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IBI-grown Film’s Band-gap Simulation
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Figure 1: a) The reflection of the simulated PbSe with a thickness of 920 nm and the band-gap
of 4.4 ym. b) The reflection of the IBI-grown PbSe film by FTIR. In both plots (simulation and
experiment) the incident angle is 60°.



To make sure about the accuracy of the band-gap calculation, a layer of PbSe with a
thickness of 920 nm on the SiO, substrate was simulated (the thickness of the substrate was
considered infinite). The thickness of the simulated PbSe layer is matched with the thickness
of the deposited film. To have a more realistic simulation, the related data-set of bulky PbSe
was imported.! In this data-set, the band-gap of the PbSe was defined as 4.4 um. Figure
l.a shows the simulation result of a PbSe layer with thickness of 920 nm and figure 1.b
indicates the measured reflection from IBI-grown sample. As we can see, there is a good
match between simulation and experiment. Hence, the position of the simulated reflection
valleys is matched with the reflection valleys of the experiment. Since the simulated sample
band-gap is 4.4 pm, and the IBI deposited film shows the same pattern with the same valleys’

position, we expect that the IBI-grown film band-gap would be around 4.4 pm.
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Figure 2: A picture of the film deposited at 45°C, pH 9.8, for ten minutes when the preparation
temperature is a) 55°C; b) 60°C, and c) 65°C.



Size-tunability

Figure 3: a) The normalized PL spectra of the samples, deposited at 40°C, pH~9.7, for ten minutes
prepared at different temperatures. SEM imaging of the deposited film, when the preparation
temperature is b) 45°C; c¢) 55°C; d) 65°C; e) 75°C. f) The AFM imaging of sample (c). Inset
shows a 3D view of the surface roughens of sample (c).

Figure 3.a shows the PL-tunability of the deposited films, prepared at different temper-
atures. The SEM imaging of these films is shown, as well. Moreover, figure 3.f indicates
the AFM image of sample (c¢). From this photo is evident that each pyramidal-shape grain

(size ~ 100 nm) is composed of smaller agglomerated crystals (size ~ 25 nm). Furthermore,



inset shows a 3D view of the sample (c) taken on 0.75x0.75 um? surface. The given RMS

roughness of this sample is 7.71 nm.

X-Ray Photoelectron Spectroscopy (XPS)

To study the deposited films’ air stability and oxidation process in more detail, we performed
the X-Ray Photoelectron Spectroscopy (XPS) on the the surface of IBI, OA, and cluster
grown films. The XPS spectra are presented in figure 4 below. Figures 4.(a), (b), and (c)
show O 1s core-level spectra of the IBI, OA, and cluster grown films, respectively. Red and

black dashed lines are used to help compare the peak position difference.
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Figure 4: a)-c) The XPS spectra of O 1s core-level of the IBI-grown, OA-grown, and cluster-
grown samples, respectively; d)-f) The XPS spectra of Pb 4f core-level of the IBI-grown,
OA-grown, and cluster-grown samples, respectively.

First, a peak around 531 eV can be strongly visualized, which is believed to originate
from hydroxide.?* Using the black dashed line as a reference, a distinguishable shift towards
higher binding energies is observed from the IBI to the cluster mechanism in a way that the
cluster related peak located at the highest binding energy. This shift indicates an increase of
hydroxide relative to PbSe. Hence, the IBI deposited film shows the lowest hydroxide/PbSe,
while this ratio increased slightly in the OA mechanism and reached its highest amount

in the cluster mechanism. In addition, a weak peak located at lower binding energy (BE)



(529.2 eV) is distinct solely in the cluster-grown film. Since this peak often attributed to
the existence of lead oxide,?® " the oxide reaction is more considerable in the cluster growth
than in the OA and IBI processes.

Besides, figures 1(d), (e), and (f) are the Pb 4f core-level spectra of the IBI, OA, and
cluster grown films, respectively. The red, black, blue, and green dashed lines are used to
help compare the peak position difference. The XPS spectrum of the IBI film (figure 4(d)),
is dominated by two doublet peaks. The first doublet peak located at lower BE is associated
with 4f5/, spin-orbit, and the second one located at higher BE arises from 4f;/, spin-orbit
of Pb.® Since the higher BE Pb peak in each doublet band is assumed to be bonded to
O or C,? they are suggested to be related to the Pb-O adducts in the form of lead oxide,
lead hydroxide, or their combination.®? Further, due to the lower binding energy of PbSe
compared to Pb-O or Pb-OH, the lower-energy features (137.1 and 142 V) are assigned to Pb
in PbSe.1%!! Thus, the doublet peaks phenomenon can be interpreted as a high PbSe/Pb-O

ratio in the OA and IBI sample compared with the cluster one.
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