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We employ 3-PPA, BPA and APPA as self-assembled monolayers (SAMs), who owns the same phosphonic
acid headgroup but different tail group, to modify the surface of ZnO nanorods. Their effects on the
photovoltaic performance of quantum dots sensitized soar cells are systematically investigated. The
results indicate that the deposition of SAMs not only passivates the surface defects of ZnO nanorods, but
also tunes their surface work function to adjust the band alignment of solar cells. In particular, the 3-PPA
modification exhibits the best passivation effect and makes the surface work function of ZnO decreases
by 1.04 eV to realize a better band alignment due to its electron-withdrawing tailgroup, which results in
an enhancement in photovoltaic conversion efficiency of solar cells.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Quantum dots sensitized solar cells (QDSSCs) as a derivative for
dye-sensitized solar cells (DSSCs) attract lots of attention in recent
years. However, its power conversion efficiency is much lower than
13% of DSSCs [1,2]. The back electron transfer and recombination
processes of photogenerated carriers at the interface are known to
be the main factors for such lower efficiency of QDSSCs. Therefore,
how to prevent the back electron transfer or recombination
processes and accelerate the transportation of separated charge to
the contact electrode is an effective way to improve the efficiency
of QDSSCs.

Self-assembled monolayers (SAMs) of organic molecules are
two-dimensional molecular arrays formed spontaneously on a
solid inorganic surface by adsorption [3]. The SAMs consists of
three groups: a head group that enables the molecule to anchor to a
surface, a carbon backbone chain whose length significantly
influences the packing density of the SAMs [4,5], and a tail group
that determines interfacial properties of the SAMs [6-9].
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As surface modifiers, the SAMs such as silanes [10], amines
[11-13], thiols [14-16], carboxylic acids [17-23], and phosphonic
acids [24-26] are widely used in the photoelectric devices to
improve the performance. Among these groups, the phosphonic
acids attract our attention, since they can not only robustly bind on
the metal oxide surfaces by relatively simple process, but also form
more homogeneous surface with a lower surface energy and better
interfacial compatibility with organic overlayers [27].

The phosphonic acids molecules have been used to modify the
surface of ZnO [24,25,28]. Perkins et al. [28] chose the SAMs of
hexylphosphonic acid and hexanethiol to modify the surface of
ZnO and found that the SAMs with phosphonic acid headgroups
provide the stronger attachment to ZnO. Hence, in this work, we
employed three organic molecules with phosphonic acid head-
group but different tail group as SAMs to modify the surface of ZnO
nanorods (NRs), i.e. 3-Phosphonopropionic acid (3-PPA), Butyl-
phosphonic acid (BPA) and 3-Aminopropylphosphonic acid (APPA).
These SAMs/ZnO NRs were used as photoanodes to fabricate CdS
QDs sensitized solar cells. Fig. 1 illustrates the schematic structure
of QDSSCs and the molecule formulas of SAMs. Comparing their
molecule formula, we can see that the electron-withdrawing and
electron-donating functions of their tail groups are different, so
that their effects on the ZnO surfaces and photovoltaic perfor-
mance of solar cells will be different. In particular, we utilized
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Fig.1. Device architecture of the QDs solar cell with SAMs modified ZnO. The molecule formula of three difference SAMs, (a) the 3-PPA, (b) the BPA, (c) the APPA. The O, P, C, N
and H atoms are presented by the red, magenta, yellow, green 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.)

ultraviolet photoelectron spectroscopy (UPS) to investigate three
SAMs on the work function of ZnO surface, so that their effects on
the photovoltaic performance of solar cells can be revealed.

2. Experimental
2.1. Preparation of vertically aligned ZnO NRs

The indium tin oxide (ITO) substrates were ultrasonic cleaned in
acetone, alcohol and deionized water for 15 minutes in sequence.
All chemicals (analytical grade reagents) were directly used
without further purification. The ZnO NRs arrays were grown on
ITO substrates by two-step chemical bath deposition (CBD)
method, including a substrate treatment prior to the CBD growth.
The detailed process can be found in our previous report [29-31].
In this case, ZnO NRs arrays were grown in the chemical solution
for 6h under 95°C.

2.2. Deposition of SAMs: 3-PPA, BPA, APPA

To realize the effective deposition of SAMs, three ZnO NRs
samples were separately dipped into 10mM 3-PPA ethanol
solutions, 10 mM BPA ethanol solutions and 10 mM APPA ethanol
solutions for 1min. After immersion, they were rinsed with
ethanol to remove excess molecules. These samples were named as
3-PPA(1 min)/Zn0O, BPA(1 min)/ZnO and APPA(1 min)/ZnO, respec-
tively. Here we would like to mention two things. On one hand, the
formation and properties of SAMs on the surface of solids are
generally sensitive to the pH of the solution. In our case, the native
pH of 3-PPA(10 mM), BPA(10 mM), APPA(10 mM) ethanol solution
is ~2.5, ~3.2, ~5.4, respectively. To determine the unified pH value
for these three ethanol solution, we adjusted the pH of 3-PPA
ethanol solution from 2.5 to 3.2 and 5.4 by the concentrated
ammonia and investigated its effects on the photovoltaic perfor-
mance of QDSSCs. The results showed that the solar cell exhibits
the highest conversion efficiency when pH is 5.4 (See Fig. S1 in
Supporting Information). Therefore, all three SAMs were deposited
on the ZnO NRs with adjusting pH to 5.4. On the other hand, we
also investigated the effects of the concentration of 3-PPA ethanol
solution (1 mM, 10 mM, 100 mM) and immersion time (30s~72h)
on the photovoltaic performance of QDSSCs (See Fig. S2 and
Fig. S3 in Supporting Information). When the 3-PPA concentration
is 10mM and deposition time is 1 min, the solar cell exhibits the
best photovoltaic performance.

2.3. Deposition of CdS QDs
The CdS QDs were in-situ deposited on the surfaces of SAMs/

ZnO and pure ZnO NRs by a successive ionic layer adsorption and
reaction (SILAR) technique [32]. To complete a SILAR cycle, the ZnO
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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 5 min
followed 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 incorpo-
rated 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 electro-
lyte, consisting of 1 M Lil and 0.05 M 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
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Fig. 2. XRD patterns of the ZnO NRs (a), 3-PPA(1 min)/ZnO (b), BPA(1 min)/ZnO (c)
and APPA(1 min)/ZnO (d).
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Fig. 3. TEM images of ZnO NRs (a), 3-PPA(1 min)/ZnO (c), BPA(1 min)/ZnO (e) and APPA(1 min)/ZnO (g), and HRTEM images of ZnO NRs (b), 3-PPA(1 min)/ZnO (d), BPA(1 min)/

ZnO (f) and APPA(1 min)/ZnO (h).

source. The 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
Il XPS using Mg Ko radiation (hv=1253.6 eV) with a resolution of
1.0 eV. Fourier transform infrared (FTIR) spectrum was recorded on
a Bruker Vertex 70 spectrophotometer in KBr pellets. Water
contact angle measurements were performed by contact angle
analyzer (Phoenix 300, SEO) at room temperature (RT). The
Ultraviolet-Visible (UV-Vis) absorption spectra of each photo-
electrode were recorded on a UV-vis spectrophotometer
(UV-5800PC, Shanghai Metash Instruments Co., Ltd.) at room
temperature. The photoluminescence (PL) measurements were
performed on the Renishaw invia spectroscopy excited by a
continuous He-Cd laser with a wavelength of 325 nm at a power of
2 mW. The performance of ultraviolet photoemission spectroscopy
(UPS) was carried out with a helium discharge lamp (hv=21.22eV)
in normal emission with a sample bias of —8 V. The photocurrent

dependence on the voltage (I-V) were measured under AM 1.5G
simulated sunlight illumination (100 mW/cm?, Model 91160,
Oriel).

3. Results and discussions

Fig. 2 illustrates the XRD patterns of the as-grown ZnO NRs,
3-PPA(1 min)/Zn0, BPA(1 min)/ZnO and APPA(1 min)/ZnO. For all
four patterns, we can only observe two diffraction peaks, which
can be indexed to ZnO with hexagonal wurtzite structure
according to the JCPDS card (No. 80-0074). These phenomena
indicate that ZnO NRs in four samples are preferentially oriented in
the c-axis direction [33]. Moreover, as compared to the XRD
pattern of ZnO NRs, the intensities of (00 2) diffraction peaks for
SAMs(1 min)/ZnO turn weak, which maybe due to the surface
modification of SAMs.

To reveal the morphology variation after depositing SAMs, the
detailed microscopic structure of ZnO NRs and SAMs(1 min)/ZnO
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Fig. 4. The O1s XPS spectra of ZnO NRs (a), 3-PPA(1 min)/ZnO (b), BPA(1 min)/ZnO (c) and APPA(1 min)/ZnO(d).

NRs were characterized by TEM technique. Fig. 3(a), (¢), (e) and (g)
present the TEM images of ZnO NRs, 3-PPA(1min)/ZnO, BPA
(1min)/ZnO and APPA(1min)/ZnO, respectively, which clearly
shows that the average diameter of four samples is ~150 nm. In
comparison with pure ZnO NRs, the surfaces of three SAMs(1 min)/
ZnO samples turn rough and some amorphous state of matter
obviously attaches on the surface of ZnO NRs. Fig. 3(b), (d), (f) and
(h) show the HRTEM images of ZnO NRs, 3-PPA(1 min)/ZnO, BPA
(1 min)/ZnO and APPA(1 min)/ZnO, respectively. The well-resolved
lattice fringe spacing for these samples can be distinguished to be
0.26 nm, corresponding to the typical wurtzite structure of ZnO.
Moreover, from Fig. 3(d), (f) and (h), we can evaluate that the
thickness of those thin amorphous layer is ~5nm, ~4nm and
~3nm corresponding to 3-PPA(1 min)/Zn0O, BPA(1 min)/ZnO and
APPA(1 min)/ZnO samples, respectively. Here we would like to
mention that, to prepare the sample for TEM measurement, we
utilized the blade to scrape the ZnO and SAMs(1min)/ZnO
nanorods off the ITO surface. They were collected on the copper
screen, then we dropped a few drops of ethanol on the copper
screen to remove the contaminations and dried them at room
temperature. Since the amorphous layer did not appear on the
surface of pure ZnO nanorods as shown in Fig. 2(b), we can deduce
that these thin amorphous layers on the surface of SAMs(1 min)/
ZnO samples are originated from SAMs.

To further testify the TEM results, we use XPS technique to
investigate the surface chemical composition of ZnO NRs, 3-PPA
(1 min)/ZnO, BPA(1 min)/Zn0O and APPA(1 min)/ZnO. Fig. 4 shows
the O1s XPS spectra of ZnO, 3-PPA(1 min)/ZnO, BPA(1 min)/ZnO
and APPA(1 min)/ZnO, respectively. From Fig. 4(a), we can see that
two peaks of O1s are needed to obtain a good fitting for the O1s XPS
spectrum of ZnO NRs by the XPSpeak curve-fitting procedure. The
peak located at 530.05 eV can be assigned to the oxygen from zinc
oxide(Zn-0). [34] The peak located at 531.53 eV can be assigned to
the —O—H from the chemisorbed oxygen caused by surface
hydroxyl [25]. In Fig. 4(b), the deconvolutions of four fitting curves
indicate four oxygen species exist in 3-PPA(1 min)/ZnO. The peak

located at 530.05 eV can be assigned to the oxygen from zinc oxide
(Zn-0). The peaks located at 531.25eV and 532.12 eV are ascribed
to the oxygen in the phosphate group of P=0 and P—O—H,
respectively [35]. The peaks located at 532.92 eV is originated from
the oxygen in the carboxyl group (—COOH) [35]. Referring to the
results of Fig. 4(b), we can determine that three peaks in Fig. 4(c)
and Fig. 4(d) of BPA(1min)/ZnO and APPA(1min)/ZnO are
originated from Zn-0, (Zn—0O—P, P=0) and P—O—H, respectively.
According to the molecule formula of three SAMs shown in Fig. 1,
XPS results indicate that the surface of ZnO NRs have been
successfully modified by 3-PPA, BPA and APPA, respectively.

To further prove the origination of thin amorphous layer on the
surface of ZnO NRs in 3-PPA(1 min)/ZnO, BPA(1 min)/ZnO and APPA
(1 min)/ZnO samples, we performed the FT-IR measurements. To
make a reference, the 3-PPA, BPA and APPA powders were
characterized by transmission FT-IR technique. Fig. 5 demonstrates
the transmission FT-IR spectra of 3-PPA, BPA and APPA powders
and reflectance FT-IR spectra of ZnO NRs, 3-PPA(1 min)/Zn0O, BPA
(1 min)/Zn0O and APPA(1 min)/ZnO. In the FT-IR spectrum of ZnO
NRs shown in Fig. 5(a), the peak at 2850~2966 cm™! is known as
the C—H stretching vibration v(C—H), the peak at 3060~3826
cm™! is identical to the presence of hydroxyl stretching vibration
v(0—H) [36]. In the FT-IR spectrum of pure 3-PPA powder shown in
Fig. 5(b), the peaks at 2969 cm™! is identical to the presence of
hydroxyl stretching vibration v(O—H), which is originated from 3-
PPA according to its molecule formula. In the carbonyl stretching
region, the strong peak located at 1716cm™! is due to the C=0
stretch of the carboxylic group [36] and the peak occurring at
1267 cm™~! is ascribed to the C—O stretching in carboxylic groups
[37]. The two characteristic peaks in the region of 900 cm~!~1050
cm~! are originated from P—O—H group [36]. The band at
1207cm~! is related to P=O stretching [36]. The position of
v(0—H), C=0, C—0 and P—O—H characteristic peaks in the FT-IR
spectrum of 3-PPA(1 min)/ZnO sample can be well matched with
that of pure 3-PPA powder as shown in Fig. 5(c). But the intensities
of P—O—H and P=O0 stretching characteristic peaks turn much
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Fig. 5. FT-IR spectra of ZnO NRs (a), 3-PPA powder (b), 3-PPA(1 min)/ZnO (c), BPA powder (d), BPA(1 min)/ZnO (e), APPA powder (f) and APPA(1 min)/ZnO (g). The pure SAMs
powders sample was characterized by transmission FT-IR technique. The ZnO NRs and SAMs/ZnO samples on the ITO substrates were directly tested by FT-IR under reflectance

configuration mode.

lower. Meanwhile, a new strong peak around 1060 cm~! appears. It
is typically assigned to the stretches of PO3s2~ group anchored to
the surface through a multidentate bonding, which involves both
P—O and P=0 terminations [38,39]. These data can confirm that
3-PPA molecule is bonded to the surface through the phosphonic
group. Once the 3-PPA is adsorbed by a single condensation, the
phosphonic group can interact with the surface by means of a
further condensation process. In this case, the interaction between
3-PPA and ZnO surface consists of a double condensation between
the two P —0 —H terminations and the surface hydroxyl groups on
two Zn atoms, leading to a bridging bidentate coordination
bonding [35]. Similarly, in FT-IR spectra of BPA powder as shown in
Fig. 5(d), the peaks in the region of 900 cm~!'~1050 cm~! range are
originated from P—O—H group. The peak at 2930cm~' and

2960cm~! are known as the —CH; asymmetric and symmetric
stretches [35]. The peak at 2869 cm ™! can be assigned to the —CH,
stretching vibration v(CH,). The peaks at 1382 cm ™' and 1462 cm !
are identical to the presence of C—H bending vibration 8(C—H)
[40]. In comparison to Fig. 5(d), the absence of P=0 stretching,
weaker intensity of P—O—H characteristic peaks and appearance of
strong PO5?~ peak at 1058cm™! in the FT-IR spectrum of BPA
(1 min)/ZnO sample shown in Fig. 5(e) confirm that BPA molecule
is bonded to the surface through the phosphonic group as well. In a
similar way, the FTIR spectra of APPA powder and APPA(1 min)/ZnO
samples are illustrated in Fig. 5(f) and Fig. 5(g). The peaks in the
region of 900 cm~'~1050 cm™~! range are originated from P—O—H
group. The peak at 2600 cm~'~3100cm™"! is ascribed to the N—H
stretching vibration v(N—H). The peak located around 1242 cm™!



L. Yang et al./Electrochimica Acta 164 (2015) 38-47 43

ZnO

BPA/ZnO (d)

(b) 3-PPA/ZnO

APPA/ZnO

Fig. 6. Water contact angle of ZnO NRs (a), 3-PPA(1 min)/ZnO (b), BPA(1 min)/ZnO (c) and APPA(1 min)/ZnO (d).

can be attributed to the C—N stretching vibration ¥(C—N). The
three characteristic peaks in the region of 1536 cm~'~1651 cm™!
and 2151 cm~! are originated from the N—H bending vibration
8(N—H). As compared to Fig. 5(f), we can find that the intensities of
P=0 and P—O—H characteristic peaks obviously turn weak and
PO52~ peak appears. These phenomena indicate that BPA molecule
bonded to the surface through the phosphonic group too.
According to the above discussion, we can deduce that three
kinds of SAMs molecules attach on the ZnO NRs surface mainly
through the phosphate groups.

Wettability is another effective way to distinguish the surface
variation. In our case, the wettability was studied by measuring the
contact angle of all samples with water. Generally, if the water
contact angle is smaller than 90°, the solid surface is considered
hydrophilic and if the water contact angle is larger than 90°, the
solid surface is considered hydrophobic [41]. Fig. 6 shows the
water contact angles of ZnO NRs and three kinds of SAMs/ZnO NRs.
From the Fig. 6(a), we can see the water contact angle of ZnO NRs
without any SAMs is 41°. For 3-PPA(1 min)/ZnO and APPA(1 min)/
ZnO, the water contact angles are decreased to 29° (Fig. 6(b)) and
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Fig. 7. UV-vis absorption spectra of CdS/ZnO and CdS/SAMs(1 min)/ZnO.

25° (Fig. 6(d)), respectively. But for BPA(1 min)/ZnO, the water
contact angle is increased to 130° (Fig. 6(c)). Since three kinds of
SAMs attached on the surface of ZnO NRs mainly by the phosphate

1.0- (El)

0.8

Zn0

—— 3-PPA(1min)/Zn0O
—— BPA(1min)/Zn0O
——— APPA(1min)/ZnO

Intensity(a.u.)

0 T = T 2.4 T 24 T =,
350 400 450 500 550 600 650

Wavelength (nm)

:

| (b)

™

62.37%

:

51.27%
* 46.38%

32.44%

Iv/1yy 5 relative ratio

%

0%

ZnO 3-PPA/ZnO BPA/ZnO APPA/ZnO

Fig. 8. (a) Room temperature PL spectra of ZnO NRs, 3-PPA(1 min)/ZnO, BPA(1 min)/
ZnO and APPA(1 min)/ZnO; (b) Relative intensity ratio of UV emission to visible light
emission (Iyy/lyig) of all samples.
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Table 1
Photovoltaic parameters obtained from the I-V curves of QDSSCs with depositing
different kinds of SAMs: 3-PPA, BPA and APPA.

Photoelectrodes Jsc (mA/cm?) Voc (V) FF mn (%)
CdS/ZnO 4.98 0.661 0.307 1.01
CdS/3-PPA(1min)/Zn0O 6.15 0.680 0.337 141
CdS/BPA(1min)/ZnO 4.45 0.641 0.333 0.95
CdS/APPA(1min)/ZnO 3.89 0.624 0.329 0.80

head groups, such difference in water contact angles should be
determined by their tailgroups. We know that the tailgroups of
3-PPA and APPA are —COOH and —NH2, respectively, which are
hydrophilic groups, so the surfaces of the ZnO NRs become more
hydrophilic after the treatment. On the contrary, the tailgroups of
BPA is —CHs, which is a kind of hydrophobic groups, so the surface

of ZnO NRs after modification turns more hydrophobic. According
to the water contact angle results, we can further confirm the SAMs
were deposited on the ZnO NRs surface.

Fig. 7 shows the optical absorption spectra of CdS/ZnO and CdS/
SAMs/ZnO phtoanodes. We can see that the intensities of optical
absorption do not obviously change after depositing different
SAMs, indicating that the deposition of SAMs dose not significantly
influence the uptake of CdS QDs on the ZnO surfaces. The room
temperature photoluminescence (PL) spectra of ZnO NRs, 3-PPA
(1 min)/ZnO, BPA(1 min)/Zn0O and APPA(1 min)/ZnO are illustrated
in Fig. 8(a). All the spectra consist of two peaks. One is a UV
emission peak located at 378 nm; the other is a broad visible light
emission (VLE) band in the range of 435~640 nm. The UV emission
band is ascribed to a near band edge transition of ZnO, which is
originated from the recombination of free excitons through an
exciton-exciton collision process [42]. The VLE peak is related to
deep-level defects in the ZnO crystal, such as vacancies and
interstitials of zinc and oxygen [43,44]. To see it clearly, all PL
spectra are normalized to the UV emission of ZnO NRs. Obviously,
the VLE intensity reduces after depositing three kinds of SAMs,
indicating that the defects at the surface of ZnO NRs have been
strongly suppressed due to the SAMs modification. It is well known
that the surfaces of ZnO NRs grown with CBD method are prone to
absorb various kinds of functional groups. According to the
chemical reaction in the solution, these functional groups should
be related to the elements such as carbon, nitrogen, and hydrogen
[45]. After depositing SAMs, the ruptured Zn—O bond on the ZnO
NRs surfaces are combined with —POOH of SAMs, which passivates
a part of surface defects in ZnO NRs.

Fig. 8(b) summarizes the relative intensity ratio of UV emission
to VLE band (Iyy/lyig) for ZnO NRs, 3-PPA(1 min)/ZnO, BPA(1 min)/
ZnO and APPA(1 min)/ZnO. We can see that the Iyy/lyie values of
3-PPA(1 min)/ZnO, BPA(1min)/ZnO and APPA(1min)/Zn0O are
larger than that of as-grown ZnO. It indicates that the surface
defects have been reduced after depositing different kinds of SAMs
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Fig. 10. The typical He I (hv =21.22 eV) UPS spectrum of ZnO NRs (a), 3-PPA(1 min)/ZnO (b), BPA(1 min)/ZnO

(c) and APPA(1 min)/ZnO (d) taken with —8 V bias applied to the

sample. Also shown is inelastic cutoff (Ecytoff) and Fermi edge (Egerm;). The relation between spectrum width hv, and work function @ is illustrated.
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Fig. 11. Illustration of schematic energy diagrams of ZnO NRs, 3-PPA(1 min)/ZnO, BPA(1 min)/ZnO and APPA(1 min)/ZnO solar cells. The interface dipole of SAMs treated ZnO

directed toward or away from the surface. No interface dipole for untreated ZnO.

on ZnO NRs array. Moreover, the 3-PPA(1 min)/ZnO exhibits the
largest Iyy/lyig value, which means the 3-PPA exhibits the best
effect for suppressing the surface defects of ZnO. Therefore, we
prospect that maybe we can get the best performance in the solar
cell with 3-PPA(1 min)/ZnO as photoanode.

The I-V characteristics of all solar cells were carried out under
1.5AM light illumination. The I-V curves for ZnO NRs, 3-PPA
(1 min)/ZnO, BPA(1 min)/ZnO and APPA(1min)/ZnO QDSSCs are
displayed in Fig. 9. The corresponding performance parameters for
each cell are calculated and listed in Table 1, including the short-
circuit current density (Isc), the open-circuit voltage (Voc), the fill
factor (FF), and the photovoltaic conversion efficiency (m).
According to the results in Table 1, the best photovoltaic
performance comes from the CdS/3-PPA(1min)/ZnO solar cell,
which owns a higher m of 1.41%, Isc of 6.15 mA/cm?, Voc of 0.680V
and FF of 0.337. Compared to the ZnO solar cell, the m of 3-PPA
(1 min)/ZnO solar cell significantly increases from 1.01% to 1.41%.
This up to ~40% enhancement of v should be attributed to the
increase of both Isc from 4.98 mA/cm? to 6.15 mA/cm? and FF from
0.307 to 0.337. But for the BPA(1 min)/ZnO and APPA(1 min)/ZnO
solar cell, we can find that the n decreases to 0.95% and 0.80%, the
Isc decreases to 4.45mA/cm? and 3.89mA/cm?, and the Voc
decreases to 0.641 and 0.624.

Since the Voc value is mainly depending on the band offset
between ZnO (SAMs/Zn0O) and CdS QDs in our case. Hence, we
utilized UPS technique to investigate the variation of surface work
function of SAMs/ZnO in comparison with pure ZnO. Fig. 10 shows
the typical He I UPS spectra for ZnO NRs, 3-PPA(1 min)/ZnO, BPA
(1 min)/ZnO and APPA(1 min)/ZnO in kinetic energy scale. Accord-
ing to Einstein photoelectric law as follows:

hy—® = FFermi - ECutoffor(D =hv+ ECutoff - FFermi (1)

The figure also illustrates the relation between the width of the
spectrum, work function ® and photon energy hv. From Fig. 10(a),
we can see that the Ecyo and Eperm; of ZnO NRs are 2.07 eV and
16.51 eV, respectively. The work function of ZnO NRs can be
calculated to be 6.78 eV according to the formula (1). Similarly, the
work function of 3-PPA(1min)/ZnO, BPA(1 min)/ZnO and APPA
(1 min)/ZnO can be determined to be 5.74eV, 7.83 eV and 8.69 eV,
respectively, as shown in Fig. 10(b)-(d). Compared to pure ZnO, the
® of 3-PPA/Zn0 is decreased by 1.04 eV, but the ® of BPA/ZnO and
APPA/ZnO is increased by 1.05eV and 1.91 eV, respectively.

Usually, the work function difference is proportionally depend-
ing on the surface potential difference. In our case, the change in

the ZnO surface potential varies linearly with the electron affinity
of the tailgroup of three SAMs. The dipole moments of these
tailgroups reflect their electron-withdrawing and -donating
power. The strong electron-donating power tailgroup reduces
the surface potential and work function of the semiconductor
[46,47]. Since the tailgroup of —COOH is electron-withdrawing
groups, the direction of the dipole moment of 3-PPA is from
tailgroup to headgroup, which means the interface dipole of 3-PPA/
ZnO is directed toward the ZnO surface. Thus, the effective work
function of ZnO modified with 3-PPA is smaller than that of ZnO
NRs, which is consistent with the UPS results. However, for BPA and
APPA, the tailgroups of —CHsz and —NHj, are the electron-donating
groups, so that the direction of the dipole moment is from
headgroup to tailgroup. Thus, their directions of interface dipole
are exactly reverse to that of 3-PPA so that their work functions are
correspondingly larger than that of ZnO NRs, which is consistent
with the UPS results as well.

Based on the above discussion, we drew the schematic energy
diagrams of ZnO NRs, 3-PPA(1min)/ZnO, BPA(1 min)/Zn0O and
APPA(1 min)/ZnO solar cells in Fig. 11. We can see that the interface
dipole of 3-PPA/ZnO is directed toward the ZnO surface and the
work function of 3-PPA(1 min)/ZnO decreases after 3-PPA modifi-
cation, so that a energy barrier has been formed between CdS and
ZnO, which is very efficient on retarding the back transfer of
electrons. In addition, the 3-PPA acted as a SAMs layer can suppress
the electron-hole recombination process due to its passivation on
the surface defects, which finally results in the enhancement of
conversion efficiency of solar cells. But for the BPA and APPA, the
work function of BPA(1min)/ZnO and APPA(1min)/ZnO are
increased due to the formation of unfavorable interface dipole,
so that the BPA and APPA SAMs hinder the transmission of
photoelectrons from CdS to ZnO and result in the lower
photovoltaic conversion efficiency.

4. Conclusions

In this work, we chose 3-PPA, BPA and APPA as SAMs layer to
modify the ZnO nanorods photoanodes and revealed their
influence mechanism on the photovoltaic performance of QDSSCs.
The results indicated that the deposition of SAMs layer can not only
passivate the surface defects of ZnO, but also tune the work
function of ZnO surface. In particular, the 3-PPA modification
exhibits the best passivation effect and makes the surface work
function of ZnO decreases by 1.04eV to realize a better band
alignment due to its electron-withdrawing tailgroup, which results
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in an enhancement in photovoltaic conversion efficiency of solar
cells. Our work provides an alternative approach to improve the
performances of QDSSCs by the interface modification with SAMs
in a simple operation process, which will prompt other researchers
to further design and optimize the SAMs to obtain even higher
photovoltaic performance of QDSSCs.
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