopy (UPS) to help depict the energy level diagram of solar cells.
Then the variation of band alignment will be discussed in detail so
that the native function of 3-PPA SAMs will be revealed.

2. Experimental details
2.1. Preparation of vertically aligned ZnO nanorods
The ITO substrates were sequentially cleaned with acetone, alco-

hol and deionized water for 15 min under ultrasonic treatment. All
chemicals (analytical grade reagents) were directly used without

further purification. The ZnO nanorods arrays were grown on ITO
substrates by two-step CBD method, including a substrate treat-
ment prior to the CBD growth. The detailed process can be found
in our previous report [48-50]. In this case, ZnO nanorods arrays
were grown in the chemical solution for 6 h under 95 °C.

2.2. Deposition of 3-PPA SAMs

To realize the deposition of 3-PPA SAMs, ZnO nanorods sam-
ples were dipped into 10 mM 3-PPA ethanol solutions for 30s,
1min, 2min and 5min, respectively. The samples were named
by 3-PPA(305)/Zn0O, 3-PPA(1 min)/Zn0O, 3-PPA(2 min)/ZnO and 3-
PPA(5 min)/ZnO, respectively. After ending the immersion step,
the samples were rinsed with ethanol to remove excess 3-PPA
molecule. We further prepared another set of samples, i.e. dip-
ping ZnO nanorods into 1 mM, 10 mM and 100 mM 3-PPA solution
for 1 min. The samples were named by 3-PPA(1 mM, 1 min)/ZnO,
3-PPA(10 mM, 1 min)/ZnO, 3-PPA(100 mM, 1 min)/ZnO.

2.3. Deposition of CdS QDs

The CdS QDs were in-situ deposited on the surfaces of SAM/ZnO
and pure ZnO nanorods by a successive ionic layer adsorption and
reaction (SILAR) technique. To complete a SILAR cycle, the ZnO
samples were first immersed into Cd(NO;), (0.1 M) solution for
5min. They were then rinsed with deionized water for 30s to
remove excess ions weakly bound to the surface of samples and
then immersed in a Na,S (0.1 M) solution for another 5min fol-
lowed by another rinsing with deionized water. These SILAR cycles
were repeated about 20 times. Subsequently, the samples were
thoroughly washed with ethanol and deionized water and then
dried at room temperature for fabricating solar cells.

2.4. Cell fabrication

The photoelectrode consisting of CdS/SAMs/ZnO was incor-
porated into thin layer sandwich-type cells. A 20nm platinum-
sputtered ITO substrate as the counter electrode and the working
electrode were positioned face-to-face. The iodide-based elec-
trolyte, consisting of 1M Lil and 0.05M I, in alcohol, was injected
into the interelectrode space by capillary action.

2.5. Characterization and measurements

The X-ray diffraction (XRD) patterns were recorded by a MAC
Science MXP-18 X-ray diffractometer using a Cu target radiation
source. The scanning electron microscope (SEM, S-570, Hitachi)
was used to characterize the morphology of ZnO nanorod arrays.
Transmission electron micrographs (TEM) and high-resolution
transmission electron microscopy (HRTEM) images were taken on
JEM-2100 transmission electron microscope. X-ray photoelectron
spectra (XPS) were recorded on a VG ESCALAB Mark II XPS using
Mg Ka radiation (hv=1253.6 eV) with a resolution of 1.0 eV. Fourier
transform infrared (FT-IR) spectrum was recorded on a Bruker Ver-
tex 70 spectrophotometer in KBr pellets. The photoluminescence
(PL) measurements were performed on the Renishaw invia spec-
troscopy excited by a continuous He-Cd laser with a wavelength
of 325nm at a power of 2mW. The Ultraviolet-visible (UV-vis)
absorption spectra of each photoelectrode were recorded on a
UV-vis spectrophotometer (UV-5800PC, Shanghai Metash Instru-
ments Co., Ltd) at room temperature. The photocurrent dependence
on the voltage (I-V) were measured under AM 1.5G simulated
sunlight illumination (100 mW/cm?2, Model 91160, Oriel). The per-
formance of ultraviolet photoemission spectroscopy (UPS) was
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Fig. 2. (a)XRD pattern of the ZnO nanorods arrays; (b) Top-view,(c) magnified top view and (d) cross-sectional SEM images of the ZnO nanorods arrays.

carried out with a helium discharge lamp (hv=21.22 eV) in normal
emission with a sample bias of —8 V.

3. Results and discussions

The XRD pattern of the as-grown ZnO nanorods is displayed in
Fig. 2(a). All the observed diffraction peaks can be indexed to a
wurtzite hexagonal-phase of pure ZnO (JCPDS card, No. 80-0074),
which indicates no other impurity phase exists in the samples.
Since the (002) diffraction peak in the XRD pattern turned out
to be the dominant one in comparison with the standard pattern
of ZnO, we can deduce that the ZnO nanorods are preferentially
oriented in the c-axis direction [51]. The SEM image in Fig. 2(b) illus-
trates that the vertically aligned ZnO nanorods uniformly cover the
entire ITO substrate with high density. The magnified SEM image in
Fig. 2(c) shows that the average diameter of ZnO nanorods is around
150 nm. From the red mark range, we can clearly see that the top
of nanorod is hexagonal shape, which is consistent with the XRD
results. The cross-sectional SEM image in Fig. 2(d) clearly shows
that ZnO nanorods are vertically aligned on the ITO substrates with
the length of about 2.7 wm.

To observe the morphology variation after depositing 3-PPA
SAMs, the detailed microscopic structure were characterized by
TEM technique. Fig. 3(a), (c) and (e) presents the TEM images of
ZnO nanorod, 3-PPA(1 min)/ZnO and 3-PPA(5 min)/Zn0O, respec-
tively, which clearly shows that the average diameter of these
samples is ~150 nm. From Fig. 3(c) and (e), we can see that the
surface of ZnO nanorods became rough after depositing 3-PPA for
1 min and 5 min. Fig. 3(b), (d) and (f) shows the HRTEM images of
ZnO nanorods, 3-PPA(1 min)/ZnO nanorods and 3-PPA(5 min)/ZnO
nanorods, respectively, in which the well-resolved lattice fringe
spacing for these samples can be distinguished to be 0.26 nm, corre-
sponding to the typical wurtzite structure of ZnO. Moreover, from

Fig. 3(d), we can observe a thin amorphous layer with 2.2 nm thick-
ness on the surface of ZnO nanorods. From Fig. 3(f), we can see
that the thickness of thin amorphous layer on the surface of ZnO
nanorods increase to 3.5 nm. Since the thickness of 3-PPA SAMs
should increase with prolonging the deposition time, we deduce
that this thin amorphous layer appeared in HRTEM images should
be originated from 3-PPA SAMs.

To further testify this deduction from TEM results, we use XPS
technique to investigate the surface chemical composition of ZnO
and 3-PPA(1min)/ZnO. Fig. 4(a) shows the XPS survey spectra
obtained from ZnO and 3-PPA(1 min)/ZnO, in which all of the peaks
can only be ascribed to Zn, O, C and P elements. We would like to
mention that, for all XPS spectrum in Fig. 4, the binding energies
have been calibrated by taking the carbon C 1s peak (285.0eV) as
reference. As reference, we present the high resolution scans of C
1s and O 1s XPS spectra from the ZnO nanorods in Fig. 4(b) and
(c), respectively. All of them were deconvoluted into several com-
ponents by the XPSpeak curve-fitting procedure. From C 1s XPS
spectrain Fig. 4(b), we can only obtain a strong peak at 284.6 eV and
aweak peak at 288.5 eV, which can be ascribed to the C—C/C—H and
0—C=0 groups, respectively. These groups are origined from the
growth solution or external circumstances. For O 1s XPS spectra in
Fig.4(c), the deconvolutions show the presence of two different O 1s
peaks in the ZnO nanorods. The dominant peak centered at 530 eV
is associated to the 02~ ion in the wurtzite structure surrounded by
the Zn atoms with their full complement of nearest-neighbor 02~
ions [52]. The peak at 531eV is attributed to the presence of OH
bonds, i.e. ZnO(OH) [52]. To further analyze the surface composi-
tion of 3-PPA/Zn0O nanorods, the high resolution scans of C 1s, 0 1s,
Zn 2p and P 2p XPS spectra from 3-PPA/ZnO nanorods are shown in
Fig. 4(d)-(g). Fig. 4(d) shows the C 1s XPS spectrum of 3-PPA/ZnO
nanorods. The deconvolutions indicate the presence of three differ-
ent C 1s species in the sample, i.e. the carbon of the aliphatic chain
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Fig. 3. TEM images of ZnO (a), 3-PPA(1 min)/ZnO (c) and 3-PPA(5 min)/ZnO (e), and HRTEM images of ZnO (b), 3-PPA(1 min)/ZnO (d) and 3-PPA(5 min)/ZnO (f), respectively.

(C—C/C—H) located at 284.51 eV [53], the covalently bound carbon
that binds to P of the phosphate group (—C—P(O)(OH);) located
at 285.77 eV [54], and the carbon of the carboxyl group (0—C=0)
located at 288.43 eV [19]. The XPS spectrum for the O 1s core level
line of 3-PPA/Zn0 nanorods can be found in Fig. 4(e). The deconvo-
lutions of four fitting curves indicate four oxygen species exist in the
sample. The peak located at 529.97 eV can be assigned to the oxy-
gen from zinc oxide(Zn—0) [52]. The peaks located at 531.25 eV and
532.19eV can be ascribed to the oxygen in the phosphate group of
P=0 and P—O—H, respectively [54]. The peaks located at 533.05 eV
is originated from the oxygen in the carboxyl group (—COOH) [54].
Fig. 4(f) shows the XPS spectrum for Zn 2p core level lines of 3-
PPA/ZnO nanorods. The peaks located at 1021.46 eV and 1044.57 eV
are corresponding to the binding energy of Zn 2p3j; and Zn 2py 3,
respectively [52]. Fig. 4(g) shows the XPS spectrum for the P 2p
core level line of 3-PPA/Zn0O nanorods. The peaks at 132.86eV and
139.18eV are attributed to the P 2pyj, and P 2p3), peak, respec-
tively [55]. According to the molecule formula of 3-PPA shown in

Fig. 1, we can deduce that the above element species originate from
ZnO and 3-PPA, indicating the surface of ZnO nanorods have been
successfully modified by 3-PPA for 3-PPA/ZnO nanorods.

Fig. 5 demonstrates the FT-IR spectra of the ZnO and 3-
PPA(1 min)/ZnO. For ZnO sample, the intensity of all peaks in the
spectrum are quite weak. The peaks at 2850-2966 cm~! is known
as the v(C—H). The peaks at 3060-3826 cm~! is identical to the pres-
ence of hydroxyl stretching vibration v(OH). From the spectrum of
3-PPA(1 min)/ZnO sample, we can find that the peaks at 3049 cm™!
and 1416 cm! are identical to the presence of hydroxyl stretching
vibration v(OH) and hydroxyl bending stretching §(OH), respec-
tively, which is originated from 3-PPA according to its molecule
formula. In the carbonyl stretching region, Pawsey et al. have
reported that the (v(C=0)) stretch of hydrogen-bonded carboxylic
acid groups lie between 1680 and 1710 cm~!, whereas those of free
non-hydrogen-bonded carboxylic acid groups lie between 1735
and 1760 cm~! [54]. The v(C=0) stretch of carboxylic acid dimer is
typically found between 1700 and 1720 cm~", and the v,5(CO0—)
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Fig. 4. The XPS spectra of ZnO and 3-PPA(1 min)/ZnO nanorods. (a) Survey spec-
trum; (b)-(c) is the C 1s and O 1s XPS spectrum of the ZnO nanorods, respectively;
(d)-(g) is the C 1s, O 1s, Zn 2p and P 2p XPS spectrum of the 3-PPA(1 min)/ZnO
nanorods, respectively.

band at 1540cm~! can be assigned to the zirconium carboxyl-
ate groups of carboxyalkylphosphonic acid-treated ZrO, samples
[54]. Therefore, in our case, the strong peak located at 1706 cm~!
is due to the C=0 stretch of the carboxylic group. The peak
located around 1569 cm~! can be attributed to the zinc carbox-
ylate groups (v5(CO0—)) [54]. The peaks occurring at 1273 cm™!
can be ascribed to C—O stretching in carboxylic groups [53]. We
can also observe the characteristic P=0 and P—O stretching vibra-
tions in the region between 900 and 1200cmlin Fig. 5 [55].
The two characteristic peaks in the region of 945 cm=1-975 cm~!
range are originated from P—O—H group [55]. A strong peak

ZnO

o i — 3-PPA(1min)/ZnO

Intensity(a.u.)

1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Fig. 5. FT-IR spectra of ZnO and 3-PPA(1 min)/ZnO nanorods.

1.0- (a) —2Zn0
— 3-PPA(30s)/ZnO
~~ 0.8 ——3-PPA(1min)/ZnO
=5 ——3-PPA(2min)/Zn0O
S 06! 3-PPA(5min)/ZnO
>N
=
o 0.4
c
qg 0.2 ‘&\
- 0_0_ 4 K_ N ameetiosint
400 500 600 700
Wavelength (nm)
4.0 €dS/ZnO
— n
- 5M (b) —— CdS/3-PPA(30s)/ZnO
= —— CdS/3-PPA(1min)/ZnO
© ——— CdS/3-PPA(2min)/ZnO
T 301 CdS/3-PPA(5min)/Zn0O
[&)
C 2.5-
3
i 2.0
?
0 1.5
<
1.0

400 500 600 700 800
Wavelength (nm)

Fig. 6. (a) The photoluminescence spectra of as-grown ZnO and 3-PPA/ZnO
nanorods; (b) UV-visible absorption spectra of CdS/3-PPA/ZnO with different depo-
sition time of 3-PPA.

around 1065 cm~! is typically assigned to the stretches of PO32~
group anchored to the surface through a multidentate bonding
[56,57], which involves both P—O and P=0 terminations. The peaks
occurring at 1151cm~'-1179cm™! can be ascribed to the P=0
stretching. According to the above assignment to the peaks in the
spectra, we can deduce that the POOH and COOH moieties of the
3-PPA are documented on the ZnO nanorods surface, which further
proves the results of TEM and XPS [55].

To understand the charge transfer across the interface between
CdS QDs sensitizer and ZnO, we performed the room temperature
PL measurements on the ZnO nanorods and 3-PPA/ZnO nanorods
with depositing 3-PPA for different time (30s, 1 min, 2 min and
5min). From Fig. 6(a), we can see two characteristic bands in all the
PL spectra. One is the UV emission peak located at 378 nm, which
corresponds to the near band edge emission of ZnO, namely, the
recombination of the free excitons. The room temperature PL peak
position can be different, for example, the transition energy from
375nm to 383 nm, and the exact energy position depends on the
contribution between the free exciton and the transition between
free electrons to acceptor bound holes [58]. The other is a broad visi-
ble light emission (VLE) band in the range 0f 435-640 nm, which has
previously been attributed to the native defects in the crystal struc-
ture such as O-vacancy (Vg), Zn-vacancy (Vz,), O-interstitial (0;),
Zn-interstitial (Zn;), and extrinsic impurities such as substitutional
Cu [59].

In order to better compare the intensity of VLE band, we do the
normalization according to the UV intensity of bare ZnO nanorods.
Clearly, the intensity of VLE firstly decreases and then increases
with prolonging the immersion time. When the immersion time is
1 min, the VLE intensity is the lowest, indicating that the defects at
the surface of ZnO nanorods have been strongly suppressed due to
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ing 3-PPAin 10 mM solution for different time; (b) -V characteristics of CdS/ZnO and
CdS/3-PPA/ZnO QDSSCs with depositing 3-PPA in different concentration solution
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the 3-PPA modification since the only difference of these samples
is the surface. It is well known that the surfaces of ZnO nanorods
grown with CBD method are prone to absorb various kinds of func-
tional groups. According to the chemical reaction in the solution,
these functional groups should be related to the elements such as
carbon, nitrogen, and hydrogen [59]. After depositing 3-PPA for
less 1 min, the rupture Zn—0 bond on the ZnO nanorods surfaces
are combined with POOH of 3-PPA, which passivate a part of sur-
face defects in ZnO nanorods. When the depositing time reaches
up to 1 min, the passivation process was apt to saturated. Once the
depositing time is further prolonged, the surface defects will be
increased again due to the attachment of excessive 3-PPA.

Fig. 6(b) shows the typical UV-vis absorption spectra of CdS/3-
PPA/ZnO with depositing 3-PPA for different time. Interestingly,
in comparison with the bare ZnO nanorods, the absolute UV-vis
absorbance values just have a little increase even after deposit-
ing 3-PPA for 5min, indicating the deposition of 3-PPA does not
significantly influence the uptake of CdS QDs on the ZnO surfaces.

The I-V characteristics of all solar cells were carried out under
1.5AM light illumination. The I-V curves for CdS/ZnO solar cells
and CdS/3-PPA/ZnO solar cells with depositing 3-PPA for different
times are displayed in Fig. 7(a). The corresponding performance
parameters for each cell are calculated and listed in Table 1, includ-
ing the short-circuit current density (Isc), the open-circuit voltage
(Voe), the fill factor (FF), and the photovoltaic conversion efficiency
(n). According to the results in Table 1, the best photovoltaic per-
formance comes from the CdS/3-PPA(10 mM, 1 min)/ZnO solar cell,
which owns a higher 7 of 1.36%, Isc of 5.96 mA/cm?, Vo of 0.680V
and FF of 0.336. Compared to the CdS/ZnO solar cell, the m of

Table 1
Photovoltaic parameters obtained from the I-V curves of QDSSCs with depositing
3-PPA in 10 mM solution for different time.

Photoelectrodes Jsc (MA/cm?) Voc (V) FF n (%)
CdS/ZnO 4.48 0.663 0.316 0.94
CdS/3-PPA(30s)/Zn0O 5.44 0.682 0.321 1.19
CdS/3-PPA(1 min)/ZnO 5.96 0.680 0.336 1.36
CdS/3-PPA(2 min)/ZnO 5.68 0.685 0316 1.23
CdS/3-PPA(5 min)/ZnO 5.10 0.677 0.301 1.04

CdS/3-PPA(10 mM, 1 min)/ZnO solar cell significant increases from
0.94% to 1.36%. This up to about 45% enhancement of 1 should be
attributed to the increase of both Isc from 4.48 to 5.96 mA/cm? and
FF from 0.316 to 0.336.

Normally, the Isc is mainly dependent on the photocurrent inten-
sity when the solar cell works. The photocurrent density is not only
related to the loading amount of CdS QDs on the ZnO nanostruc-
tures, but also the process of electron transfer and recombination.
As shown in Fig. 7(a), we can see that the efficiencies of the CdS/3-
PPA/ZnO solar cells are all higher than that of CdS/ZnO solar cell.
According to the UV-vis absorption results shown in Fig. 6(b), we
know that the uptake of QDs on the surface of ZnO does not exhibit
big variation after depositing 3-PPA SAMs, which indicates the load-
ing amount of CdS QDs is not the factor to influence the Isc. However,
from the PL results shown in Fig. 6(a), we know that the deposition
of 3-PPA SAMs passivate the surface defects, as a result, the recom-
bination of photogenerated electrons and holes will be greatly
suppressed during the transfer process so that more electrons can
transmit to the collector electrode, which is one of the reasons for
the increase of Is. In addition, we find that the increase of 3-PPA
immersing time greatly influences the photovoltic performance
of solar cells. With the increase the immersing time, the photo-
voltaic conversion efficiency firstly increases and then decreases
again. We deduce that this variation tendency maybe related to
the degree of saturation for 3-PPA attaching on the surface of ZnO
nanorods. When the immersing time is 1 min, the attachment of 3-
PPA is apt to saturated so that it can strongly passivate the surface
defects and then suppress the recombination of electrons and holes,
which finally results in the best photovoltic performance of solar
cells. However, when the immersing time further increase to 2 min
until 5 min, the photovoltaic performance of the CdS/3-PPA(10 mM,
5 min)/ZnO turns poor again, which may be attributed to the exces-
sive attachment of 3-PPA, since it not only increases the thickness
of 3-PPA to hinder the transmission of photoelectrons from CdS to
ZnO, but also brings in more surface defects to trap more photogen-
erated carriers and enhance the electronic-hole recombination.

To further study the effects of 3-PPA layer on the photovoltaic
performance of solar cells, another set of CdS/3-PPA/ZnO solar cells
with depositing 3-PPA for 1 min in different concentration solu-
tion (1 mM, 10 mM and 100 mM) are fabricated. The corresponding
I-V curves and calculated performance parameters are displayed in
Fig. 7(b) and Table 2. We can see from Fig. 7(b) that the best photo-
voltaic performance is exhibited when the concentration of 3-PPA
solution is 10 mM. Moreover, the concentration of 3-PPA obviously
affects the photovoltaic performance. We believe that the increase
of 3-PPA concentration strongly increase the thickness of SAMs on

Table 2
Photovoltaic parameters obtained from the I-V curves of QDSSCs with depositing
3-PPA in different concentration solution for 1 min.

Photoelectrodes Jsc (mA/cm?) Voc (V) FF n (%)
CdS/znO 4.48 0.663 0.316 0.94
CdS/3-PPA(1 mM, 1 min)/ZnO 5.35 0.673 0.336 1.21
CdS/3-PPA(10mM, 1 min)/ZnO 5.96 0.680 0.336 1.36
CdS/3-PPA(100 mM, 1 min)/ZnO 5.04 0.664 0.331 1.11
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Fig. 8. (a) and (b) show the typical He I (hv=21.22 eV) UPS spectrum of ZnO and 3-PPA/ZnO taken with —8V bias applied to the sample. (c) Various energy levels near the
valence region and its corresponding relationship. Eyac is the vacuum level. Ecgy and Eygy are the conduction-band minimum and the valence-band maximum, respectively.
Definitions of the energy gap (Eg ), the ionization potential (IP), and the electron affinity (EA) are also shown.

ZnO surface and results in the lower efficiency of the solar cells,
which further testify the results of Fig. 7(a).

To investigate the reproducibility of the CdS/3-PPA DSSCs, we
assemble several CdS/3-PPA(10 mM, 1min)/ZnO QDSSCs, which
named the sample 1 (S1), sample 2 (S2) and sample 3 (S3). The
relevant photovoltaic parameters are listed in Table 3. We can see
that the conversion efficiency is about 1.36%, which indicates the
CdS/3-PPA QDSSCs is reproducible.

Besides the suppression of recombination, the SAMs layer is
possible to adjust the band alignment between ZnO nanorods and
CdS QDs. To reveal this effect, we use UPS technique to analyze
the variation of energy level before and after 3-PPA deposition
on the surface of ZnO nanorod. Measurements with the UPS were
conducted in ultra-high vacuum (UHV) at ~10-10 mbar, by irradi-
ating with 21.22 eV photons(He I line). For each sample, the work
function is calculated from the UPS spectrum by subtracting the
energy of the incident beam from the difference between the Fermi
edge and the low-energy cut-off of secondary electrons (spectrum
“width”) [60-62]. This technique yields the minimum absolute
value of the work function of the surface under examination, and

Table 3
Photovoltaic parameters obtained from the I-V curves of three 3-PPA(10 mM,
1 min)/ZnO solar cells.

Photoelectrodes Jsc (MA/cm?) Voc (V) FF n (%)
S-1 6.01 0.681 0.332 1.36
S-2 5.94 0.678 0.340 137
S-3 5.90 0.682 0.333 1.34

is independent of any experimental parameters, except for the
photon energy of the UV source [60-62].

Fig. 8(a) and (b) shows the typical He I UPS spectra for ZnO and
3-PPA(10 mM, 1 min)/Zn0 samples in kinetic energy scale. Fig. 8(c)
schematically shows the corresponding locations of occupied and
unoccupied electronic energy levels near the Fermi level (Er) for
both samples as deduced from the UPS spectra. The location of the
Fermi level relative to the vacuum level (Eyac — EF), can be deter-
mined from the Einstein photoelectric law, as shown following
relationship: [63]

hv = Ecytoft + Evac — EF (1)
where Eyof is the location of the inelastic cutoff and hv is the
incident photon energy.

The actual positions of Ef are determined as the center of
the slopes as indicated with vertical lines in Fig. 8(a). Here we
would like to point out that, ideally, the edges of UPS spectra should
be infinitely abrupt, but they are broadened due to the limited
spectrometer resolution and thermal effects [64]. For ZnO, we can
obtained the Eyac — EF=4.71 eV since the E of is 16.51 eV as indi-
cated in Fig. 8(a). The location of the valence band maximum (Eygp )
can be determined by choosing the point of maximum inaction
near Er. Then we can obtain the Er — Eygy = 2.07 €V, as indicated in
Fig. 8(a). The ionization potential (IP) is the location of the valence
band maximum (Eygy;) relative to Eyac so that we can deduce that
the IP of ZnO is 6.78 eV. Finally, the electron affinity (EA) is the
location of the conduction band minimum (Ecgy) relative to the
vacuum level. Since UPS only probes occupied states, Ecgy cannot
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Fig. 9. Energy level diagram for the CdS/ZnO and CdS/3-PPA/ZnO solar cells.

be determined from the UPS spectrum. We utilized the energy band
gap (Eg) determined from UV-vis absorption measurements [59].
Since the Eg for ZnO is 3.17 eV as deduced from absorption spectra
(Fig. S1), the EA can be deduced to be 3.61 eV. In a similar manner,
for 3-PPA(10 mM, 1 min)/ZnO as shown in Fig. 8(b), we can deduce
that the Ecutoff =18.96eV, Eyac —Ep=2.26eV, Ep— Enomo = 3.48eV,
IP=5.74eV and EA is 2.57 eV. Obviously, we can see that the EA of
3-PPA(10 mM, 1 min)/ZnO is increased by 1.04 eV than that of ZnO.
Thus, in Fig. 8(c), the LOMO and HOMO of 3-PPA increase 1.04eV
than the Ec and Ey of ZnO.

Fig. 9 showed the energy level diagram for the CdS/ZnO and
CdS/3-PPA/ZnO solar cells. The recombination process of the elec-
trons injected into the conduction band of ZnO nanorod with either
the excited CdS or the redox electrolyte >~ is considered as one of
the most important factors to determine the short-circuit current
density in the photoanode for QDSSCs [65]. Before depositing 3-
PPA on the surface of ZnO, the electronic transmission path is the
process from CdS to ZnO, then from ZnO to ITO. Since we used the
liquid polyiodide as electrolyte, which is fully covered the CdS and
ZnO, it will make the photogenerated electrons in the ZnO and CdS
recombine with 3~ in the electrolyte and shrink the number of
electrons which should be transferred to the ITO, which eventually
makes the short circuit current density decrease. After a SAMs layer
of 3-PPA was deposited between CdS and ZnO, it can be noticed that
the LOMO energy level of the 3-PPA is higher than the conduction
bandedge (CB) of CdS and ZnO. That is to say, a energy barrier has
been formed between CdS and ZnO caused by 3-PPA SAMs, which
is very efficient on retarding the back transfer of electrons.

4. Conclusions

In this work, we introduce a SAMs layer of 3-PPA with a
phosphonic acid headgroup and carboxylic acid tailgroups in CdS
quantum dots sensitized ZnO solar cells and its effects on the
photovoltic performance of solar cells have been investigated in
detail. The results reveal that the 3-PPA acted as a barrier layer
not only suppress the electron-hole recombination process due to
its passivation on the surface defects, but forms an energy barrier
to efficiently retard the back transfer of electrons, which finally
results in the enhancement of conversion efficiency of solar cells.
Obviously, the SAMs of 3-PPA in our case acts the same function
as ZnS in the ZnO-based QDSSCs. However, the preparing process
for 3-PPA is far simpler than that of ZnS, which is quite beneficial
for the large-scale industry producing. Meanwhile, our work may
stimulate more theoretical and experimental investigations on the
effects of SAMs layer on the QDs sensitized solar cell.
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