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We report layer-by-layer growth of single crystal PbS films with unprecedented quality using chemical

solution deposition, on par with much more sophisticated growth techniques. Ex situ transmission

electron microscopy and in-house X-ray diffraction established the monocrystalline nature of the films
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and the atomically smooth film surface. High brilliance synchrotron X-rays were employed in grazing
incidence geometry for in situ monitoring the formation of a gallium sulfide interfacial layer, and for
establishing layer-by-layer growth of the subsequent PbS film. Our findings show that by maintaining a

large reservoir of free sulfide ions, layer-by-layer growth is maintained by reducing the interfacial surface

rsc.li/frontiers-materials free energy.

Introduction

Epitaxial thin films play a major role in a wide range of techno-
logical applications which require pristine quality materials with
minimal interfacial defects. As such, the growth techniques and
parameters which lead to such pristine quality film growth are
continuously subject to vigorous research activities."> Common
growth methods which are used to achieve ultrahigh material
quality are derivatives of physical and chemical deposition such
as molecular beam epitaxy (MBE) and atomic layer deposition.
Such techniques enable full control over the chemical environ-
ment, pressure, temperature and growth rate required for achiev-
ing epitaxial growth of high quality monocrystalline films."*>
These requirements make the realization of the films complex
and costly. Alternatively, chemical bath deposition (CBD) of
semiconductor thin films is among the simplest and least expen-
sive techniques. However, simplicity comes at a cost — CBD is
often limited to reagents of lower purity (compared to gas phase
precursors) and low temperatures (due to solvent boiling point),
and at times results in low purity materials with high defect
densities.® ™"
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In CBD of semiconductor thin films, cationic and anionic
precursors are dissolved in a solution (commonly aqueous) to
react upon a solid substrate. One of the most common growth
mechanisms in CBD is ‘ion-by-ion’ (IBI), where the reaction
occurs directly on the substrate via heterogeneous nucleation,
resulting in films with relatively large grain size. Chemical
epitaxy is a term describing growth of thin films from solution
with well-defined orientation relations between film and
substrate.’* While monocrystalline semiconductor films with
low defect densities grown using simple and inexpensive
techniques are highly desired for potential applications, there
are a limited number of reports on chemical epitaxy of high
quality monocrystalline thin films. Among these reports the
lead chalcogenide films were distinguished as having excep-
tional monocrystalline morphology and grown on a variety
of substrates, such as PbS films on Ge, InP, CdS and GaAs
single crystal substrates.'>"*® All of these reports have a com-
mon motive, where films are obtained via IBI growth mode in
which 3D islands nucleate and coalesce (Volmer-Weber
growth, VW).%7121718 while this process may result in mono-
crystalline thin films with low surface roughness,"*'®'° the 3D
growth results in internal domains due to low angle misorien-
tations during coalescence of adjacent islands. These internal
domains along with high densities of growth induced linear
and planar defects all have a critical impact on material
physical properties.>'>'*'%2% Acquiring high quality epitaxial
thin films usually requires layer-by-layer growth mode (Frank
van der Merwe, FM), where surface coverage is achieved prior to
initiation of a new monolayer. To date, no report exists on
epitaxial films grown in FM mode in CBD.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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A unique opportunity arises with the use of high brilliance
synchrotron X-ray beams for providing structural information
from minute amounts of materials, such as in ultrathin films.
Moreover, the high energy X-ray beam can penetrate through
liquid media, allowing for in situ monitoring of film growth
from the very early stages.>"*
cell, we have employed high brilliance synchrotron X-rays
in grazing incidence geometry for monitoring substrate pre-
treatment and subsequent PbS film growth in real time.
Grazing incidence X-ray diffraction (GIXD) ‘snapshots’ were
taken during the very early stages of film formation, and further
to monitor the structural evolution of the film. Here we present
for the first time FM growth of epitaxial PbS films grown from
solution on GaAs(111) using CBD.

Using a custom designed liquid

Results and discussion

PbS thin films were grown on GaAs(111)A (Ga terminated)
substrates using CBD and characterized with high resolution
scanning electron microscopy (HRSEM, Fig. 1a). Plan view
images presented a flat and completely featureless film surface.
X-ray diffraction (XRD) showed only peaks corresponding to the
first and second order (111) Bragg reflection of PbS (Fig. 1b),
and rocking curve peak broadening at full width at half
maximum (FWHM, Fig. 1c) presented exceptionally low values,
on par with reports on monocrystalline PbS films grown using
much more sophisticated techniques, as presented in Table 1.

Examination of film microstructure and film-substrate
orientation relations was performed in cross-section using
transmission electron microscopy (TEM, Fig. 2). Bend contours
originating in the substrate and propagating throughout the
film were frequently observed (not presented), a further indica-
tion of film quality as grain boundaries and dislocations would
interrupt contour propagation.”® Additionally, both the bright
field (BF, Fig. 2a) and HRTEM (Fig. 2b) micrographs presented
an atomically flat upper film surface, in agreement with the
featureless HRSEM plan-view micrographs. Investigation of the
film-substrate interface using both HRTEM (Fig. 2c) and high
angle annular dark field (HAADF) scanning TEM (STEM, Fig. 2d)
techniques revealed a sharp interface, which was further con-
firmed by monitoring the composition of the substrate surface
pre- and post-initial deposition sequence (Fig. 2e and f), which
established complete removal of substrate native oxide. Twinning
relations between the film and the substrate are evident when
examining the film-substrate interface (Fig. 2c and d). Selected
area electron diffraction (SAED) (Fig. 2g and h) verified hetero-
twinning relations between film and substrate. Such relations
have been reported for PbS/ZnTe** and were described in detail
by Osherov et al. in the PbS/GaAs system,"* where domain
formation and film surface roughening clearly pointed out
VW growth which resulted in highly defective films and broad
(>1500 arcsec) rocking curves.

An interrupted growth series analyzed ex situ using conven-
tional atomic force microscopy (AFM, Fig. S1, ESIT) carried out
in air showed that the root mean square (RMS) surface
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Fig. 1 PbS thin film grown on GaAs(111)A for 2 h. (a) SEM cross section
(X-sec) of the cleaved surface showed a 1.3 um thick film with an array of
parallel translation glide planes, indicating high material quality since high
densities of structural defects such as domain boundaries would limit glide
propagation upon cleavage. Analyzing the crystallographic glide planes is
straightforward, considering the (b) single film orientation observed using
in-house XRD analysis in 20-0 geometry. The angle of 35.5° between the
slip planes and the (111) planes parallel to the film surface identifies them as
{110} slip planes, which are common for most NaCl systems.*! The out-of-
plane coherence length, based on Scherrer broadening of the PbS peaks
shown in (b), was on par with the instrumental broadening (circa
340 arcsec). (c) XRD rocking curve analysis was performed to gain insight
into film crystal quality since FM growth is expected to show a low degree
of mosaicity and defect density. See Table 1 for comparison with
literature values.

roughness of samples before and after reaction initiation was
circa 0.6 nm which remained constant throughout film growth.
This is consistent with AFM imaging in air showing adsorbed
molecules (hydrocarbons, etc.) on an otherwise featureless
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Table 1 Comparison of out of plane XRD rocking curve values for single
crystal PbS films grown on different substrates using a variety of vapor
phase techniques

Growth Reflection FWHM

technique Substrate analyzed [arcsec] Ref.

CBD GaAs(111)A (111) 400 Current work
HWE BaF,(111) (111) 200 Zogg™®

PVT EusS(100)  (200) 200 Chernyshova®®
PVT KCI(100)  (200) 300 Chernyshova®®
PVT YbS/Si(100) (200) 200-300  Fedorenko®’
PVT KCI(100)  (200) 300 Fedorenko®’
MBE PS/si(111) (111) 500 Levchenko®®
Sublimation — (200) 300-400  Tomm?*’

surface, and is nearly identical to the roughness observed for
the GaAs(111) substrates used in this work.

To monitor the initial stages of film growth, a custom
designed liquid cell was constructed (Fig. S2, ESIt and Fig. 3a)
which allowed for real time synchrotron GIXD studies of the
growing films. After surface pre-treatment, the deposition reac-
tion was initiated by injection of thiourea and the substrate was
rotated step-by-step around the sample surface normal, ¢ axis
(Fig. 3b), keeping fixed the grazing angle of incidence and
recording GIXD snapshots at each step using a 2D Pilatus
300K Dectris detector. During the initial first minute of reaction
no reflections apart from (202)g,as were observed (Fig. 3c). After
3 min of reaction the first observable signal of the (220)pps
in-plane reflection was obtained from the film, which intensified
after 7 min of deposition (Fig. 3d and e). The lattice constant
plotted as a function of deposition duration (Fig. 3f) reveals
in-plane compression strains which gradually relax with film
thickness, common for FM grown epitaxial films,>*° which is
expected considering the small, ~5% lattice mismatch between
GaAs and PbS. Moreover, once the reaction is initiated a note-
worthy decrease is observed in the d-spacing values of the
substrate (Fig. 3f), which occurs due to the reaction of sulfide
anions which readily react with the Ga terminated {111} surface
of the substrate to form an intermediate layer of cubic GaS. This
phase was reported to form epitaxially upon exposure of GaAs
substrates to single source precursors such as Ga(SOCNE,); and
[(‘Bu)GaS],, a direct result of the small lattice mismatch of under
3% and the similar face-centered based cubic structures.*"*> The
lattice parameter of cubic GaS is 0.55 nm (compared to 0.56 nm
for GaAs) and slightly higher when lattice matched with GaAs
substrates.>** The current results indicate instantaneous for-
mation of this phase once the substrate surface is exposed to
sulfide anions, which explains why the 0.200 nm d-spacing of
(202)gans decreases to 0.195 nm, in good agreement with the
reported {220} d-spacing of cubic GasS.

Variations in film and substrate reflection intensities vs.
deposition time were used to monitor the time dependent
evolution of film thickness (z), which can be derived from the
GaAs(202) substrate peak intensity attenuation by the growing
film according to the X-ray beam travel through material
thickness (z) with a 1/e attenuation length (7):

I = Iy exp(—2/7) (1)

1540 | Mater. Chem. Front., 2019, 3, 1538-1544

Research Article

Normalized Intensity

o
—
it

| f
|5
5
| z
| I3
|| ]
{2

s 40.0 425 45.0
Binding Energy [eV]

~| 00+— ENUDRS SN |

475 150 175 20.0 25 250
Binding Energy [eV]

O220)ns

Fig. 2 PbS thin film grown on GaAs(111)A for 1 h. (a) BF TEM presents
a defect free monocrystal. (b) HRTEM of the upper film, presenting
an atomically flat surface. Twinning relations between the film and
the substrate are evident when examining the film—substrate interface
using both (c) HRTEM and (d) HAADF STEM imaging. The microscope
used is not C-corrected, thus delocalization effects prohibit clear
interpretation.?® To overcome this issue lattice imaging using HAADF
STEM was performed (d), confirming the sharp interface between film
and substrate with no evidence for foreign phases or residual native
oxides which were removed prior to reaction during a 10 min treatment
of the substrate in alkaline solution. This was confirmed using high
resolution X-ray photoelectron spectroscopy (HRXPS) analysis of the
GaAs(111)A substrate surface, pre and post 10 min immersion in a solution
containing lead nitrate and sodium hydroxide, where monitoring the
(e) As 3d and (f) Ga 3d spectra clearly indicates effective removal of
native oxides. This step proved to be crucial in subsequent film
growth, and has been the subject of several studies.>®42 Film—-substrate
orientation relations were established using the SAED (g) pattern taken
from the film—substrate interface marked by the red circle in (a). (h)
Indexing for the diffraction spots in the [110]pps and [101]gaas ZONe axes,
and showing the (111)pps|(111)gans and [1101pps|[101]cans Orientation
relations (GaAs JCPDS#32-0389; PbS JCPDS#05-0592).** Conse-
quently, the film/substrate relations may be considered as in twin/matrix
relations with a (111) twinning plane (the interface) and a [211] twinning
direction.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 3 (a) Photo of the experimental setup at beamline ID10; the cell

design is cylindrical with a 0.05 mm Kapton foil serving for both the
window and the cell wall (for details see Fig. S2, ESIf). (b) Scattering
geometries used in the experiment; the substrate is mounted horizontally
facing down, and the cell is fixed on a triple-axis goniometer, allowing
control over the X-ray grazing angle, a. The angle o was maintained below
the critical angle at 0.08° and the cell was rotated around the normal to
the sample surface (¢ scans) until the [112] twinning direction was aligned
parallel to the incident beam and the GaAs{220} in-plane reflection was
recorded along g,,. This point was crucial due to the hetero-twinning
nature between film and substrate, which does not allow simultaneous in-
plane analysis using the [101] azimuth due to the film-substrate hetero-
twinning nature. GIXD snapshots were recorded after (c) 0 min, (d) 3 min
and (e) 7 min from reaction initiation. (f) (220) d-spacing of film and
substrate as a function of growth duration. (g) (202)caas and (220)pps
reflection intensities versus growth duration. As expected, the intensity
from the GaAs substrate is maximal before reaction initiation, and
decreases with deposition time. On the other hand, the intensity from
the film appears after 3 minutes from initiation and increases with time.
(h) Film thickness (attenuation analysis described in the text) as a function
of growth duration. (i) (220)pps intensity as a function of ¢ rotation angle at
increasing growth durations. (j) Square root of the (220)pps scattering
intensity as a function of N, the number of repeating units in the
z direction, pointing out to layer-by-layer growth mode.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Reflection intensities of (202)gaas Were taken prior to reaction
initiation as I, and during film growth as I.

Below the critical angle (o) the incoming electromagnetic
radiation propagates along the substrate surface as an
evanescent wave, in which the z component of the wave vector
is exponentially dampened by the film and the absorption
depth can be calculated using the imaginary component of
the wave vector.*

T= %[\/(az — o 2) 4R — (o — ag)} o 2)

where « is the X-ray angle of incidence, 4 is the wavelength and
p is the imaginary component of the refraction index. Film
thicknesses extracted according to eqn (1) are represented
as a function of reaction time in Fig. 3h. The imaginary
component of the refraction index () for PbS was calculated
to be 1.946 x 107 at 22 keV.>* Using small angle approxi-
mation the critical angle in radians can now be calculated
according to

o & 4/2 - (dpps — OH,0) 3)

with the real component of the refraction index (d) calculated
for 22 keV to be 4.765 x 10”7 and 2.646 x 10 ° for water and
PbS, respectively.** These values yield a critical angle of
a. = 0.12° for the water/PbS interface, which was used in
eqn (2). The resulting film thickness values along with all GIXD
in situ structural data are presented in Table 2. Note that the
film thickness of 0.7 nm extracted for a duration of 3 min of
reaction corresponds to the thickness of a PbS bilayer along the
(111) axis. The thickness continued to increase to a value of
30.7 nm after 17 min of deposition, which was accompanied by
a slight broadening of the rocking curve of the in-plane (220)
Bragg reflection. Additionally, the in-plain coherence length
(Lyy) values are maintained within the range of 100-160 nm.
Examining ¢ in-plane rocking curves performed on the (220)pps
reflection (Fig. 3i) strengthens these results as at ~3 min of
reaction the very first observable signal from the film was
recorded. Note that while ¢ is continuously scanned, film
deposition is ongoing. Thus, the continuous increase in I(¢)
observed for the “PbS 3 min” curve in Fig. 3i corresponds to

Table 2 Structural evolution of the PbS film extracted from in situ GIXD
measurements. Errors: calculation methods following the theory of errors
are described in the ESI. The in-plain coherence length was calculated

2n
fwhmg,
maximum of the Bragg peaks along g,,. Rocking curve error was taken as ¢
scan resolution

according to L,, =0.9 ., Where fwhquy is the full width at half

L

Thickness ¢(»,0) rocking curve [I?m] d220) [nm]
Step [nm] +0.2 [arcsec] £72 +5 +4x107*
GaAs (pre-deposition) — 828 170 0.2003
PbS (3 min) 0.7 — 105 0.2074
PbS (7 min) 5.2 1656 157 0.2079
PbS (11 min) 17.8 1584 135 0.2083
PbS (17 min) 30.7 1872 118 0.2093
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increasing coverage of the substrate, which explains why a
peak maximum in I(¢) was not observed in the red curve in
Fig. 3i.

To verify layer-by-layer growth mode acquired scattering
intensities from the film were analyzed as a function of film
thickness, considering that the film is a crystal. Scattering
intensity from the crystalline film can be described as®

2 sin*(nNhy) sin’(nN,hy) sin(RN-h.)
sin*(nh,)  sin’(nh,)  sin’(mh.)

1=1F| 4
where N is the number of repeating hkl planes, & is a vector
describing deviations from Bragg conditions in the x, y and z
directions, and F is the structure factor. During layer-by-layer
film growth, once initial bilayer coverage is completed, the
beam footprint does not change. As such, the contribution to
the scattering from in-plane film parameters (Ny,hy,Nyh,)
remains constant and can be defined as Is.

5 sin?(nNyhy) sin® (nN,hy)

sin’ (mhy)

IsE|F|

5
sin’ (nh,) ®
The overall intensity I can now be defined as Is multiplied by
the scattering intensity in the z direction

sinz(nN:h;)

1 = I
i sin®(mh.)

(6)

At the maximum reflection intensity, i.e., exact Bragg reflection,
h, = 0 must take place and therefore

_ ,(“Nzh:)2_ a2
I=1s A =I5 N: )

with layer-by-layer growth in the z direction (out of plane) we can
say that N, the number of repeating units in the z direction, is

N, = t/d(ln) (8)

where ¢ is the film thickness and d(;,;) is the repeating
d-spacing. Substituting for N, gives us the following formula
which can be used to validate layer-by-layer growth:

VI=\/Is-

dinn ©)
Representation of film scattering intensities as a function of
film thickness is presented in Fig. 3j, clearly pointing to the
relation between sqrt(Z) and the number of repeating unit cells.
Alternatively, in polycrystalline nucleation and growth a linear
dependency of I on film thickness is expected (derived in the
ESIt). These in situ results validate that layer-by-layer growth is
maintained throughout film growth. Both the coherence length
and rocking curve mosaicity agree with the ex situ XRD analysis
(Fig. 1), presenting values on par with the high-quality GaAs
single crystal substrate. Additionally, low diffuse scattering is
observed in the reciprocal space maps for (220)p,s which
reaffirms very high film quality.

Earlier studies performed on the PbS/GaAs system
presented identical orientation relationships. However as
stated above, the growth mode was VW which clearly

1542 | Mater. Chem. Front., 2019, 3, 1538-1544
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hampered film quality.®”">'*'”*® Comparison of the growth
conditions presents a prominent difference in [OH ], which in
this work was an order of magnitude higher than previously
used, pointing to increased pH as the root cause for this
change in growth mode. Hydroxides have two distinct and
competing roles in the reaction solution, complexing the
cations and thus decreasing the growth rate, and on the other
hand reacting with thiourea molecules which releases sulfide
ions and thus accelerating the growth rate.>*'”

As a result, the growth rate as a function of pH has a
maximum point, where up to a critical pH value the rate
increases (anion limited growth); above this value, the rate
decreases with pH (cation limited growth). This behavior is not
system dependent and has been reported for several material
systems such as CdS, CdSe, PbS, and PbSe.>'”'%%¢ In the
current system cation limited growth was achieved by increas-
ing the pH, resulting in high concentrations of free sulfide ions.
Sulfides, in addition to reacting with lead cations to give PbS,
can be used both as surface passivating agents, and as growth
assisting surfactants for III-V semiconductors.** This is
achieved by bonding to surface sites, thus reducing surface
energy.>”"*° So far, all our attempts to repeat this growth mode
in the PbSe/GaAs system have not been successful, which
emphasizes the role of sulfides as surface active growth assist-
ing anions.

Conclusions

Single crystal epitaxial films were grown using chemical
deposition upon GaAs(111)A substrates. The growth mecha-
nism was investigated using a combination of both ex situ and
in situ techniques, all of which indicate FM growth mode,
unprecedented for CBD. Structural analysis performed on
the monocrystalline PbS films obtained indicated very high
crystal quality with low defect concentrations, comparable to
complex and highly expensive alternative growth techniques.
The development of a custom built GIXD cell enabled in situ
characterization from the earliest stages of growth, for verify-
ing 2D growth and providing key insights regarding develop-
ing film mosaicity, coherence length and in-plain strain. The
key contributor for FM growth was identified as the high
solution pH which induces a large reservoir of free sulfide
ions ready to react and passivate substrate and growing film
surfaces. Although presented for a specific material system
the current growth mechanism is likely to be viable also for
other film-substrate pairs, depending on lattice mismatch,
polarity and chemical compatibility. High quality single
crystals deposited using simple and inexpensive techniques
should have a large impact at the fundamental as well as the
technological level.
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