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Photodetectors based on polycrystalline lead salts are widely used to detect
light in the mid-infrared range because they can be used at room temperature.
In their fabrication, the sensitization process is considered to be the most
critical factor. In this work, the crystalline structure of PbSe films deposited
by electron-beam evaporation was analyzed by scanning electron microscopy,
x-ray diffraction, and x-ray photoemission spectroscopy. The results showed
that lead oxides were formed during the annealing process. We also investi-
gated the electrical properties of the samples by Hall-effect measurements. In
photodetection experiments at room temperature, the PbSe-based photode-
tectors showed responsivity and detectivity of 0.16 A/W and
6.66 9 108 cm Hz1/2/W, respectively. Remarkably, we measured a photocur-
rent even without applying a bias voltage, which implies that the p–n junc-
tions separate the carriers in these films, thus also proving the existence of
micro p–n junctions in the film. A carrier separation model is proposed to
describe the conduction process.
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INTRODUCTION

Due to its absorption band in the range from
3 9 10�6 m to 5 9 10�6 m, lead selenide (PbSe) is a
typical group IV–VI semiconductor used in infrared
detectors.1–3 In particular, its low cost, room-tem-
perature operation, and high detectivity make it a
very interesting and widely investigated compound
for the realization of photosensitive layers.

PbSe films can be prepared by various methods,
such as chemical bath deposition (CBD), physical
vapor deposition, molecular beam epitaxy, and
pulsed laser deposition; For example, PbSe films
have been obtained by electrochemical deposition4

and by the CBD technique.5 However, notwith-
standing the deposition method applied, PbSe films
must be subject to further thermal treatment in a
specific atmosphere, a process usually referred to as
sensitization. Sensitization usually plays a crucial
role in determining the properties of PbSe-based
photodetectors, and much effort has been devoted to
investigation and optimization of the corresponding
experimental procedures and theoretical analysis.

An explanation widely used for the enhanced
sensitivity of Pb-Se film is based on the assumption
that O2� in the PbSe cell plays the role of minority-
carrier traps, thus forbidding recombination of e–h
pairs and increasing the lifetime of majority carri-
ers.6 Other models assume that potential barriers
are formed between n- and p-type regions during
the sensitization process, since electrons and holes
are trapped in their corresponding areas, such that
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the mobility is highly increased under infrared
irradiation.7 Zhao et al. have also introduced a
charge separation model to explain the mechanism
of enhanced photoconductivity of polycrystalline
lead salt photoconductors.8 However, the sensitiza-
tion effect and photoconductive mechanism are
rather involved, especially when iodine is employed
in the sensitization process,9 and several open
questions remain regarding the true nature of the
photoconductivity observed in lead chalcogenide
thin films.

We report herein a study on PbSe films prepared
by electron beam evaporation (EBE) on Si/SiO2

substrate, then annealed in air atmosphere. Suc-
cessful sensitization was confirmed by x-ray pho-
toemission spectroscopy (XPS) and x-ray diffraction
(XRD) measurements. The electrical parameters of
the film, including the carrier concentration, mobil-
ity, and resistance, were recorded by Hall-effect
measurements. Finally, we carried out a series of
photodetection experiments and found that opera-
tion at higher temperature enhanced the photore-
sponsivity. In particular, we found that, under
infrared irradiation, a photocurrent may be
observed also without a bias voltage. Based on
these results, a model of micro p–n junctions is
proposed to describe the sensitization and carrier
separation processes. To the best of the authors’
knowledge, this is the first time that photoconduc-
tivity in PbSe film has been observed at zero bias
voltage, a result that also suggests the presence of
p–n junctions within the film.

EXPERIMENTAL PROCEDURES

In the first stage, we realized electrodes by
depositing Cr/Au (3 9 10�9 m/50 9 10�9 m) on the
substrate. Then, using the EBE technique, a PbSe
film (� 1 9 10�6 m thickness) was deposited on the
substrate. The substrate was heated to 100 �C
during the deposition process, and the film deposi-
tion rate was 2 Å/s to 3 Å/s at pressure of
� 5.0 9 10�4 Pa. The strips and electrodes were
all formed using a lift-off process. Finally, the
sensitization process was carried out in air by
leaving the sample for 1 h at a temperature in the
range from 200 �C to 600 �C. The crystal structure
of the PbSe films was studied by XRD analysis using
Cu Ka radiation (X’Pert3 Powder, Analytical B.V,
k = 1.5418 Å) in the 2h scan range from 10� to 70�.
Meanwhile, scanning electron microscopy (SEM,
JSM-7800F; JEOL) was used to investigate the
surface morphology, and x-ray photoelectron spec-
troscopy (XPS, ESCALAB250Xi; Thermo Fisher
Scientific) to identify the film’s components (Pb,
Se, and O). Hall measurements were carried out to
determine various electrical parameters, such as
the Hall coefficient, carrier mobility, and concen-
tration. A Keithley 4200 semiconductor characteri-
zation system was used to evaluate the
photoresponse at room temperature, and the

response time was recorded by means of a Keithley
7510 system.

RESULTS AND DISCUSSION

SEM images of the samples annealed at different
temperatures are shown in Fig. 1. Figure 1a shows
a surface image of the as-grown sample, which
consists of compact, small worm-like structures and
a smooth cubic-shaped crystalline structure. The
morphology of the films annealed at temperatures
from 200 �C to 600 �C for 1 h is shown in Fig. 1b–f.
These results reveal that the crystallite size
increased with temperature while the film surface
became more compact, forming a dense microstruc-
ture after annealing at higher temperatures.

XRD patterns (Fig. 2) were then used to analyze
the crystalline structure of each sensitized film. The
most intense diffraction peak for the as-deposited
film was observed at 29.1�, indicating a predomi-
nant growth direction of the crystallites of (200).
This is likely due to the fact that the (200) direction
has lower interface energy (compared with other
directions), consisting of the rod-like grains shown
in Fig. 1a.9 The peaks located at 41.6�, 49.2�, and
60.3� are due to PbSe (220), (311), and (400),
indicating that the as-grown film was PbSe accord-
ing to Joint Committee on Powder Diffraction
Standards (JCPDS) card no. 78-1903. After thermal
treatment of the samples, several peaks due to
oxides (such as PbO, PbSeO3) appeared, and their
intensity increased with temperature. When the
samples were treated at 200 �C to 400 �C, rock-salt
PbSe phase was still dominant, even though the
related oxide peaks became more relevant with
increasing temperature, indicating that the PbSe
cell was covered by a layer of oxides. When the
temperature was increased to 500 �C and 600 �C,
the PbSe (200) peaks were replaced byPbSeO3 (002)
and (400) peaks. Meanwhile, other peaks due to
PbSeO4, PbO, and SeO2 also started to appear,
indicating that, at higher temperatures, the original
PbSe film was oxidized.

XPS measurements were carried out to charac-
terize the chemical states of the constituent ele-
ments in both the as-grown and annealed PbSe
films. The Pb 4f spectra of the as-grown film is
shown in Fig. 3a, revealing two clear transitions at
binding energy of about 137 eV and 142 eV, which
correspond to the Pb 4f7/2 and Pb 4f5/2 diffraction
peaks. The transitions at 138.3 eV (Pb 4f7/2) and
143.3 eV (Pb 4f5/2) can be assigned to Pb2+ in PbO,
whereas the Pb 4f7/2 and Pb 4f5/2 transitions at
137.1 eV and 142.0 eV correspond to Pb2+ in PbSe.
However, for the film annealed at 400 �C for 1 h,
only the Pb 4f7/2 and Pb 4f5/2 transitions at 138.3 eV
and 143.3 eV were observed, corresponding to Pb2+

in PbO.10 The Se 3d XPS spectrum of the as-grown
film is shown in Fig. 3b. One can observe the
transitions at 53.0 eV and 53.9 eV corresponding
to Se2� in PbSe alloy, the transitions at 54.5 eV and
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55.4 eV due to pure Se, and the transitions at
58.3 eV and 59.2 eV due to Se4+ in SeO2. However,
the transitions due to Se2� in PbSe and Se element
cannot be observed for the sample treated at 400 �C.
These XPS results illustrate that the treated films
were covered by PbSeO3 resulting from the reaction
of PbO and SeO2 during the surface passivation
process.8,11–14 As suggested in Ref. 15, the formation
of oxide compounds means that Pb–Se bonds are
broken while Pb–O and Se–O bonds are formed
instead. Such reactions are thermodynamically
favored because the dissociation energy of Pb–Se
(302 kJ/mol) is lower than that of Pb–O
(382 kJ/mol) or Se–O (464 kJ/mol). Therefore, as
the annealing temperature is increased, the film
surface is gradually oxidized, until reaching total
oxidization at 500 �C.

To understand the variation of the electrical
properties as a function of annealing temperature,
Hall measurements were carried out to evaluate the
carrier concentration, mobility, and resistance of
the films; the results are shown in Fig. 4. Figure 4a
reveals that the carrier concentration in the film
decreased from 3.6 9 1019 cm�3 to 1.7 9 1018 cm�3

when the annealing temperature was increased to
250 �C. The carrier concentration further decreased
to 9.0 9 1017 cm�3 at 300 �C, and eventually
dropped to 7.0 9 1016 cm�3 at 400 �C, being about
1/500th of the value for the as-grown film. This
dramatic decrease of the carrier concentration
below 250 �C is due to evaporation of Se from the
PbSe surface, which is not quantitatively compen-
sated by the oxygen diffusing into the film. Fur-
thermore, the acceptor defects are reduced during

Fig. 1. SEM images of as-grown and annealed PbSe films: (a) as-grown film, and annealed at (b) 200 �C, (c) 300 �C, (d) 400 �C, (e) 500 �C, and
(f) 600 �C.
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the sensitized process as the defects in the film are
passivated.16

The carrier mobility in the PbSe films is shown in
Fig. 4b, where one can see a significant increase

from 5.9 cm2/V-s (as grown at room temperature) to
16 cm2/V-s (after annealing at 300 �C) to a maxi-
mum value of 29.6 cm2/V-s (after annealing at
400 �C), which is five times higher than the value
for the as-grown film. This phenomenon can be
attributed to the oxygen atoms diffusing into the
PbSe film and occupying some Se vacancies, thus
passivating dislocations and reducing the carrier
trapping. At the same time, the increase of the grain
size with temperature, as well as the reduction of
the grain boundaries, also contribute to the increase
in the mobility.

As shown in Fig. 4c, the resistance also changed
as a function of annealing temperature, increasing
slowly from 0.029 X cm in the as-grown film at room
temperature to 0.415 X cm after annealing at
300 �C. After annealing at temperatures above
350 �C, the curve became steeper and the value
after annealing at 400 �C was about 2.5 times
higher than that after annealing at 350 �C. We
conclude that, at 400 �C, the oxide layer of the film
became thicker and the resistance of grain bound-
aries increased greatly, so the resistance increased
as well, despite the carrier mobility achieving its
maximum value and the carrier concentration its
minimum.16

Fig. 2. XRD patterns of PbSe films (a) as-grown, and annealed at
(b) 200 �C, (c) 300 �C, (d) 400 �C, (e) 500 �C, and (f) 600 �C.

Fig. 3. (a, c) Pb 4f and (b, d) Se 3d XPS spectra of PbSe films (a, b) as-grown and (c, d) annealed at 400 �C for 1 h.
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The photosensitivity performance was deter-
mined by measuring the photocurrent of the
devices; the results are shown in Fig. 5. The photo-
conductivity of these samples was investigated
using a focused 2.7-lm laser beam with spot area
of about 1 mm2. In particular, we measured the
photocurrent with a bias voltage of 30 V, laser
power of 5 9 10�4 W, and on/off cycles of the
chopped infrared illumination of 10 s. To assess
the performance of the devices, we employed the

responsivity and detectivity at fixed incident optical
power and bias voltage. The definition of the
photoresponsivity (R) is R = Iph/P, where Iph is the
photocurrent and P is the optical power of the
incident infrared radiation.17 The results indicated
that the device annealed at 400 �C showed the
highest responsivity and detectivity, with values of
0.16 A/W and 6.7 9 108 cm Hz1/2/W, respectively.
The full set of results are presented in Table I. The
detectivity (D*) is defined as D* = R 9 (A/2qIdark)1/2,
where A is the sensitive area of the photodiode, q is
the absolute value of the electron charge

Fig. 4. (a) Carrier concentration, (b) mobility, and (c) resistivity
versus annealing temperature.

Fig. 5. (a) Photocurrent response curves to 2.7-lm light with bias
voltage of 30 V; (b) Transient response of PbSe film annealed at
400 �C; (c) Photocurrent response at zero bias voltage of film
annealed at 400 �C.
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(1.6 9 10�19 C), Idark is the dark current, and R is
the responsivity.17,18 For the different devices, we
measured detectivity at 2.7 lm are
1.94 9 107 cm Hz1/2/W (after annealing at 200 �C),
2.93 9 107 cm Hz1/2/W (after annealing at 300 �C),
and 6.66 9 108 cm Hz1/2/W (after annealing at
400 �C), as shown in Table I. The D* and R values
increased with annealing temperature because of
the greater chance of oxdizing the PbSe particles at
higher temperature, forming p–n junctions consist-
ing of a core–shell structure of the oxide layer and
PbSe. As also shown by the time-resolved photore-
sponse in Fig. 5a, the film device annealed at 400 �C
exhibited high reproducibility and low dark current
with the light on and off. In Fig. 5b, a response on
the order of milliseconds can be observed. It is worth
noting that the photodetector produced a photocur-
rent response to infrared radiation even without a
bias voltage. This is shown in Fig. 5c, which reveals
a photoresponsivity and detectivity of 6.6 9 10�6 A/
W and 1.13 9 107 cm Hz1/2/W, respectively.

As mentioned in the ‘‘Introduction,’’ the photocon-
ductive mechanism of lead salt films is not yet fully
understood.19–21 Previous models of the sensitization
mechanism were based on specific results, whereas
direct evidence is not available. In this work, we
observed that the surface of p-type polycrystalline
PbSe can be quickly converted to n-type during the
applied process, even without extra oxygen.22 This
produces p–n junctions in the film, leading to the
detection of a photoresponse even at zero bias voltage.
Additionally, the conversion of the PbSe surface to
PbO and PbSeO3 was confirmed by XRD analysis and
XPS, which were in full agreement with previous
results regarding the formation of an n-type outer
shell.23 Under infrared illumination, photoinduced
e–h pairs are spatially separated by the built-in
potential, and this spatial separation may enhance
the carrier lifetime and effectively inhibit their
recombination, such that the photoconduction of
polycrystalline PbSe is improved after sensitization.

Based on such a carrier separation model, the
results of our experiments can be explained coherently
as follows: At first, the film starts to oxidize after being
treated at 200 �C (Fig. 6b), and the n-type oxide layer
wraps a small part of the p-type PbSe particles. When
the temperature is increased to 400 �C, the oxidation
level increases as well, and the n-type layer becomes

thicker, since more PbSe particles are wrapped by the
oxide layer. The photogenerated carriers are thus
effectively separated and an enhanced conductivity is
achieved. If the temperature is increased above
500 �C, the resistance becomes too high, and the film
becomes nonconductive since the conducting channels
are closed by oxides (Fig. 6c). Indeed, Fig. 1e, f
confirms that particles of the surface had melted,
such that the photoconductive performance was dra-
matically deteriorated.

CONCLUSIONS

We fabricated PbSe films by electronic beam
evaporation and annealed them in a closed environ-
ment without extra oxygen. With increasing anneal-
ing temperature, an increasing number of
diffraction peaks due to oxides appeared in the
XRD spectra, revealing an increase in the degree of
oxidation. Compared with the as-grown film, the
mobility and resistance of the annealed films
increased, whereas the carrier concentration of the
film annealed at 400 �C decreased. These results
confirm that defect and dislocation passivation
caused by oxygen reaction and diffusion may con-
tribute to the improvement of the electrical proper-
ties of such films. Importantly, the photoresponse
observed for the devices even at 0 V confirmed the
formation of p–n junctions after sensitization, which
improves the efficiency of carrier separation. These
results and evidence may contribute to better
understanding of the photoconductive mechanism
of lead salt materials during and after sensitization.

Table I. Photoresponsivity R (mA/W) and detectivity D* (cm Hz1/2/W) of PbSe film at different bias voltages
for 2.7-lm laser radiation

Temperature/bias voltage

200 �C/30 V 300 �C/30 V 400 �C/30 V 400 �C/0 V

R 0.1 1.7 160 6.6 9 10�3

D* 1.94 9 107 2.93 9 107 6.66 9 108 1.13 9 107

Fig. 6. Schematic of PbSe grain oxidization process during
treatment: (a) the as-grown film is p-type, and e–h pairs are not
separated effectively. (b) The PbSe core is covered by an oxide layer
(n-type), then the e–h pairs are separated by the built-in electric field
and the transport in n and p channels. (c) The holes cannot pass
through, due to the thick oxide layer.
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