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Abstract

Lead iodide (Pbl,) is a semiconductor with extensive use as an active layer for X-ray detectors
and as a precursor for perovskite solar cells. Here we present a low vacuum method to obtain
very uniform Pbl, films with full substrate coverage. This method consists in the sublimation
of Pbl, inside a hot zone and its transport by an Ar flow to a substrate held at a controlled
temperature. Using scanning electron microscopy combined with focused ion beam and X-ray
diffraction we studied the morphology and crystallographic structure of the Pbl, films with
different deposition parameters: substrate and source evaporation temperature, deposition
time and substrate material. At high substrate temperature (80°C) and low evaporation
temperature (310°C) onto a glass sample, we obtained dense and smooth Pbl, films showing
hexagonal crystals, or platelets, stacked parallel to the substrate. The choice of the substrate
material has a significant impact on the film morphology yielding porous-like structures with
voids within the films for some substrates. A bandgap Eg=2.42 eV and Urbach energy

Ey = 82.6 meV were obtained by absorbance measurements, which are comparable to films



evaporated in high vacuum. Photoluminescence studies showed a dependence of the emission
energies on the crystal orientation of the platelets which grow differently depending on the
deposition conditions. The results show the ability of the low pressure vapor phase deposition

technique to obtain good film properties, suitable for sensors and optoelectronic devices.
1 Introduction

Lead iodide is a wide-gap semiconductor with interesting electro-optical properties and as
such, is widely used for X-ray detectors [1-3]. Recently, this material has received great
attention as a precursor for obtaining metal organic perovskite solar cells [4-7]. In this
technology, the main photoactive material is a perovskite with chemical formula ABXg,
where A is an organic molecule cation, B an inorganic cation like lead or tin and X the anion,
which is a halogen element like iodide or chlorine. One of the most common perovskites is
obtained from the reaction between lead iodide (Pbl,) and methylammonium iodide (MAI)
that yields the metal organic perovskite CH3NH3Pbls. Typically, this perovskite is obtained by
exposing a previously deposited lead iodide film, to MAI from the liquid or vapor phase using
a wide variety of techniques [8-10]. Some studies suggest that the morphology of Pbl, film
influences its reaction with MAI, e.g. it has been shown that unreacted Pbl, remains for dense
films, but a complete reaction can be achieved on porous Pbl, films [11,12]. The MAI
penetration is only a few nanometers deep for dense films [9,13,14], such that reaction is

inhibited for thicker films.

A variety of deposition methods were used previously for lead iodide synthesis to obtain
perovskite precursors [8-10], for applications in X-ray detectors or with the specific purpose
to analyze the deposition and growth properties [15-17], including a carrier gas deposition
method used to obtain lead iodide 2D nanosheets [18]. Each of these methods has interesting
and unique characteristics for lead iodide processing, although they reveal shortcomings
regarding the simultaneous accomplishment of fundamental features for large scale

production of high quality films, such as low initial investment and low maintenance costs,
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low material consumption, morphology tuning potential, high reproducibility and one-step

processing capability, i.e. no need for post-deposition treatments.

Here we use the low pressure vapor phase deposition (LP-VPD) method, which is based on
the organic vapor phase deposition (OVPD) concept developed since the mid-90s to fabricate
organic solar cells and organic LEDs [19,20]. This method relies on the sublimation of a
compound and its transport by an inert carrier gas towards a cooler zone where a substrate is
located. The process takes place inside a low vacuum chamber heated externally with a four
zone gradient, which prevents the back diffusion of the sublimed species. Along the vapor
path towards the substrate, the temperature of the chamber is kept higher than the compound
sublimation temperature in order to avoid condensation on the chamber walls. This feature
maximizes material usage, offering a great advantage compared to conventional evaporation
methods, such as vacuum thermal evaporation (VTE). Another benefit of this technique, in
contrast with other gas carrier evaporation methods [18], is the possibility of fine tuning of the
film morphology by adjusting the deposition parameters such as the substrate temperature, the
back pressure, and the evaporation rate, which can be controlled by adjusting the source boat
temperature and carrier gas flow [21,22]. We stress that this method is suitable for large
substrate manufacturing [23,24] because it is in principle able to meet industrial standards
such as efficient material usage, low chamber cleaning time, and low initial investment cost

due to the low vacuum system components.

In this work, the LP-VPD method is employed to prepare lead iodide films on different
substrates. This preparation technique allows us to study the tuning capability of lead iodide
structural and morphological characteristics, by controlling simple parameters such us
substrate temperature, evaporation temperature and deposition time. We use different
substrates such as glass, indium tin oxide (ITO), fluorine doped tin oxide (FTO) and fluorine
doped tin oxide coated with titanium dioxide (TiO;). The selection of substrates used in this

work is based on its potential use as electrodes for perovskite solar cells [25-27], X-ray
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detectors [28], or on its use as substrate for optoelectronic characterization [17,29,30].
Structural and morphological properties are studied by X-ray diffraction (XRD) and scanning
electron microscopy (SEM) combined with focused ion beam (FIB) to obtain cross section
views. Reflectance-transmittance measurements in the visible spectrum are performed on Pbl,
films grown on quartz, to obtain the absorption coefficient, the optical band gap E4 and the
Urbach energy Ey, yielding comparable results to those obtained in Pbl, films prepared by
high vacuum evaporation [31]. The interpretation of room temperature photoluminescence

signal from Pbl; films is also presented.
2 Experimental details
2.1 LP-VPD setup

Our low pressure vapor phase deposition system was designed and built in-house. The design
of this system meets the needs of being compact, use of low-cost components and materials,
and versatility to deposit different compounds. Fig. 1 (top) shows schematically the main
components of the system and (bottom) the temperature profile used in all the depositions and
the compound sublimation temperature (Tsyplimation =~ 300°C). The chamber is a 50 cm long and
5 cm diameter borosilicate glass tube. A rotary vane pump is used to generate a vacuum up to
0.1 mbar inside the chamber, which is measured with a digital Pirani gauge. The glass
chamber is heated by four 1200 W band heaters, which are driven by individual PID digital
controllers. The chamber is enclosed in a ceramic cover for thermal isolation. Four stainless
steel source boats are individually mounted on the tip of stainless steel sheathed
thermoresistors, which enable an accurate measurement of the actual evaporation temperature.
These rods may slide from the cold side (gas inlet) to the evaporation site at the desired
evaporation temperature (see Fig. 1 bottom). The compression fittings in the inlet head allow
the movement of the rods avoiding significant vacuum drops. In order to prevent cross
contamination, the source boats slide within individual 25 cm long and 12 mm diameter

borosilicate glass tubes, through which the Ar carrier gas flows. An Ar bypass flow aids to
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drag the vapor from the gas inlet to the substrate holder (gas outlet side), and enables a fine
tuning of the background pressure. The carrier gas flows are measured by rotameters and
adjusted with needle valves. The substrate holder is a copper cylinder, which is cooled down
with water pumped from a thermostated reservoir. A thermoresistor is placed between the
substrate holder and the substrate enabling an accurate measurement of the substrate

temperature.

2.2 PDbl; film deposition conditions

Lead iodide (Sigma-Aldrich 99 % purity) was deposited as purchased by LP-VPD. The source
evaporation temperature (Tevap), Substrate temperature (Tsus) and deposition time (t) were
varied to evaluate their impact on the film formation. Background pressure was typically
between 0.4 and 0.8 mbar. A uniform temperature profile from the inlet to the outlet side of
350, 450, 430 and 400°C was set. These set points were measured inside the chamber at the
centre of the band heaters. The Ar flow through the inner tube was fixed at 3 sccm while the
bypass flow was kept at 10 sccm. These flows raise the operation pressure between 3.8 and

4.3 mbar.

Commercial glass slides, indium tin oxide (ITO)-coated glass, fluorine doped tin oxide
(FTO)-coated glass and FTO-coated glasses with a 15-20 nm dense TiO, layer were used as
substrates. TiO, was deposited by spray pyrolysis from Titanium diisopropoxide bis
(acetylacetonate) 75 wt. % in isopropanol in a 0.2 molar solution followed by an annealing
step on a hotplate at a temperature of 550°C in air. The substrates were pre-cleaned with

distilled water, isopropyl alcohol and acetone and dried with nitrogen.

Samples preparation conditions and samples names are presented in Table 1. On the one hand,
we have used two substrate temperatures, Tsups = 40°C and Tgups = 80°C, which are labeled as
cold (C) and hot (H), respectively. On the other hand, two source evaporation temperatures

were used in this work, namely Teva =310°C and Tevap = 350°C, corresponding to two
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different evaporation regimes, which we designate as slow (S) and fast (F) evaporation rate,
respectively. Finally, the number in the samples label indicates the deposition time t in
minutes. As stated above, we designed the experiments bearing in mind that the deposition
chamber should be compatible with industrial needs, thus requiring that the system remains as
simple as possible to avoid increasing complexity, extra costs and maintenance. As such, the
chosen substrate temperatures span the range of achievable temperatures using water as
cooling fluid, and therefore avoiding the use of cooling baths or mixtures with alcohols or
oils. The chosen evaporation temperature of 310°C is a practical lower limit, since using lower
evaporation temperatures (e.g. <300°C) would yield too slow evaporation rates, and therefore
very slow deposition rates (<10 nm/min) compromising technological interest. On the other
hand, the higher evaporation temperature of 350°C represents a top limit, since using even
higher evaporation temperatures would increase dramatically the evaporation rate, and
consequently the deposition rate too. This would make it extremely difficult to control the

film morphology and its reproducibility.

2.3 Characterization

Scanning electron microscopy (SEM) analyses were carried out by using a focused ion beam
(FIB)/SEM dual beam system (FEI Helios 600) at an acceleration voltage of 5 kV. Cross
sections of the films were done with a FIB using Ga-lons with an acceleration voltage of
30 kV. Before carrying out the cross sections, the region of interest was covered with a Pt-
layer deposited by Electron Beam Induced Deposition (EBID) (thickness ranging from about
100 nm to 500 nm), hence avoiding damage by imaging or milling with Ga-ions. Above this
layer, a second thicker layer of around 1 to 2 pum of Pt is deposited by lon Beam Induced
Deposition (IBID), improving the damage resistance and allowing for preparation of
homogeneous cross sections. X-ray diffraction (XRD) patterns were obtained with an X-ray
diffractometer (Rigaku SmartLab 3) equipped with a Cu Ka source, working in

Bragg—Brentano geometry on a flat sample holder. The XRD pattern acquisition was
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performed with 0.02° interval steps in the 26 range of 5—70°. The average crystallite size was

estimated using Scherrer’s equation [32].

Normal incidence transmittance T and reflectance R spectroscopy were performed using a
spectrophotometer composed of a 2nm bandwidth reflective diffraction grating
monochromator, a filter wheel and an integration sphere. The extinction coefficient k and the
absorption coefficient o of the Pbl, films were obtained following the methods described

elsewhere [33] and further explained in section 3.3.

Photoluminescence (PL) measurements were made using a Hitachi F-7000 fluorometer
equipped with a steady-state Xe lamp as the excitation source. The PL spectra were recorded
from 500 to 600 nm with excitation at 350 nm. The slit widths for both excitation and

emission were set to yield a spectral resolution of 3 nm.
3 Results and discussion
3.1 Deposition temperatures effect on film properties

Fig. 2 shows SEM images of the surface and cross section of Pbl, films prepared with a
deposition time of 10 minutes on glass, at two different evaporation and substrate
temperatures. From the bottom to the top of the cross sections images, it is distinguished the
glass substrate, the Pbl, film and the Pt protective coating, which is composed of an EBID Pt
coating (darkest layer) directly onto the Pbl, film and the thicker IBID Pt layer on top.
Samples HS10 and CS10 were obtained at Teyvsp Of 310°C, showing hexagonal platelets that
grew with hexagonal face width (wy) around 300-600 nm and thicknesses lower than 50 nm in
both samples, suggesting that substrate temperature in the considered range does not influence
the platelet size. In turn, sample CF10, obtained at a higher Teys 0f 350°C and Tgups = 40°C,
has platelets with a wide spread in their size, ranging from wp =0.3umto 1.5 um and
thickness around 50 nm, which hints that higher evaporation temperatures can yield larger
platelet size. As observed in the SEM top view (Fig. 2), the platelets of sample CF10 have

7



also hexagonal shape, but their corners become rounded. Cross section of HS10 shows a
~280 nm thick compact and uniform Pbl;, layer suggesting that the majority of the platelets
grow parallel to the substrate, while few of them crystallize at random angles in relation to the
substrate. When decreasing Tgups from 80°C to 40°C (HS10 to CS10) a greater amount of
platelets align vertically to the substrate with various orientations (see Fig. 2). The layer is not
as dense as in sample HS10, but the portion of the film composed only of horizontal platelets
(that will be called compact layer) has a thickness of ~300 nm, which is very similar to
sample HS10. In contrast, when Ty rises to 350°C (CF10), the platelets grow mostly vertical
to the substrate in random orientations and the compact layer reaches a higher thickness of
~450 nm. It is expected that the increased evaporation rate yields a higher deposition rate and
thus explains the increase in thickness for equal deposition time. Besides, the SEM images
suggest that a higher evaporation rate produces a less ordered arrangement of platelets,

resulting in large voids within the films.

Fig. 3 shows top and cross section SEM images of Pbl, with deposition parameters
Tsubs = 40°C, Tevap = 350°C and varying deposition times t=15, 10 and 30 min. The film
deposited in 5 min has well defined single platelets, which are mainly hexagonal and are
randomly arranged on the substrate. As the deposition time increases to 10 min the platelets
begin to lose the hexagonal shape, as stated above, and differ in size. The corresponding cross
section image reveals the presence of voids inside the film. Finally, the film deposited after
30 min shows a higher quantity of large clusters that appear as if the hexagons have grown
expanding alongside the edges, therefore completely losing the geometrical form. Compared
to the samples obtained at shorter deposition times, the crystals have not grown significantly
thicker and remain mostly as vertical platelets that leave large voids in the bulk, and therefore,

yielding a more porous film.

Thickness values were obtained from cross section images, taking more than 80 points on

each image and performing statistical analysis. Table 2 summarizes the mean thickness of the
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film and the mean thickness of the compact layer (portion with horizontal platelets only) of
samples from Fig. 3. Both thicknesses increase with deposition time t, while the relation
between compact layer thickness and total film thickness decreases from 67% to 20%. This is
produced because, in later stages of film growth, the deposition is dominated by the oblique

growth of platelets.

The XRD analysis allows a more general study that enables us to understand the effect of
growth on general crystallographic features. Fig. 4 and Fig. 5 show the diffraction patterns
corresponding to samples HS10, CS10, CF10 and CF5, CF10, CF30, respectively. In Fig. 4 it
is also shown the Pbl, powder diffractogram as a reference, presenting several diffraction
peaks (card number 01-080-1000, ICCD Database). All XRD patterns show reflection peaks
at 260 = 12.6°, 25.4°, 38.6° and 52.3°, which can be associated with (001), (002), (003) and
(004) X-ray diffraction planes of hexagonal crystalline structure of Pbl,, respectively (card
number 01-080-1000, ICCD Database). For all thin film samples, the lowest angle peak is the
most intense, indicating that the preferred hexagonal crystal orientation corresponds to the
(001) plane that is perpendicular to the c-axis. This corresponds to platelets aligning
horizontally and parallel to the substrate, as seen from the cross section SEM images (Figs. 2
and 3). As thickness is increased and the amount of vertically aligned platelets increase for
CF10 and CF30, the peaks corresponding to the basal planes, namely (002), (003) and (004)
appear more intense. Other peaks appear in the diffractograms of CF10 and CF30 (marked
with * in Fig. 4 and Fig. 5) which can be assigned to the appearance of distorted platelets or
clusters as observed from Fig.3 (CF10 and CF30). In brief, thick films deposited at
Tsubs = 40°C and Tevap = 350°C after 10 minutes or more (CF10 and CF30), appear to form two
domains, a compact region with horizontally aligned platelets and a top porous zone with

randomly aligned vertical platelets and clusters.

Based on Scherrer equation [32], the Full Width at Half Maximum (FWHM) from the main

peak, i.e. (001), of the diffraction patterns is inversely proportional to the mean crystal size in
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the compact layer. In Table 3, the FWHM is compared with average thickness and RMS
roughness from cross section images (estimated in a statistical analysis similar to that
performed for Table 2). The sample with Tg,ps = 80°C (HS10) has the lowest RMS roughness
and also the largest horizontal crystals (smallest FWHM in the dataset). Maintaining a low
evaporation temperature (Tevap = 310°C) and decreasing substrate temperature to Tgys = 40°C
(CS10) yields films with smaller horizontal crystals, higher average thickness, and increased

roughness.

CS10 and CF5 samples show comparable thickness, RMS roughness and FWHM. It appears
then that substrate temperature produces a higher impact on crystal and film formation than
evaporation temperature. The increase in deposition time at high evaporation rate
(Tevap = 350°C) does not change significantly the platelet size (CF10). Nonetheless, it is
observed that the platelets accommodate in orientations different from the substrate plane,
yielding larger film roughness. In all samples prepared at Tgups =40°C, the roughness
represents a 1/3 of average thickness while in the Tgps = 80°C sample this relation decreases

to 1/4.

3.2 Effect of substrate choice on film properties

In order to understand the influence of the substrate upon film formation we deposited Pbl, on
glass, ITO-coated glass, FTO-coated glass and glass/FTO/TiO, substrates. We choose the
deposition conditions that produced the most uniform films on glass, namely Tgs = 80°C,
Tevap = 310°C and t = 10 min (sample HS10). Fig. 6 shows SEM images of surfaces and the
cross-sections prepared with FIB of films on different substrates. The glass substrate allows
the formation of very compact films. On ITO a compact Pbl, film grew with a more
disordered structure than the same film on glass, and showed a high roughness compared to
its average thickness. The XRD pattern of Pbl,/ITO films (Fig. 7) indicates the presence of

other orientations besides than (001), but the corresponding peaks intensities are very low
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compared to the (001) peak, highlighting the dominance of the preferential growth parallel to
the substrate. The FWHM values (Table 4) suggest the presence of smaller crystals of Pbl,

onto ITO, which is also observed by SEM images.

The diffractogram of the Pbl, film deposited on FTO has several reflection peaks with
comparable intensities to the peak corresponding to the (001) plane. This aims at a non-
preferential growth, as suggested also by the SEM image (Fig. 6 (c)), where the crystals have
a wide distribution of orientations. Cross section SEM (Fig. 6 (c)) shows a poor surface
coverage and the formation of islands with irregular shapes. These sites can allow the
undesirable contact between a possible upper layer and FTO. The Pbl, film grown on FTO
also presents very low average thickness (< 100 nm), implying a lower amount of deposited
material in comparison to films grown on other substrates at the same deposition conditions,
which indicates a less affinity between Pbl, vapor and substrate. The higher FWHM (see
Table 4) indicates the formation of smaller crystals, as identified also in the surface SEM

images.

The addition of a TiO, layer between the FTO and the Pbl, film is frequently used in
perovskite solar cells, since the TiO, conduction band has a better alignment with that of
perovskite than FTO and thus the interface acts as an ohmic contact for electrons [34]. The
XRD pattern of FTO/TiO,/Pbl, evidenced the same peaks and relative intensities than
FTO/Pbl, with the addition of a peak at 26 = 43°, which is related to rutile TiO, phase (210)
(card number 00-001-1292, ICCD Database). The value of FWHM (see Table 4) suggests that
the addition of TiO, allows the growth of larger crystals that stack parallel to the substrate
leading to the formation of a compact layer with platelets on it. The average thickness of Pbl,
on TiO,/FTO is comparable to the film grown on glass, indicating that TiO, increases the

substrate affinity with Pbl, vapor.
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3.3  Optical characterization

The measurements of transmittance Tmess and reflectance Rmess Were made on a Pbl, film
grown on quartz, using the same deposition conditions of sample HS10. This sample can be
regarded as optically flat (or compact) (see Fig. 2), with a thickness d =289 nm of the
compact layer, and very few crystals barely protruding out of it. The index of refraction n (not
shown here, available on request) and the extinction coefficient k are involved in the
analytical functions for T(n,k) and R(n,k), obtained from a coherent approach of the layer
system air/layer/(optically thick substrate). Thus, following the strategy of Denton et al. [33],
n and k are obtained by finding the common roots of the two implicit equations
T(n,K)-Tmeas = 0 and R(n,k)-Rmeas = 0, at each measured wavelength value A. The resulting
curve of k(A) leads to the absorption coefficient obtained as o = 47k/A. When arranged as a
Tauc plot [35], defined by (a/v)?, where h is Planck’s constant and v is the electromagnetic
wave frequency, vs. the photon energy kv, the bandgap energy Egy appears at the photon
energy axis intercept. Fig. 8 shows the obtained Tauc plot, where the linear fit (dotted line)
yields Eq = 2.42 eV = 0.15 eV from the axis intercept. The error is calculated from statistical
error bands derived from the fit. This approximate value of the bandgap encloses literature
values of Pbl, films obtained by different deposition methods [17,30]. As a comparison,
Fig. 8 shows the data (solid line) obtained by Ahuja et al. using ellipsometry in Pbl, single

crystals [31], where the obtained room-temperature bandgap is close to 2.34 eV.

When plotting the data (circles) of log(e) vs. v in a broader range of photon energies, we
obtain Fig. 9, that also agrees with the data reported by Ahuja in [31] (solid line). Below the
bandgap, the observed linear portion of this curve reveals the presence of energy band-tails,
originated from shallow electronic defects. This yields a dependence of the form
a o« exp(hvlEy), where Ey is the so-called Urbach energy [36], which is found to be

Eyu =34.7 meV. Since Ey increases with the defect concentration in the band tails, we notice
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that our Pbl, films are not much more defective than the crystals studied in ref.[31], since
both curves run nearly parallel below the bandgap. In conclusion the optical characterizations
show that, qualitatively, the obtained Pbl, films are consistent with the optical properties of

crystalline Pbly, suggesting relatively high purity of the obtained crystallites.

3.4 Room temperature photoluminescence

Room temperature photoluminescent spectra of the Pbl, samples deposited on glass were
obtained, as shown in Fig. 10. The PL spectra are highly dependent on the fabrication
conditions and hence on the crystallization. Films with similar thickness and RMS, CS10 and
CF5 as presented in section 3.1, show similar PL curves. The emission peak at 525 nm is
somewhat augmented for the CF5, likely due to the increased amount of the vertically
oriented platelets as observed from the SEM images in Figs. 2 and 3. The 525 nm emission
peak becomes more intense as the amount of vertically aligned platelets increases, whereas
the other two peaks at 550 and 560 nm may correspond to the emission from the horizontally
aligned crystal orientation. As the film thickness grows by deposition during 10 and
30 minutes for the Tevap = 350°C (CF10 and CF30 samples respectively), the 525 nm signal
red shifts into 533 and 537 nm respectively, while the lower energy luminescent signals have
minimal contribution and appear as shoulders. The horizontally aligned platelets, despite
constituting the thick and dense bottom Pbl, layer that includes a great amount of material and
yields a preponderant (001) signal in XRD (see Fig. 5), become buried underneath a growing

amount of vertically aligned platelets and their PL signal faints.

Films grown on ITO were also studied and their PL spectrum certainly differs from the films
prepared under the same evaporation conditions on glass (see Fig. 11). For ITO, the high
energy transition becomes more intense than the lower energy signals and also red shifts;
whereas the opposite is observed for films prepared on glass. From the SEM images above,

we have established that for films fabricated on ITO, the amount of vertically aligned
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hexagonal crystals is much higher than for the same films on glass (Fig. 6). This is consistent
with the unveiling of the high energy transition, in a similar fashion than in Fig. 10, which

becomes stronger for larger amount of vertical platelets.
4  Conclusions

In this work we introduced the low pressure vapor phase deposition method to control the
morphology of Pbl, films grown on different substrates. All the samples have shown a full
and uniform coverage of the 2 cm? substrates. On the one hand, compact layers with ordered
stack of platelets parallel to the glass substrate were obtained at high substrate temperature
(80°C) and low evaporation temperature (310°C). On the other hand, porous films comprising
a bottom compact layer with a disordered arrangement of platelets were deposited on glass at

low substrate temperature (40°C) and high evaporation temperature (350°C).

Films deposited on ITO- and FTO-coated glasses were rougher than the corresponding film
prepared on glass, as seen by a strongly randomized orientation of the platelets. Incorporating
a thin TiO, layer on FTO allows the formation of a compact layer and larger crystals,

suggesting a better affinity between TiO, and Pbl, vapor, than FTO and Pbl, vapor.

The LP-VPD capability to fine tune the morphology of the Pbl, thin films has a significant
technological impact for the fabrication of optoelectronic devices. For example, porous films
should be helpful for the complete reaction of Pbl, with MAI for obtaining metal organic
perovskite for photovoltaic applications. In turn, better electronic transport properties can be
obtained from denser Pbl, films with less disorder which can be beneficial for Pbl, active

layers in X-ray detectors.
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List of tables captions
Table 1. Summary of samples labels and deposition conditions.

Table 2. Measured parameters from SEM images of cross sections of samples obtained
varying deposition time with Tgups = 40°C and Tevap = 350°C.

Table 3. Quantification of average thickness and RMS roughness from cross-section SEM
images and Full Width at Half Maximum (FWHM) from X-ray diffraction, of samples on
glass varying source evaporation temperature, substrate temperature and deposition time.

Table 4. Quantification of average thickness from cross-section SEM images and Full Width
at Half Maximum (FWHM) from X-ray diffraction, of Pbl, grown on glass, ITO, FTO and
FTO/TiO2.

List of figures captions

Fig. 1. Schemes of LP-VVPD chamber and temperature gradient inside the chamber. See text
for detailed descriptions.

Fig. 2. (left) Surface SEM images of Pbl, films deposited on glass substrates and (right) their
corresponding cross section prepared with FIB. Deposition time was fixed at 10 minutes,
while substrate temperature (Tsups) varies between 40 and 80°C and source evaporation
temperature (Tevap) Varies between 310 and 350°C, as indicated in the labels. The 1 pm and
5 um scale bars apply to images in the left and right columns, respectively. The cross section
images were obtained at a tilt angle of 52°. In the top cross section is identified as a reference
for all samples the EBID and IBID Pt protective coatings.

Fig. 3. (left) Surface SEM images and (right) their corresponding cross-section of Pbl, films
on glass with a substrate temperature of 40°C and source evaporation temperature of 350°C.
Deposition times (t) are 5 (CF5), 10 (CF10) and 30 (CF30) minutes as shown in the figure.
The images of cross sections were obtained at a tilt angle of 52°.

Fig. 4. X-ray diffraction patterns of Pbl, samples as powder and as thin films deposited on
glass varying source evaporation temperature (Tevap), Substrate temperature (Tsups) With fixed
deposition time t = 10 min. Peaks other than (001), (002), (003) and (004) are marked with *.

Fig. 5. X-ray diffraction patterns of Pbl, samples on glass varying the deposition time, as
indicated in the labels, fixing source evaporation temperature Teyp = 310°C, and substrate
temperature Tgps = 40°C. Peaks other than (001), (002), (003) and (004) are marked with *.

Fig. 6. SEM images of surface and cross-section of Pbl, grown on glass (HS10) (a), ITO (b),
FTO (c) and TiO, covered FTO substrates (d). Deposition parameters were fixed as follow:
Tevap = 310°C, Tsups = 80°C and t = 10 min. Images of cross sections were taken at a sample
tilt of 52°.

Fig. 7. X-ray diffraction patterns of Pbl, samples on glass (HS10), ITO, FTO and TiO,
covered FTO substrates. Deposition parameters were fixed as follow: Teyap = 310°C, Tsups =
80°C and deposition time 10 minutes. Identified diffraction peaks from ICCD database were
taken from cards 01-080-1000, 01-077-0452, 00-001-1292 and 00-006-0416 for Pbl,, FTO,
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TiO, and ITO respectively. Diffraction peaks were marked with °, +, x and ¢ for Pbl,, FTO,
TiO, and ITO, respectively.

Fig. 8. Tauc plot of Pbl, film grown on quartz (data represented with open circles), showing
the bandgap value at the axis intercept (linear fit shown by the dashed line). Data from
reference [31] (solid line) are also presented for comparison.

Fig. 9. Dependence of log(«) vs. photon energy for Pbl, film grown on quartz (data
represented with open circles). Data from reference [31] (solid line) are also presented for
comparison. Below the gap, a linear dependence is shown by the dashed line, yielding the
Urbach energy (see text for details).

Fig. 10. Room temperature photoluminescent (PL) spectra of Pbl, films grown on glass,
varying source evaporation temperature (Tevap) and deposition time (t). Substrate temperature
was fixed to 40°C.

Fig. 11. Room temperature photoluminescent (PL) spectra of Pbl, films grown on
glass (HS10) and ITO. Deposition parameters were fixed as follow: Tewp = 310°C,
Tsubs = 80°C and deposition time (t) 10 minutes.
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Tables

Table 1.

Name  Substrate Taps[°C] Tevap [°C]  t[min]

HS10 Glass 80 310 10
CS10 Glass 40 310 10
CF5 Glass 40 350 5
CF10 Glass 40 350 10
CF30 Glass 40 350 30
ITO ITO 80 310 10
FTO FTO 80 310 10
FTO/TiO, FTO/TIO, 80 310 10
Table 2.
Deposition Thickness [nm] _Compacj[
time [min] ~ Compact layer Film thickness/film
thickness
5 205 305 0.67
10 451 1670 0.27
30 1043 5117 0.20
Table 3.

Sample name . nggg[im] RMS roughness [nm] F(\GVOT)VI
HS10 320 86 0.064
CS10 380 149 0.101
CF10 1005 368 0.087
CF5 319 133 0.090

Table 4.

Substrate  Average thickness [nm] FWHM (001)

Glass 320 0.064
ITO 241 0.143
FTO 96 0.216

FTO/TiO2 208 0.141
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Highlights

e Pbl; films are prepared by low pressure vapor phase method
e Homogeneous films are obtained on insulating and conducting substrates

e Dense and porous films can be obtained varying deposition temperatures
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