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a b s t r a c t

The stoichiometry influence of polycrystalline lead selenide material on crystalline structure and pho-
toelectric properties was demonstrated. The responsivity of 3.97 A/W was achieved biased at 4 V with
the optimal iodine molecular density of 9.1�1011 mm�3 and oxygen pressure of �0.15 MPa in the
sensitization process. The photoelectric performance can be further enhanced with iodine at low iodine
molecular density of o1.5�1012 mm�3. It is revealed that a serious deviation of Pb/Se atomic ratio from
1:1 is responsible for the significant decline of responsivity due to over-iodination in the sensitization
process. It is helpful to understand the roles of iodine and oxygen in the sensitization of lead salt ma-
terials.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

Lead selenide (PbSe) is a marvelous narrow gap semiconductor
for the thermoelectric [1–3], infrared emitting [4,5] and photo-
detection applications [6–10]. Particularly, the PbSe low-dimen-
sional compounds are also very promising for the infrared photo-
induced nonlinear optical effects [11]. Recently, the uncooled
polycrystalline PbSe photodetectors in the mid-infrared spectral
range (2–5 μm) have attracted wide attention in many fields such
as laser welding monitoring, environmental monitoring, and bio-
medical diagnosis, etc [7–10]. With this technology, the photo-
detection at room temperature (298 K) can be achieved due to the
enhanced photoelectric performance. This technology generally
contains the film fabrication by vapor phase deposition (VPD)
compatible with CMOS readout electronics, and a sensitizing
process for doping of oxygen and iodine at specified temperature
[12–17]. The sensitization process should be affected by the as-
deposited crystalline structure, the atmosphere concentration, the
temperature and time used [12–15]. The specified carrier trans-
portation structure may be constructed between the polycrystal-
line grains with specified stoichiometry during the sensitization
process, thus the minority carrier lifetime should be significantly
increased [16,17]. In the recent years, the sensitization methods
reported in the previous works focused on the iodine and oxygen

diffusion technology to construct the optimal stoichiometry es-
sentially [12–15]. However, the stoichiometry influence of poly-
crystalline PbSe material on the photoelectric properties and the
crystalline structure is still unclear.

In this paper, we experimentally verified that the stoichiometry
deviation of PbSe microcrystal can affect the photoelectric per-
formance of PbSe photoconductors significantly, for the first time
as we know. The crystalline structures and photoelectric proper-
ties were characterized for samples sensitized at different iodine
concentrations. It is revealed that the photoelectric performance
can be further enhanced only at low iodine dose.

2. Experiments

The PbSe films were fabricated by VPD technology on the Si
(100) substrate at vacuum degree of o10�6 Torr with 120 °C
substrate temperature and 3 Å/s deposition rate. The thickness of
as-deposited film was 1 μm. The Hall measurements show that
the as-grown samples deposited at room temperature are p-type
with p¼1.4980�1018 cm�3, and the as-grown samples de-
posited at high temperature of 4120 °C are n-type with
n¼5.5477�1017 cm�3, respectively. These films were then sen-
sitized with different iodine molecular densities during the fol-
lowing stages: (1) annealed in I2 and O2 hybrid atmosphere at
220 °C for 15 min, (2) annealed in O2 at 450 °C for 1 h. The stoi-
chiometry of PbSe microcrystal was changed by the iodine
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concentration regulation in the sensitization process. The sensi-
tized polycrystalline films were labeled as samples I–V corre-
sponding to iodine concentrations of 3.0�1011, 9.0�1011,
1.5�1012, 2.1�1012 and 3.3�1012 mm�3, respectively. X-ray
diffraction (XRD) was performed using Cu-Kα radiation
(λ¼1.5418 Å) with a 2θ scan range of 20–80°. X-ray Photoelec-
tron Spectroscopy (XPS) measurement was carried out to reveal
the surface composition of PbSe microcrystal. The atomic

proportions were calculated by XPS data. The carrier concentra-
tion and mobility of samples were achieved by Hall measure-
ments at 3000 G. The photoelectric properties were measured
using Newport 63938 mid-infrared source and Agilent 2912A DC
supply meter with 55.39 mW incident mid-IR radiation peaking
at 4 μm. Multiple samples were fabricated to be the sample
group using a specified iodine concentration to construct one
experimental data point. The final experimental data was the

Fig. 1. SEMmorphologies for (a) as-deposited film fabricated at 120 °C substrate temperature and o10�6 Torr vacuum degree, and samples sensitized with iodine molecular
density of (b) 3.0�1011 mm�3, (c) 9.0�1011 mm�3 and (d) 1.5�1012 mm�3, respectively.

Fig. 2. XRD patterns of (a) as-grown film with deposition rate of 3 Å/s and substrate temperature of 120 °C, and (b) sample II sensitized in I2þO2 at 220 °C then in O2 at
450 °C with iodine molecular density of 9.0�1011 mm�3 in the first sensitization stage.
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