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Abstract Polycrystalline lead iodide (Pbl,) thin films
have been deposited by spray pyrolysis method using
N,N-dimethylformamide (DMF) as solvent as a function of
several deposition parameters. DMF is used as an alterna-
tive to water due to the larger solubility limit of Pbl, in this
solvent. In this work, the solution rate during the deposition
time of 3 h was varied in the range of 0.11 cm>/min up to
0.30 cm®/min. A growth rate varying from 19 As7! up to
47 A s™! was obtained as a function of solution rate. Dark
current as a function of temperature for the final films
reveals that for larger solution rates smaller values of
electrical resistivity is obtained. For a solution rate of
0.30 cm?®/min, an electrical transport activation energy (E,)
of about 0.65 eV was measured for the whole temperature
range. On the other hand, for the sample deposited with a
solution rate of 0.11 cm3/min, two main transport mecha-
nisms can be observed with an activation energy of about
1.23 eV for temperatures above 50 °C. The effect of sub-
strate temperature is also discussed. Samples were depos-
ited in the temperature range of 170 °C up to 250 °C with a
fixed solution rate of 0.16 cm>/min. In addition, the films
were exposed to X-ray irradiation in the mammography
diagnosis region, using a molybdenum (Mo) anode and a
peak tube potential between 26 and 36 kV (equivalent
photon energies between 10 keV and 15 keV).
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Introduction

In the last few years, great interest has been focused on
high atomic number and wide band-gap semiconductor
materials for applications in room temperature ionizing
radiation detection. Some compound semiconductor mate-
rials such as Pbl,, Hgl,, TIBr, CdTe, and CdZnTe are good
photoconductors that can be used at room temperature
[1-3]. These materials when deposited in film form have
been suitable as promising semiconductor candidates for
applications in ionizing radiation detectors, with a tech-
nological applicability on the development of the active
matrix flat panel imagers (AMFPIs) for medical applica-
tions in digital radiography [1, 4]. There are two types of
AMFPIs which may be defined as: (i) indirect detection
method, the scintillating layer (phosphor for example)
converts X-ray photons into optical photons (i.e. with
wavelength in the visible range), which in turn are absor-
bed by the p-i-n a-Si:H photodetector [1, 5] and (ii) direct
detection method, X-rays interact with a semiconductor
layer, where they are directly converted into electric charge
and the electric signal response is proportional to the
amount of exposure on each pixel. An external electric
field is applied across the photoconductor allowing the
collection of charge in each pixel [1, 3, 6]. For the same
quality of the final image, the direct detection method is
better since a lower dose would be administered to the
patient. The dose for a mammogram is high because of the
low photon energies used to maximize soft tissue image
contrast [7]. In this sense, a lower dose would be used to
obtain the same quality of the final image using the direct
detection method.

As a good candidate, lead iodide presents a wide band-
gap (above 2.0 eV) [8], high stopping power for ionizing
radiation due to its high atomic number (i.e., Z = 82 for Pb
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and Z = 53 for I) and high mass density (6.2 g/cm3) [9].
Several methods have been used to fabricate lead iodide
films such as physical vapor deposition (PVD) [10-12],
solution growth [13], spray pyrolysis [14], and vacuum
evaporation [6]. The main physical properties of Pbl, as
single crystal (bulk) are already well known and have been
reported by several researchers that obtained samples with
good crystalline properties [15—17]. Therefore, there are few
papers related to the study of polycrystalline Pbl, deposited
in the form of films, which is the most useful for medical
imagers for instance [2]. In our case, spray pyrolysis has
been used as an alternative deposition method for the fab-
rication of polycrystalline Pbl, films using N,N-dimethyl-
formamide (DMF) as an organic solvent for dissolution of
the Pbl, [18]. Spray pyrolysis is used because it has a relative
slow cost and it also allows the fabrication of films on top of
large areas. DMF is used because larger amounts of Pbl, are
dissolved in this solvent when compared to water. The
optical and structural properties of Pbl, films deposited by
spray pyrolysis using DMF as solvent were also already
previously reported [18]. Thus, in this work we present a
comprehensive study of the effects of two other main
deposition parameters, respectively, the solution rate and the
substrate deposition temperature on the morphology and
electrical properties of the final films. The electrical prop-
erties are investigated in the dark and under illumination
using irradiation in the mammography energy region.

Materials and methods

The spray pyrolysis deposition method was already previ-
ously described [14]. A home-made apparatus has been
designed and assembled to overcome limitations of previ-
ous systems such as reproducibility, temperature control,
and spray-nozzle to substrate distance. The lead iodide
films were deposited from highly pure starting powder
(99.999%), produced and commercially available by
Aldrich Co. The powder was dissolved in N,N-dimethyl-
formamide (DMF) organic solvent at room temperature for
solution preparation. A solution concentration of 40 g/L
was used. The films were deposited on Corning 7059 glass
substrates during 3 h, the distance between the spray-noz-
zle to substrate was kept constant at 20 cm and the nitrogen
atmosphere into the chamber was operated at a flow rate of
8.0 x 10* cm® min~". For the first experiment, samples
were produced using varied solution rates in the range of
0.11 cm®/min up to 0.30 cm3/min, for a fixed substrate
temperature of 250 °C. For the second experiment, the
films were deposited in the substrate temperature range
from 175 to 250 °C, with the solution rate kept constant
at 0.16 cm*/min. The morphology of the samples was
investigated by scanning electron microscopy (SEM).

The samples were also electrically characterized in the dark
and under X-ray irradiation in the energy region of mam-
mography diagnosis.

For electrical characterizations in the dark and under X-
ray exposure, the detectors were assembled using palla-
dium (Pd) contacts in the coplanar configuration, which
were previously evaporated on the surface of the substrates.
Pd was chosen because it makes ohmic contact with Pbl,
[19]. The dark current was recorded as a function of tem-
perature in the range from —10 °C to 110 °C using a
Hewlett Packard pA meter/dc voltage source (4140B).
The measurements were performed with the temperature
raised at a constant rate of 3 °C/min, while the sample was
kept in vacuum. A Tektronix programmable power supply
(P2511G) was used for temperature increase by Joule
effect, while liquid nitrogen was used to cool down the
sample. The photocurrent as a function of exposure in the
range of mammography diagnosis was measured using a
General Electric Senographe 500T mammography X-ray
source with a molybdenum (Mo) anode (k, radiation of
17.5 keV) with 0.5 mm Al filtration. This equipment can
provide pulses with exposure times from 0.6 s up to 2.3 s.
Exposure was measured with a Radcal dosimeter (model
9015) using a Radcal Corporation ionization chamber
(model 10X5-6) and the electrical signal was recorded on a
Keithley electrometer (model 610 C). X-ray tube potentials
of 26 kVp and 36 kVp resulting in equivalent photon
energies of 10 keV and 15 keV were used. The distance
between X-ray source and the samples was 45 cm. An
electric field of 125 V/cm was applied to the sample.

Results and discussions

Figure 1 presents the average growth rate as a function of
solution rate in the range of 0.11 cm®/min up to 0.30 cm?¥/
min. The samples were fabricated at 250 °C during 3.0 h
using a solution concentration of 40 g/L. The thicknesses of
the samples were calculated using cross-section SEM
pictures. An average growth rate varying from 19 As! up
to 47 A s~ was obtained as a function of solution rate.
The average growth rate increases linearly with the solution
rates used in each deposition. This result indicates that for
the spray pyrolysis technique there is direct proportionality
between the growth rate and the amount of material that is
dropped on top of the substrates. We do not observe a final
thickness limitation as already reported in the literature [11].

The surface of the samples was investigated by scanning
electron microscopy, and the results for the two extreme
solution rates of 0.11 cm*/min and 0.30 cm*/min are pre-
sented in Fig. 2. Figure 2a, b corresponds to the smaller
rate, while Fig. 2c, d corresponds to the larger rate. It can
be clearly seen that the larger solution rate leads to a more
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Fig. 1 Left linear dependence of the average growth rate (filled
square) and right non-linear dependence of pore size as determined
by the average diameter using cross-section SEM images (open
triangle). Data presented as a function of solution rate. Total
deposition time of 3.0 h at a substrate temperature of 250 °C, using
a concentration of 40 g/L (Pbl, in DMF)

porous material. The amount of surface defects seem to be
smaller for the sample deposited at lower solution rate
because of better surface coverage. We believe that the
growth mechanism changes as a function of solution rate
due to the variation of the amount of droplets that arrive on
top of the substrates as a function of time. With increasing
growth rates the process is somehow more aggressive,
probably because a larger amount of solvent has to evap-
orate during the same time interval, leading to the fabri-
cation of the observed pores. The pore size as determined
by the average diameter using cross-section SEM images

Fig. 2 SEM pictures of the
surface of the samples
fabricated under similar
conditions as in Fig. 1. a and
b solution rate of 0.11 cm3/min,
and ¢ and d solution rate of
0.30 cm*/min

@ Springer

are presented as triangles in Fig. 1. Note the logarithmic
scale at the right y-axis of the figure.

In addition, as visually observed, the size of the droplets
leaving the nozzle-spray increases with increasing solution
rate, for a fixed nitrogen flow. Some papers have already
addressed the behavior of the droplets during transport and
evaporation at the substrate [20-22]. It was proposed that
the droplets experience evaporation leading to size reduc-
tion and the creation of a concentration gradient within the
droplet. For a situation where the solubility limit is reached
the solute precipitates on the surface. This might happen
due to the slow solute diffusion. When in contact with the
heated substrate the situation is even more pronounced,
with much more solute material concentration at the bot-
tommost part of the droplet. The internal excess solvent
material would leave the surface of the droplet causing an
explosion and leading to the observed craters-like struc-
tures. An ideal deposition condition is when a small
number of droplets with small sizes approach the substrate.
Deviations from the ideal condition occur when the droplet
size and their amount on top of the substrate vary as a
function of increasing solution rate. Higher solution rates
lead to larger droplets increasing the porosity because of
the smaller ad-atoms mobility on the surface of the sub-
strate and faster evaporation of a larger amount of solvent.

The final structure and morphology of the surface of the
samples are very important for electronic applications. The
carrier’s mobility is associated also with imperfect contacts
between grain boundaries, and also between grains and
metal electrodes. The problem seems to be smaller for the
samples deposited at lower solution rates because of better
surface coverage.
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The electrical resistivity was obtained in the dark at
room temperature for all the samples deposited at different
solution rates. The variation of electrical resistivity as a
function of average growth rate is presented in Fig. 3.
A non-linear dependence was observed, and the maximum
value was obtained for the smallest deposition rate of about
19 A s™!. For larger growth rates a drastic decrease is
observed and a possible saturation might even occur. We
believe that this is determined by the fabrication process:
when the solution hits the substrate and evaporates it leads
to a film with varying structural defects. As already dis-
cussed, the larger the deposition rate, the larger the amount
of pores and defects, which in this case contributes for a
decrease in electrical resistivity. The more aggressive the
evaporation process, the larger the amount of defects, and
the smaller the electrical resistivity. Similar results have
been published for MnO, films also deposited by spray
pyrolysis [23]. The authors reported a linear dependence of
growth rate with solution rate for values up to 0.8 cm*/min.
As a consequence, the electrical resistivity of MnO, also
decreases as a function of growth rate. Thus the result
seems to be intrinsic to the fabrication technique. For the
case of our lead iodide films, the largest value of electrical
resistivity was about 1 x 10'° Qcm, as seen in Fig. 3. On
the other hand, for films fabricated using other techniques
this value was previously reported as: (1) 6 x 10" Qcm for
films fabricated wusing solution growth [13], (ii)
8 x 10'> Qcm for films fabricated by sublimation of
purified starting powder, during 10 days at a rate of 10 pm/
day [24]; (iii) 3 x 10" Qcm [25] and 10" Qcm [6] for
vacuum evaporated films. Note that these values are always
smaller than the one reported for the bulk, which is of the

order of 10"* Qcm [17, 26, 27]. Lead iodide crystals in the
bulk form can also be intentionally doped leading to a
variation of resistivity values down to 107 Qcm [28]. This
shows that the lead iodide films, regardless of the fabri-
cation technique, might have a larger amount of defects or
even non-intentional doping than the bulk. This is a point
that needs to be optimized for future applications of the
material in medical imaging.

A deeper investigation of the electrical properties of the
samples was done by measuring the dark current as a
function of temperature. The results in Fig. 4 correspond to
two samples fabricated using solution rates of 0.11 and
0.30 cm’/min, respectively, and for a fixed deposition
temperature of 250 °C. An external electrical field of
125 V/cm was used. For the sample deposited using a
solution rate of 0.30 cm>/min, an activation energy (E,) of
about 0.65 eV was measured for the whole temperature
range. This indicates that a single transport mechanism
dominates the transport of carriers, with low energy tran-
sition into the band-gap. The fact that E, is smaller than
half the band-gap of the material, which is 2.4 eV [19],
reveals that there are deep levels into the band-gap and
these levels are probably due to either intrinsic defects of
the sample such as dangling bonds from the grain bound-
aries and/or distorted bonds or non-intentional doping. On
the other hand, for the sample deposited with a solution
rate of 0.11 cm’/min, the results indicate the presence of
two transport mechanisms. The data presented in Fig. 4 (as
circles) satisfy the thermally activated dark current relation
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Fig. 3 Electrical resistivity in the dark, as a function of average
growth rate for samples deposited adopting a total deposition time of
3.0 h at a substrate temperature of 250 °C, and using a concentration
of 40 g/L (Pbl, in DMF)

1000/T (K™

Fig. 4 Dark current as a function of inverse temperature for the same
two samples of Fig. 2, i.e., open circles represent a solution rate of
0.11 em®/min and solid squares represent a solution rate of 0.30 cm>/
min. An electric field of 125 V/cm was applied for using co-planar
configuration. The calculated activation energies are indicated
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Iy =11 exp (m) + L exp <m> (1)
where Kg is the Boltzmann’s constant, and 7T is the tem-
perature. For temperatures above 50 °C (first left region) a
value of 1.23 eV was obtained. The conduction mechanism
is due to band-to-band transitions. For temperatures below
50 °C (second right region) the activation energy is
0.24 eV. The conduction mechanism is due to hopping in
the localized defect states (dangling bonds). The fact that
an activation energy of 1.23 eV was obtained for this
sample indicates the importance of defects in respect to
non-intentional doping. This is in agreement with the
previously discussed structural and morphological data.
Previously reported values of E, were: (i) 0.1 e V for
intentionally doped samples [13]; (ii) 0.3 eV for tempera-
tures below 180 °C and 1.7 eV for temperatures above
200 °C, for non-doped single crystals [19]; (iii) 0.78 eV for
vacuum evaporated films [25]; and (iv) 0.43 eV for films
deposited at 225 °C obtained by spray pyrolysis using
water-dissolved Pbl, as a solvent [14]. In this sense the
values of the films of the present work are quite reasonable,
and they confirm that the smaller the solution rate the better
the electrical properties of the final sample.

The studies of the influence of solution rate and depo-
sition temperature on the electrical properties of the films
were carried out in parallel. Films were deposited in the
temperature range from 175 °C up to 250 °C, with a con-
stant solution rate of 0.16 cm’/min. The surface of the
samples as a function of deposition temperature was
investigated by SEM in a previous contribution [18]. It was
shown that increasing deposition temperatures leads to
lower porosity. In the present contribution, the dark current
as a function of temperature was investigated for all con-
sidered deposition temperatures. Figure 5 shows the
experimental results and the fitted regions for the extraction
of the E, values. For the sample deposited at the smallest
substrate temperature of 175 °C, an activation energy of
about 0.45 eV was obtained for the whole temperature
range. A single transport mechanism dominates, and the
low value of E, indicates a large contribution of sub band-
gap defects. For the other samples deposited above this
temperature (i.e. from 200 °C up to 250 °C) two main
transport mechanisms can be observed. For the low tem-
perature region bellow 30 °C, the activation energy varies
as a function deposition temperature from 0.39 eV down to
0.31 eV with increasing fabrication temperature. For tem-
peratures above 45 °C the activation energy increases as a
function of deposition temperature from 0.62 eV up to
1.13 eV.

Figure 6a shows the values of activation energy as a
function of deposition temperature. Note that E; increases
in an exponential way, while the decrease of E, with
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Fig. 5 Dark current as a function of inverse temperature for the
samples deposited at a 175 °C, b 200 °C, ¢ 225 °C, and d 250 °C.
The solution rate was kept constant at 0.16 cm*/min and an electric
field of 125 V/cm was used in the co-planar configuration. The
activation energies for processes that dominate the transport for high
and low temperatures are named E; and E,, respectively

deposition temperature is quadratic only. For a deposition
temperature of 250 °C, E; reaches half the optical band-
gap as desired, but deep defects still exist and can be
observed at low temperatures. We believe that other fab-
rication parameters should be optimized to reduce this
contribution. Increasing the deposition temperature to
higher levels might not be capable to solve the problem
alone. Figure 6b shows the values of inverse temperature
where the transition between the two transport mechanisms
is observed. Note that the higher the deposition tempera-
ture, the larger the transition temperature. This indicates
that the desired transport mechanism with larger activation
energy dominates the response of the samples for a smaller
temperature range. We believe that for the low temperature
region, localized hopping and/or transitions due to donor
and acceptor levels of impurities might be the dominating
mechanism, while for the temperature region above 45 °C
band-to-band transitions seem to be the main contribution.
The higher the fabrication temperature, the better the
electrical properties of the films with an activation energy
that can even reach half the optical band-gap as desired.
Nevertheless, undesired electronic states close to the con-
duction and valance bands still exist and must be elimi-
nated by the optimization of other deposition parameters or
post-fabrication treatments. Table 1 presents the compari-
son of the activation energies for the samples of the present
investigation with others reported in the literature.

The sample that presented the largest activation
energy was submitted to X-ray exposures in the range of
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mammographic diagnosis, as presented in Fig. 7. The
current density as a function of exposure was recorded
from 360 mR up to 4100 mR, using two values of equiv-
alent photon energies, as indicated. Note that there is no
energy selection, and that the response is very linear with a
slope of 40 pA/cm? R. One of the most important prop-
erties of a detector is high sensitivity for minimum dose.
In this sense, the larger the response of the sensor, the
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Fig. 7 X-ray photocurrent density as a function of exposure, for
varying photon energies in the range of mammographic diagnosis.
An electric field of 125 V/cm was used, and the sample was
fabricated at 250 °C, using a solution rate of 0.16 cm’/min

better its chance for usage in technological applications.
Compared to previously reported detectors, the answer of
the present Pbl, samples is 2.5 times better than for Hgl,
[1], and it is about 7 times better than for Pbl, [1]. This
illustrates the potential application of the technique and the
material for future use in medical imaging.

Conclusions

We have investigated the fabrication of lead iodide films by
using spray pyrolysis with DMF as precursor solvent. The
influence of solution rate and deposition temperature on the
final properties of the samples was investigated. The var-
iation of the solution rate leads to a linear variation of
the growth rate, but leads to a final morphology with
increasing porosity. The effect is also seen in the reduction
of the electrical resistivity with increasing solution rate,
what seems to be intrinsic to the fabrication technique.
The smaller resistivity is due to the deep defects inside the

Table 1 Comparison of

activation energy values
according to the fabrication
technique

From left to right, fabrication
method, activation energy and
reference

Fabrication method Activation Reference
energy E, (eV) number
Solution growth, intentionally doped 0.1 [13]
Single crystals grown in gels 7' < 180 °C 0.3 [19]
Spray pyrolysis using water as solvent, 7= 225 °C 0.43 [14]
Spray pyrolysis using DMF as solvent, 7= 175 °C 0.45 This work
Spray pyrolysis using DMF as solvent, 7= 200 °C 0.62/0.39 This work
Spray pyrolysis using DMF as solvent, T = 225 °C 0.70/0.32 This work
Vacuum evaporated films 0.78 [25]
Spray pyrolysis using DMF as solvent, T = 250 °C 1.13/0.31 This work
Single crystals grown in gels 7 > 200 °C 1.7 [19]
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band-gap of the material, which contribute also to a
reduction of the activation energy. Using small solution
rates, an activation energy close to half the optical band-
gap can be reached, as desired. Nevertheless, the sub band-
gap mechanisms are not totally eliminated. Increasing
deposition temperatures up to 250 °C leads to activation
energy variation from 0.45 up to 1.13 eV. The mechanism
due to the higher activation energy is strongly dependent
on deposition temperature, but the temperature value where
transition occurs is displaced toward larger temperature
values. This indicates that the transport due to localized
hopping is not totally eliminated, besides the strong
reduction of states in the central part of the band-gap. The
values of activation energy here reported sits in the upper
limit for the specific temperature range up to now. Some
other deposition parameters could also influence the
structure and the transport properties of the material and
should be investigated in the future. The sample with larger
activation energy was tested under mammography diag-
nosis energy range, showing a linear response. We believe
that the material could be an interesting candidate for the
development of X-ray detectors for digital radiography
imaging using the direct detection technique. For that aim,
further optimizations are required.
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