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In this work, ultrasound was used as an efficient way to solve the non-uniform nucleation over large-scale
substrate and to modulate film microstructure for performance improvement. Lead sulfide (PbS), as one of
the most important IV=VI group semiconductors, was employed to prepare large-scale uniform films with
the assistance of ultrasound in ammonia-free chemical bath deposition (CBD). The characteristics of PbS
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addition, the growth mechanism of PbS films was discussed. More importantly, PbS films prepared by
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1 Introduction

It is of great interest to fabricate semiconductor films with large
scale for the application in a variety of devices. Among
numerous techniques, chemical bath deposition (CBD) is
proved to be a convenient, low-temperature, low-cost, highly
efficient and versatile process to fabricate various semi-
conductor films in large dimension on all types of hydrophilic
substrates.™* Recently, the newly developed ammonia-free CBD
technique is verified to be a more environmentally friendly
process and has better stability and reproducibility than the
conventional, highly volatile and harmful CBD methods using
ammonia.>® However, the challenge of CBD is the uniform
nucleation over large-scale substrate, which is possibly due to
the weak turbulence around the edge of the substrate, resulting
in non-uniform nucleation.”® In order to obtain homogenous
film, extra solution was often added to minimize the negative
effect of the substrate, but it will increase chemical waste
correspondingly.” Hence, in this study, ultrasound is proposed
to be integrated into ammonia-free CBD to investigate its
modulating effect on film uniformity and microstructure.
Ultrasound was introduced into chemistry—sonochemistry
and has been widely investigated in recent years. The primary
effect of ultrasound on continuum fluid is to impose an
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oscillatory pressure within an entire solution, which will
produce unique hot spots with temperature exceeding 5000 K
and pressure above 1000 atm, as well as heating or cooling rate
over 10'° K s~'.>"! These extreme transient conditions distin-
guish sonochemistry from other conventional synthetic tech-
niques, such as photochemistry, electrochemistry, chemical
vapor deposition and CBD. As a green and feasible method, it
has a great advantage to optimize the chemical usage and
reduce waste production fundamentally. Introducing ultra-
sound into CBD will not only ensure uniform nucleation over
the entire substrate no matter how large it is, but also lead to the
improvement of film microstructure, which has a tight rela-
tionship with film property.”*>** Besides, CBD is the most
convenient and frequently used technique to grow PbS film,
which has been widely applied in infrared detectors, solar cells,
photography and so on.***'* In this paper, lead sulfide (PbS)
prepared by ammonia-free CBD is chosen to investigate the
modulating effect of ultrasound on film uniformity and
microstructure associated with crystalline structure, stoichi-
ometry, growth mechanism, optical absorption, and photo-
electrochemical (PEC) performance.

2 Experimental section
2.1 Materials

All reagents, lead acetate (Pb(CH3COO),-3H,0), sodium
hydroxide (NaOH), thiourea ((NH,),CS), triethanolamine (TEA,
N(CH,CH,0H);), ammonia (NH;-H,0), hydrogen peroxide
(H,0,) and sodium sulfate (Na,SO,), were of analytical grade.
Indium-Tin-Oxide-coated glass (ITO/glass), with a sheet resis-
tance of 15 Q sq ™', was cut into 10 x 20 mm?® or 30 x 40 mm?
and used as substrate.

This journal is © The Royal Society of Chemistry 2015
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2.2 Cleaning of ITO/glass

Substrate cleaning is very important to ensure the deposited
film exhibits high quality and good adhesion. In this work, a
series of solution-based steps were used. First, the substrates
were immersed into an aqueous detergent and ultrasonically
washed for 30 min to remove the grease and dust, followed by
ultrasonically rinsing with deionized (DI) water for 10 min three
times. Subsequently, they were boiled in a mixed solution of
NH;-H,0, H,0, and DI water with a volume ratio of 1:2: 5 at
80 °C until no bubbles were generated to remove any organic
residue from the surface. Finally, they were ultrasonically rinsed
again with DI water for 10 min three times, and dried in a
vacuum oven at 80 °C for 2 h.

2.3 CBD of PbS films

The PbS film was deposited in a reactive solution prepared by
sequentially adding aqueous solutions of 2.5 mL 0.5 M
Pb(CH;CO0),-3H,0, 2.5 mL 2 M NaOH, 3 mL 1 M (NH,),CS and
2 mL 1 M N(CH,CH,OH);. The total volume was adjusted to 50
mL with DI water. The top area of ITO film was covered by tape
for protection (yellow area in Fig. 1a and b), leaving ITO as an
electrode to be connected with the external circuit. The back
side was all covered to avoid film being deposited on the glass
surface. In order to prevent the tape from falling off, blank glass
slides were placed on the tapes on both sides and clamped by a
clip. The prepared substrate was vertically immersed and fixed
in the middle of beaker (Fig. 1a). Sample A was kept in a 70 °C
bath for 1 h without ultrasound, while sample B was placed into
an ultrasound bath with a frequency of 40 kHz and a power of
100 W for film deposition. Finally, the deposited PbS films were
rinsed with DI water thoroughly to remove the unreacted or any
other chemicals absorbed on the film surface and dried in a
vacuum oven at 80 °C for 2 h.

2.4 Characterization

The X-ray diffraction (XRD) patterns were recorded on a Bruker
D8 Advance diffractometer (nickel-filtered Cu Ko radiation, A =
1.54178 A, 40 kV, 40 mA) over the 26 range of 20-60° with a step
size of 0.02°. Field-emission scanning electron microscopy (FE-
SEM, S-4800, HITACHI) was used to get high-resolution images
of the surface. In order to confirm the chemical composition
and stoichiometry of PbS films, both energy-dispersive X-ray
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spectroscopy (EDX, genesis 2000, EDAX) and X-ray photoelec-
tron spectroscopy (XPS) were performed. The XPS was detected
on a Kratos Axis Ultra spectrometer with monochromatic Al Ko
radiation (1486.6 eV) as the exciting source. The survey spec-
trum was scanned within an area of 300 x 700 um?, and the
binding energy was calibrated by referencing the C 1s peak at
284.6 eV. An atomic force microscope (AFM, Dimension 3100,
Veeco) was used to investigate surface roughness. The standard
cantilever with nominal spring constant of ~40 N m~' was
used, and tapping mode was applied to avoid surface damage.
Optical absorption spectra were obtained on a UV-Vis-NIR
spectrophotometer (Cary 5000, Varian) ranging from 0.5 eV to
3.5 eV at room temperature.

2.5 PEC measurement

PEC analysis was performed using a potentiostatic and three-
electrode quartz cell. PbS film coated ITO/glass (~10 x 20
mm?) was used as the working electrode (~10 x 10 mm? active
area), while Pt wire acted as the counter electrode and a satu-
rated calomel electrode (SCE) as reference (Fig. 1b). The
working electrode was placed in the electrolyte of aqueous
Na,SO, (0.10 M) without any sacrificial reagent, and the
conductive side was oriented facing the incident light named as
front illumination. The light source was an ultraviolet (UV)
lamp with a power of 6 W, the output of which was chopped by
an automatic mechanical shutter with an interval of 1 s. The
change of transient photocurrent density with time was recor-
ded by an electrochemical workstation (CHI660D, CH Instru-
ment Company, China). To eliminate the noise effect, the UV
lamp was switched on once the background signal got stable,
which usually takes ~5 s.

3 Results and discussions
3.1 Purity, crystal structure and crystallinity

As shown in the XRD patterns (Fig. 2), the ultrasound-assisted
method is able to keep PbS film with high purity, cubic struc-
ture and good crystallinity. The two samples have similar
patterns with no significant difference. Both diffraction peaks
from PbS and ITO can be found in sample A (Fig. 2a) and B
(Fig. 2b) by comparing standard PDF card no. 5-592 and the
pattern of blank ITO/glass (Fig. 2c). The diffraction peaks of
both components overlap at 30.1°. Both PbS films are
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Fig.1 Schematic illustration of (a) ultrasound-assisted CBD system, (b) PEC system: 1-SCE, 2-PbS/ITO/glass electrode and 3-Pt electrode, and

(c) instantaneous photo-induced transition of holes.
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Fig.2 XRD patterns of (a) sample A and standard PDF card no. 5-592,
(b) sample B, and (c) blank ITO/glass. Diffraction peaks from ITO (*) and
PbS (V) are labeled.

polycrystalline essentially with a pure cubic structure. More-
over, the lattice constants were calculated based on (111) peak,
which have little deviation from standard bulk PbS (a = 5.9362
1&). No other peaks were detected except the ones for PbS and
ITO, which further confirms the purity of PbS films. In addition,
strong and sharp diffraction peaks demonstrate both PbS films,
with or without the assistance of ultrasound, have good
crystallinity.

3.2 Uniformity, surface morphology, thickness and cross-
section structure

Ultrasound-assisted CBD can realize large-area deposition with
great film uniformity. The film fabricated by conventional
ammonia-free CBD presents gray and frosted-like surface
(sample A, inset in Fig. 3a). Besides, film uniformity decreases
significantly with the increase in deposition area. In order to
solve the problem, ultrasound was introduced into the process
of ammonia-free CBD. The obtained film showed dark-gray and
mirror-like surface and good adhesion on the substrate
according to tape testing (sample B, inset in Fig. 3b). Further-
more, the film has a great uniformity over the entire substrate
even at the boundary, with a large size as much as 30 x 40 mm®.

Ultrasound promotes the formation of a dense and smooth
surface. The surface morphology and film thickness were
further characterized by FE-SEM. Fig. 3a (sample A) and 3b
(sample B) show that the surfaces of both samples are quite
uniform with very few overgrown grains. By further magnifying,
it can be seen that the surface of sample A (Fig. 3c) is composed
of pebble-like grains with a diameter of ~500 nm and very well
defined boundaries. In addition, gap exists distinguishably
between different grains. Sample B (Fig. 3d), however, exhibits a
compact surface with homogenous granular structure and
sharp and well defined grain boundaries. The angular stone-like
grains, ~300 nm dimension, match together well with each
other without obvious gap. Moreover, ultrasound can suppress
the growth of protrusions on the grain surface to generate a
denser and smoother surface. For sample A, particle-like
protrusions, with different sizes, grow on the grain surface. As
labeled by red circles, ~10 nm protrusions can be seen, and they
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Fig. 3 FE-SEM images of (a), (c) and (e) for sample A, and (b), (d) and (f)
for sample B at different magnifications; ~10 nm protrusions are
labeled in circles in (c) partially. (e) and (f) are cross-section views. Inset
of (a): optical image of sample A (10 x 20 mm?); inset of (b): optical
image of sample B (30 x 40 mm?).

cause a blue-shifted interband absorption within PbS (Fig. 8b).
As for sample B, the grain surface is relatively smooth without
protrusions, which agrees well with reported results.'®"
Ultrasound can control the layer-like structure of film and
slow down deposition rate to form a denser surface and thinner
film. From the cross-section view (sample A in Fig. 3e and
sample B in Fig. 3f), the two layers at the very bottom were
identified as ITO and glass separately. Ultrasound-assisted PbS
film (sample B) shows only one dense layer of ~300 nm rooted
on the ITO/glass; however, the PbS film of sample A exhibits a
two-layer structure as thick as ~3 um, including a dense bottom
layer with a thickness of ~400 nm and a loose top layer. The
loose layer is deposited with ~1 um grains, which were not
found in sample B. These are consistent with previous results in
literature.”"” Note that the grain dimension (~1 pm from side
view) here for sample A is twice as large as the estimation from
its top view (~500 nm), which is reasonable because the top
view shows the surface part only but not the entire grain body in
the film. Film thickness and cross-section structure modulated
by ultrasound may originate from the optimization in growth
mechanism, which will be discussed in the following part.

3.3 Chemical composition and stoichiometry

Both samples A and B have shown relatively balanced stoichi-
ometry, with the atomic ratio of element Pb to S within PbS film
being nearly equal to unity, whereas sample B was more near-
stoichiometric than sample A, which verified that ultrasound

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 EDX spectra of (a) sample A and (b) sample B. Inserts: elemental maps for Pb (upper right sides in a and b), S (lower right sides in a and b)
and corresponding FE-SEM images of sample A (left side in a) and sample B (left side in b).

was able to promote the formation of PbS film with better
stoichiometry.

The chemical composition of sample A (Fig. 4a) or B (Fig. 4b)
was detected by EDX spectra. The peaks from Pb, S and carbon
(C) were presented in both samples, while the peaks from O, In,
Sn and silicon (Si) also appeared for sample B,'® which were
attributed to the substrate (ITO/glass) due to the thinner PbS
film on it with respect to sample A. The presence of element C in
both samples may be from adsorbed gaseous molecules for high
surface-to-volume ratio of the PbS film with pebble-like (sample
A) or angular stone-like (sample B) surface microstructure. No
other peaks from impurities were observed, which demon-
strated the purity of both samples. Quantitative analysis indi-
cated that both films exhibited a slightly higher content of
element Pb. The atomic ratio of element Pb to S was ~1.05: 1
for sample A and 1.02 : 1 for sample B. The elemental maps
illustrated that the distribution of element Pb and S on the film
surface of the sample B (inserts in Fig. 4b) was more uniform
than that of sample A (insets in Fig. 4a), which was most likely
because the film surface of the sample B was smoother than
that of sample A.

The stoichiometry of sample A (Fig. 5a) and B (Fig. 5b) was
further confirmed by XPS survey spectrum. The presence of Pb,
S, C and O without any other elements from impurities was
observed, which suggested once again the purity of PbS films.
All observed binding-energy values were indexed on the hand-
book of elements and native oxides (1999 XPS International,
Inc.)."” Peak-area quantification of Pb and S gave the atomic
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Fig. 5 XPS spectra of (a) sample A and (b) sample B.
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ratio of Pb to S as 1.07 : 1 for sample A, while it was reduced to
1.05 : 1 for sample B. Although the film surface of sample B was
a little bit rich in element Pb, it was still near-stoichiometric
within experimental uncertainty limits.

Overall, elemental content analysis indicates that the
content of element Pb within sample B was reduced to approach
closer to the stoichiometry of the PbS compound. As a conse-
quence, some defects like S vacancies or Pb interstitial will be
inhibited at a certain level, which will facilitate the application
of PbS film in photovoltaic devices.

3.4 Surface topography and roughness

Surface topography and roughness were investigated by AFM
(Fig. 6), which also indicated that ultrasound promoted the
formation of a smooth surface. The three-dimensional (3D)
AFM image displays surface topography, a visualized surface
roughness (sample A in Fig. 6a and sample B in Fig. 6b). The
root-mean-square roughness (R,) of sample A was 19.5 nm and
the average roughness (R,) was 16.1 nm, while the R, of sample
B was 13.5 nm and the R, was 11.0 nm. All the above data are
comparable to other reported roughness of PbS films prepared
by CBD.>**!

3.5 Reaction and growth mechanisms

In general, the reaction mechanisms of both samples may be
the same when the power of ultrasound is not high. During the
reaction, TEA acts as a complexing agent to control the release
rate of Pb ions [eqn (1) and (5)], and the alkaline hydrolysis of
thiourea provides S>~ ions [eqn (2)-(4)]. As soon as the ionic-
product constant (K,) of Pb>" and S*>~ exceed the solubility-
product constant of PbS (Ky, = 1.1 x 10~>%),*> PbS will precip-
itate [eqn (5)], followed by the film deposition on the substrate.
The typical steps of reaction involved in the growth process can
be written as follows:****

Pb(CH;COO0),-2H,0 + TEA —
Pb(TEA)** + 2(CH3CO0 ") + 2H,0 (1)

(NH),CS + OH™ — SH™ + NCNH, + H,0 (2)

NCNH, + H,0 — NH,CNO (3)

RSC Adv., 2015, 5, 10018-10025 | 10021
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Fig. 6 3D AFM images of (a) sample A and (b) sample B.

OCN™ + 2H20 g HCO3_ + NH3 (4)
Pb(TEA)?* + SH™ + OH™ — PbS| + H,0 + TEA  (5)

The schematic image of growth mechanisms for PbS films
without (sample A) and with (sample B) ultrasound modulation
is shown in Fig. 7. As reported, “ion-by-ion” and “cluster-by-
cluster” are two main growth mechanisms in the conventional
CBD process.”** Similar conditions of solution permit the two
mechanisms to take place individually, simultaneously or
sequentially with “ion-by-ion” followed by “cluster-by-
cluster.””**” Usually, ammonia-free CBD promotes the “ion-by-
ion” growth at an earlier stage resulting in a compact and highly
oriented film with a large refraction index (Fig. 7c). Immediately
after that, a large amount of Pb** and S*>~ produce a fast
formation of PbS colloids leading to the “cluster-by-cluster”
deposition®**® (Fig. 7a). In consequence, the deposited film
consists of a dense inner “ion-by-ion” layer and a loose external
“cluster-by-cluster” layer, which is reflected by sample A
(Fig. 3e). However, with the modulation of ultrasound, the

(a) W.t.h . (b) , : Ion-by-Ion ©
Ultrlas:::nd Ultrasound Pb“f— S*

& (.(rﬁ(f‘ P X PbS (nuclei)

Cluster-by-Cluster

2

PbS (parIiculate)

PbS film

ultrasound-PbS film
300nm

3um|

LY

.

U A e

ITO/glass

Fig. 7 Schematic image for growth mechanisms of CBD (a) without
ultrasound for “ion-by-ion” followed by “cluster-by-cluster” deposi-
tions (sample A); (b) with ultrasound for breaking up the clusters, and
(c) ion-by-ion deposition only (sample B).
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formation of clusters was inhibited (Fig. 7b), and thus there is
only one dense “ion-by-ion” layer but no loose “cluster-by-
cluster” layer in sample B (Fig. 3f).

Although the effect of ultrasound on chemical reactions is
not well understood yet, it is mostly believed that an acoustic
cavitation takes place in the solution,”'*** which was thought to
be the most important effect of ultrasound in both chemical
and crystallizing systems.”****** Basically, applying ultrasound
into a chemical bath will impose an oscillatory pressure on the
solution. At a low intensity of ultrasound, this pressure will
induce an acoustic streaming (motion and mixing within the
solution), while at high intensity, local pressure will fall below
the vapor pressure of solution and produce tiny bubbles or
cavities. Further increasing the intensity will produce negative
transient pressure within the solution, which will both enhance
bubble growth and generate new cavities. Overall, the cavita-
tion, including creation, growth and collapse of gas vacuoles in
solution, can actively break up large clusters into smaller
ones.”*"* Therefore, it is reasonable to believe that applying
ultrasound into ammonia-free CBD will suppress “cluster-by-
cluster” deposition.” As an external source of energy, the other
benefit of ultrasound is believed to provide highly intensive
mixing or agitation, which can accelerate uniform nucleation
over large-scale substrate and also suppress the growth of
substructures on the film surface.”’?'3* As a result, film
microstructure is modulated, and the whole film properties are
improved correspondingly.

3.6 Optical absorption

Energy-level structure was studied by optical absorption (Fig. 8).
It can be seen that ultrasound was able to not only maintain the
interband absorption of PbS but also provide much higher
absorption intensity. Moreover, no blue-shifted interband
absorption of PbS appearing in sample B indicates that ultra-
sound has successfully suppressed the generation of substruc-
ture, which further confirms the microstructure analysis above.
To distinguish the influence of substrate, the absorption spec-
trum of ITO/glass was measured first (Fig. 8a). ITO/glass is an n-
type semiconductor with a large band-gap of ~4 eV, which
exhibits an edge below 1.3 eV from the free-carrier absorption of
ITO.** That means infrared photons can excite electrons from
near bottom to higher energy levels of the conduction band.

This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c4ra13921f

Published on 13 January 2015. Downloaded by Changchun Institute of Optics, Fine Mechanics and Physics, CAS on 29/05/2016 14:40:33.

Paper

(¢) ultrasound-PbS/ITO

Absorbance (a.u.)

(a) blank ITO

05 1.0 1.5 2.0 2.5 3.0 35
Photon energy (eV)

Fig. 8 Optical absorption spectra of (a) blank ITO/glass, (b) sample A,
and (c) sample B. Inset: FE-SEM images of sample A (lower right) and B
(upper right).

Most importantly, it is nearly transparent from 1.3 eV to 3.5 eV
for ITO/glass.

As mentioned, sample A and B presented similar color, gray
and dark gray respectively. Accordingly, they possessed the
same trend of absorption spectra (Fig. 8b and c). The band
between 1.3 eV and 3.5 eV may come primarily from the inter-
band absorption of bulk PbS, which should start from the
location of the optical band gap for bulk PbS at ~0.41 eV at
room temperature. However, it overlapped with the free-carrier
absorption of ITO. Interband absorption indicates UV photons
can excite electrons from valence band to conduction band, and
this result agrees well with our previous report about in situ
growth of PbS film on Pb foil.* It is worthy to note that sample B
presented a color darker than that of sample A. Correspond-
ingly, the absolute absorption intensity of sample B was about
twice as high as that of sample A. More importantly, the film
with unique microstructure can trap more light to enhance
broadband optical absorption.***” Although the PbS film in
sample B was ~10 times thinner than that of sample A, sample
B can trap light more efficiently due to the improved micro-
structure by the introduction of ultrasound. The edge below 1.3
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eV should be dominated by free carrier absorption of ITO;
however, a different peak appears at ~0.75 eV in sample A,
which is supposed to originate from a blue-shifted interband
absorption within PbS for quantum confinement effect.
Because PbS has a large exciton Bohr radius (18 nm) at room
temperature, many protrusions growing on grain surfaces,
especially with a ~10 nm diameter (Fig. 3c), exhibited the same
absorption feature as PbS quantum dots of ~10 nm.***

3.7 Transient photocurrent response

Current PEC investigation demonstrates that ultrasound-
assisted PbS film is able to suppress the phenomenon of
current overshoot during on-off switching and produce a
comparable photosensitivity with the ~10 times thicker tradi-
tional PbS film. Transient photocurrent response of the PEC
system (Fig. 1b) was measured and the representative change of
transient photocurrent density (J;,) with time was plotted under
intermittent UV irradiation at 0 V bias vs. SCE (Fig. 9). Both
samples exhibited photocurrents with great stability and
reproducibility during successive on-off cycles of UV light.
Photocurrent appeared upon UV irradiation, went down to
maximum immediately, and disappeared instantly once the
irradiation was switched off. This is the characteristic of
cathodic photocurrent and suggests both PbS films (samples A
and B) exhibit a p-type conductivity.*>** Based on PEC theories,
charge carriers will be generated and separated at electrode/
electrolyte interface and then transited between electrode
surface and underlying substrate because of semiconductor
photo-excitation.”” Accordingly, the cathodic photocurrent is
dominated by instantaneous photo-induced hole transition
between electrolyte and ITO/glass via PbS film (Fig. 2¢).*

Although sample A was ~10 times thicker than sample B,
sample A (Fig. 9a) and B (Fig. 9b) showed roughly the same J, of
~1.9 pA cm~? and ~1.8 pA cm~ > respectively. In dark condi-
tions, a current density (dark current J4) of ~0.6 pA cm™> was
observed in both samples. The J, to J4 ratio (i.e. photosensi-
tivity****) was ~3.2 for sample A and ~3.0 for sample B, which
indicated the ITO/glass can be sensitized efficiently by both
samples. However, many other factors such as bias voltage,
electrolyte solution and light source can affect the magnitude of
photocurrent or dark current.*>*> Among those factors, the
microstructure of film surface has the most significant influ-
ence on the PEC performance.

0.0 0.0
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Fig. 9 Transient photocurrent response of (a) sample A and (b) sample B.
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Fig. 9a shows that the overshot current of sample A at on-
off switching did not occur in sample B. A similar phenom-
enon was also often observed in other inorganic semi-
conductor based PEC cells, such as NiO nanoparticles on
fluorine doped tin oxide (FTO),*® Pb(Zr,Ti;,,)O; films on ITO/
glass,* ZnO/tetrasulfophthalocyanine hybrid film,* and Cu,S
nanowire film on Cu electrode.*® The overshoot of cathodic
photocurrent at the very beginning of UV illumination
demonstrates a significant accumulation of photo-generated
electrons on the surface of the PbS/ITO electrode due to the
existence of surface states.***” Subsequently, the decay
towards the steady state is developed from the recombination
of these surface-trapped electrons with holes. Similarly, an
anodic current appeared and then decreased gradually to a
stable dark current just after the end of UV illumination,
which is attributed to the continuing flux of holes into the
surface of the PbS/ITO electrode and then recombining with
electrons remaining in the surface states. As described in FE-
SEM and AFM sections, the surface of sample A was rougher
than that of sample B from its more complicated surface
microstructure. It is reasonable to believe that rough surface
will induce more surface states. Therefore, fewer surface states
existed in sample B leading to no obvious overshoot of
current.

4 Conclusions

In our ammonia-free CBD, the problem—decreasing of film
uniformity with the increasing of deposited area—has been
resolved efficiently by the introduction of ultrasound. Ultra-
sound was able to modulate film microstructure greatly and
keep the film with high purity, cubic structure, good crystal-
linity, balanced stoichiometry, interband absorption, stable
photosensitivity and p-type conduction. In addition, it can
suppress “cluster-by-cluster” deposition and the growth of
substructure on the grain surface. As for cross-section struc-
ture, a dense “ion-by-ion” layer covered by a loose “cluster-by-
cluster” layer, composed of many big pebble-like grains with
apparent gap, was deposited on substrate without ultra-
sound. Differently, only one dense “ion-by-ion” layer was
grown with the assistance of ultrasound. Due to the disap-
pearance of the loose layer, ultrasound-assisted ammonia-
free CBD often has much lower thickness. In addition,
protrusions with different sizes grow on grain surfaces,
especially those ~10 nm ones that can cause a blue-shifted
interband absorption within PbS. Ultrasound-assisted film,
however, consisted of angular stone-like grains, which match
together well with each other without either obvious gap or
protrusions. Therefore, a more uniform and smoother film
surface was generated to reduce surface states, which
exhibited more intense interband absorption, better photo-
current response without overshoot of current during on-off
switching of the UV light. It is believed that the developed
technique can be leveraged with other film preparation
processes to obtain more uniform microstructure and better
performance.
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