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a b s t r a c t

PbI2 polycrystalline thin films have been prepared by using a thermally physical vapor phase growth in
vacuum. X-ray diffraction measurement and atomic force microscope analysis show that the structural
change of the films occurs depending on growth condition. The width of the Urbach tail of the films
indicates that the disordered structure inside the grains changes relying on preparation condition. It is
found that the structure of the films is sensitive to growth parameter. A microstructure evolution model
with respect to grain orientation is developed to explain the morphological and structural variation
process during the films growth.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Lead iodide (PbI2) is a potential semiconductor material for
ionizing radiation detection and digital X-ray imaging [1,2]. This
material has a wide band gap (Eg42.3 eV) and high resistivity of
about 1013 Ω cm reducing the dark current for detector applica-
tion. Its high atomic weight (ZPb¼82, ZI¼53) results in strong
absorption of X-ray photons [3]. The relatively low melting point
(about 406 1C) allows a thermal evaporation technique to be
employed to grow polycrystalline films on indium–tin-oxide layer
coated (ITO) glass and thin film transistor (TFT) array substrates.
The structure of PbI2 grains is hexagonal crystals with layered
construction, which is the same as the structure of CdI2 [4].
However, a great variability occurs in grain size, orientation and
film density during the film growth depending on the process
conditions. Ideally, PbI2 grains stack together with layer-by-layer
pattern as crystallographic c-axis perpendicular to substrate sur-
face and depending upon deposition rate and temperature can
largely maintain this orientation to a thickness of about 20 μm [5].
Once beyond this point, orientation becomes more varied. The
past studies mainly focused on high source temperature mostly
above 200 1C, and obvious temperature difference (more than
40 1C) between source and substrate [5–7]. We have performed a
series of evaporation experiments with low source temperature

from 80 to 170 1C in a high vacuum environment 10�4–10�5 Pa. It
was found that 140 1C (71 1C) source temperature is a critical
point for PbI2 source material sublimation from solid phase
transforming to vapor phase. But not any film growth occurred
on the substrate at this source temperature and lower substrate
temperature. Also the situations in which the low source tem-
perature (below 200 1C) and small temperature difference (5–
10 1C) has not been noticed and studied. In this paper, we explored
the structure sensitivity and the evolution mechanism of mor-
phology and structure of the PbI2 polycrystalline thin films grown
by using thermally physical vapor phase growth at the low source
temperature and small temperature difference between source
and substrate.

2. Methods

PbI2 thin films were grown in vacuum at a fixed source–
substrate distance with different source–substrate temperature
and deposition time, as shown in Table 1. Commercial PbI2 powder
(Sinopharm Chemical Reagent Co., Ltd., 99.9%) washed with
distilled water and dried in vacuum for 10 h at 0.1 Pa and 60 1C.
Then the dried powder was purified using a repeated sublimation
purification technique in a sealed and evacuated quartz ampoule
[8]. The glass substrates (Corning 7059) were cleaned by acetone
and ethanol with ultrasonic vibration, washed repeatedly with
deionized water, and finally dried by high purity argon (99.9992%)
gas flow. The films growth was performed in a vacuum chamber
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with the pressure 10�4 Pa. The temperature of source and sub-
strate was controlled by two separate Shimaden FP93 program
controllers (71 1C accuracy). The starting material was heated
from 150 to 170 1C. The films were deposited on substrates at
various temperatures ranging from 145 to 165 1C. The distance of
source to substrate was 50 mm fixed. The grown films were
labelled as A to F, depending on the growth condition as shown
in Table 1.

The surface morphology of the as-grown PbI2 films was
investigated by a CSPM5000 atomic force microscope (AFM) with
CSPM image process software. X-ray diffraction (XRD) was

Table 1
Experiment parameters for PbI2 polycrystalline thin films growth.

Sample Tsou(1C) Tsub(1C) tdep(h) Film thickness (nm)

A 150 145 0.3 303 (75)
B 150 145 1.0 482 (75)
C 160 155 0.3 673 (75)
D 160 155 1.0 788 (75)
E 170 165 0.3 959 (75)
F 170 165 1.0 1231 (75)

Tsou: source temperature, Tsub: substrate temperature, tdep: deposition time.

Fig. 1. AFM micrographs obtained by tapping mode of the PbI2 thin films deposited on glass substrates. The label a to f is in line with the samples A to F in Table 1.
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performed using a DX-2500 Cu Kα radiation (1.54 Å, 30 kV, 20 mA)
to analyze the film structure. The scanning angle was varied from
101 to 851 with steps of 0.031. The film thickness was obtained by a
Veeco Dektak 150 surface profiler. The optical absorption spectrum
of the as-grown PbI2 films as a function of wavelength was
measured using a SHIMADZU UV2550 UV–vis spectrophotometer
(200–900 nm).

3. Results and discussion

Fig. 1 shows AFM micrographs of the top view of the as-
deposited PbI2 films. Fig. 1(a and b) shows the PbI2 films grown at
Tsou¼150 1C, Tsub¼145 1C, with deposition time 0.3 h (a) and 1.0 h
(b). The disordered structure of the both films is obtained under
the two growth conditions, which is constituted of irregular shape
grain or microcrystal, while a large grain is obtained with a long
deposition time (1.0 h) compared to that with a short deposition
time (0.3 h). The films shown in Fig. 1(c and d) were prepared at
Tsou¼160 1C and Tsub¼155 1C, also the grain size is larger under
longer growth time. However, the regular shape grain gradually
forms, especially the hexagonal shaped grain forming in films
under tdep¼1.0 h. The as-deposited films with a dense structure
and integrally hexagonal shaped grain were obtained at
Tsou¼170 1C and Tsub¼165 1C, as shown in Fig. 1(e and f). Both
kinds of films show a more complete grain appearance, denser
structure and higher crystalline degree under longer growth time
and higher source and substrate temperature. Also it is found that
the films are composed of hexagonal shaped grain with partial
layers paralleled to the substrate plane, or forming an angle
between the grains and substrate. It means that the grain orienta-
tion or arrangement mode is sensitive to growth conditions. This
kind of growth characteristics was also observed with the sub-
strate temperature from 180 to 210 1C [7].

Surface roughness average of the as-grown films can be
obtained from the CSPM image software analysis, as demonstrated
in Fig. 2. The results show that the roughness is in the range from
7 to 11 nm to the films prepared with 1.0 h growth time, which is
smaller than that with 0.3 h (3–14 nm). For the films prepared at
Tsou¼150 1C and Tsub¼145 1C, the short growth time leads to a
small surface roughness (about 5 nm), which also presents the

same result in the films prepared at Tsou¼170 1C and Tsub¼165 1C.
However, an opposite result was obtained in the films grown at
Tsou¼160 1C and Tsub¼155 1C. The low roughness occurs at the
long deposition time. The variation of surface roughness mainly
attributes to the structural change of the films. The opposite
variation of the roughness derives from the configuration between
the hexagonal grain and the substrate plane. The evaporation rate
is small at a low source temperature which could cause a little bit
of vapor condensing on the substrate surface and forming amor-
phous crystal nucleus without specific appearance. Meanwhile,
these crystal nuclei are unstable which will re-evaporate from the
substrate. The nuclei become larger following the higher tempera-
ture and longer deposition time, as shown in Fig. 1(a, b and c). It is
worth noting that the grains with hexagonal appearance form at
Tsou¼160 1C, Tsub¼155 1C and tdep¼1.0 h as well as the grains start
to incline the c-axis toward the substrate plane, as shown in Fig. 1
(d). Then the grain remains its hexagonal shape and enlarges its
size under higher growth temperature and longer deposition time.
And the surface will become smooth with small roughness.

Fig. 3(a) presents XRD spectra of the as-grown PbI2 films for
structural characterization. The peaks corresponding to (001),
(002), (003) and (004) plane are identified from the Joint Com-
mittee on Powder Diffraction Standards (JCPDS, data no. 07-0235),
which indicate that the as-grown PbI2 films are 2H hexagonal
structure with space group P3m1 [9]. The peaks for samples A, B
and C are not clear enough due to the very intensive (001) peak for
samples D, E and F in the same coordinate system. The intensity of
(001) peak for the films strengthen with increasing of growth
temperature and deposition time, which also well meets the
results from AFM observation.

An intensive peak, mostly the (001) peak, is observed from the
XRD spectra indicating that the films are highly textured. There-
fore, the as-grown films demonstrate a preferred orientation in the
(001) plane that is in [001] crystal direction in the hexagonal
crystal system and exactly perpendicular to the crystal c-axis. The
degree of orientation in the direction (001) was found by estimat-
ing the texture coefficient tc(hkl) by using [7,10]:

tcðhklÞ ¼ IðhklÞ=I0ðhklÞ
½∑IðhklÞ=I0ðhklÞ�=N

ð1Þ

where I (hkl) is the measured peak intensity, I0 (hkl) is the JCPDS
data peak intensity for powder diffraction, and N is the number of
measures peaks. The texture coefficient (tc) of (001) plane is
shown in Fig. 3(b). The formation of the preferred orientation is
related to the growth time, which can be defined by the residence
time of the vapor particles for lattice adjusting. The orientation can
occur at various planes with short deposition time, yet along with
the prolongation of the deposition time, some planes were
weakened and some planes were enhanced.

An evolution mechanism can be introduced to explain the
change of films' morphology and structure, as shown in Fig. 4. Film
growth begins with crystallographic c-axis oriented perpendicular
to substrate plane in the in-plane mode [5,7]. The growth occurs
mainly through constructing covalent monolayer of I–Pb–I and
building of new monolayer in c-axis direction via van der Waals
bonding [7], as shown with Type #1 in Fig. 4. The crystal c-axis is
parallel to the normal of the substrate plane (cʹ). New growth
centers or nuclei may form on the surface of monolayer after the
change of conditions and then the monolayer becomes the
substrate for new nuclei growth. Generally, it should obtain better
film if the new nuclei grow at the same material surface, which is
similar to homogeneity epitaxial. However, it is difficult to main-
tain orientation for growing thick films even if the growth
conditions remain the same. The new nuclei can grow further as
well as through building up covalent I–Pb–I monolayer, while the
orientation becomes varied. This will cause the grain arranging as

Fig. 2. Roughness average of the as-grown PbI2 films versus growth temperature
under different deposition times.
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Type #2 or Type #3 which are shown in Fig. 4. From the AFM and
XRD analysis, growth of the PbI2 films is in agreement with this
evolution mechanism. Most of the films construct as Type #2
(typically for sample E) or a mixture of Type #2 and Type #3
(typically for samples D and F). Schieber [7] had also presented

that the PbI2 films grew as Type #1 to Type #3 along with the
substrate temperature from 130 to 210 1C. The difference is that
the film first constructed as Type #3 at lower growth temperature
130 1C, and Type #1 at 160 1C, then a mixture of Type #2 and Type
#3 at 210 1C. An effective method named close spaced vapor

Fig. 3. (a) X-ray diffraction spectra of PbI2 films deposited on glass substrate under various growth conditions. The label A to F is in line with the sample type in Table 1.
(b) Texture coefficient for (001) crystal plane obtained from XRD data versus substrate and source temperature.

Fig. 4. Schematic representation of structural evolution for the growth of PbI2 polycrystalline thin films.
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deposition (CSVD) has been developed to obtain the PbI2 films as
only Type #3 mode [11].

The value of band gap was obtained from Tauc relation
combined with optical absorption spectra [12,13]:

ðαhvÞ ¼ Aðhv�EgÞ1=2 ð2Þ
where α, hv, Eg, and A are absorption coefficient, incident photon
energy, band gap and constant, respectively. The band gap was
determined by extrapolating the linear portion of the (αhv)2

versus hv plots, as shown in Fig. 5(a). The Eg values were obtained
from the intercept on hv axis (αhv)2¼0. Fig. 5(b) shows the
plotting of the band gap versus growth temperature without
remarkable variation of the band gap to the films deposited at
different process conditions. The band gap of the film is closely
related to the microstructure and stoichiometric proportion. The
width of band tail localized states of the film can be decreased at a
high substrate temperature, which can increase the band gap.
Meanwhile, the evaporation, transport, deposition and re-
evaporation processes lead to the loss of iodine (I), which can
diminish the band gap.

The absorption behavior can be observed near the intrinsic
absorption edge from an accurate evaluation of absorption curve,

which possibly originates from lattice defect (or imperfection of
grains) leading to deep defect levels near the valence band top.
The absorption presents an apparent trailing phenomenon which
is the so-called Urbach tail [14]. Generally, it is thought that the
band tail near the bottom of the conduction band, which gener-
ated from the disordered structure, is responsible for the Urbach
tail width (Eu), resulting in an extension in the low energy zone.
The disordered structure can produce tail localized states and the
width is related to the density of the disordered state. The density
of the disordered state of the film can be qualitatively analyzed
with the tail width. The exponential relation between absorption
coefficient (α) of the Urbach tail and photon energy hv is
represented by the following formula [14,15]:

ln αðvÞ ¼ hν
Eu

þC; ð3Þ

It can be obtained by plotting the logarithm of the absorption
coefficient (α) versus hv and taking the inverse of the slope (1/
slope) from the linear part of the curve. The plotting of Urbach tail
width versus growth temperature is shown in Fig. 5(c). It demon-
strates that the smaller tail width accompanies the longer deposi-
tion time and higher growth temperature, which could reduce the
density of the disordered state and increase the integrity of grains.
This result corresponds to the analysis results obtained from AFM
and XRD.

4. Conclusion

PbI2 polycrystalline thin films have been prepared by using
thermally physical vapor phase growth. Atomic force microscope
studies indicate that the films consist of hexagonal grains with
partial monolayer parallel to the substrate or portion to form an
angle between (001) plane and substrate plane. X-ray diffraction
analysis reveals that the as-grown PbI2 films have a hexagonal
structure and demonstrated preferred orientation along (00l) (l¼1,
2, 3, and 4) planes. Both AFM and XRD show that the structure of
the films is sensitive to growth condition. An evolution model is
developed to explain the structural variation process with respect
to the grain orientation impacting the morphology and structure
of the as-grown films. The values of Urbach tail width indicate that
the density of disordered structure results from the non-integrity
of crystalline grain which could be reduced by increasing the
growth temperature and time.
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