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EFFECT OF TEMPERATURE ON VISIBLE PHOTOLUMINESCENCE OF THERMALLY
ANNEALED PbSe NANOCRYSTALLINE FILMS
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The photoluminescence (PL) performance of thermally annealed PbSe nanocrystalline films has been
investigated at different temperatures. The visible PL signals at 655 and 466 nm are observed for the as-
prepared PbSe films, and the enhanced intensities of the two PL peaks are closely related to the optimized
crystallization quality of PbSe nanoparticles after annealing at 50—150°C. However, as the annealing tem-
perature is above 200°C, the severe surface damage of PbSe films induced by the oxide impurity phases and
dislocation defects results in the reduction of the crystallinity of PbSe and the lower intensities of PL signals,
which have been proved by means of X-ray diffraction (XRD) characterization. In addition, another emission
peak at 429 nm is observed at the annealing temperature above 200°C owing to the appearance of the PbO
impurity phase, and its intensity strongly depends on the content of the PbO impurity phase, whereas the PL
intensity decreases above 350°C owing to the formation of PbSeOk.
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Hccnedosana gomonomunecyenyus (OJI) nanoxpucmaniuveckux nienox PbSe, omooicoicenuvix npu
pasnuunvlx memnepamypax. Buoumas DJI na onunax eonn 655 u 466 Hm Habar0Oaemcs 01 ceexcenpuco-
moenennvlx nienox PbSe, a nosvlwennas unmencusHocms 08yx maxcumymog @JI ceszana ¢ onmumuzupo-
BAHHBLIM Kauecmeom Kpucmannuzayuu Hanowacmuy PbSe nocne omoicuea npu 50—150°C. Iockonvky mem-
nepamypa omacuea >200°C, cunvHoe nogpescoenue nosepxHocmu nieHoxk PbSe, evizgannoe npumecuvimu
Gazamu oxcuoa u deghekmamu OUCTOKAYUU, NPUBOOUM K CHUdICEHUIO Kpucmaniuynocmu PbSe u bonee nus-
Kum unmerncusnocmsam DJI, umo noomeepicoeno memooom penmeenosckol ougpaxyuu. Ilpu memnepamy-
pe omocuea >200°C nabniodaemcs euje 00UH MAKCUMYM U3TyUeHUs npu 429 HM u3-3a NOAGAEHUs npumMec-
Hoti ghazel PbO, unmencusnocms komopo2o cunvho 3agucum om codepacanus PbO, moeda xax npu memne-
pamype >350°C unmencusnocmv DJI ymenvuaemes uz-3a oopazosarusi PbSeO,.

Knrwouesvie cnoga: nienxa PbSe, memnepamypa omoicuea, gomonomunecyenyus, npumecHas ¢asza
PbO, nromnocmo oucioxayuii.

Introduction. Lead chalcogenides, a class of IV-VI semiconductor materials with narrow band gaps,
are very popular in the application of functional devices such as light-emitting diodes [1], laser diodes [2],
infrared detectors [3], solar cells [4], thermoelectric devices [5], photosensors [6], etc., owing to their excel-
lent physical properties. Among the lead chalcogenide materials, lead selenide (PbSe) has a large exciton
Bohr radius (46 nm), a small effective mass of the excited electron-hole pair, and high carrier mobility,
which leads to the remarkable quantum confinement effect in large crystals [7-9] and thus attracts much at-
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tention in the field of solar cells. In recent years, PbSe nanocrystalline films have been studied in an endless
stream because of their band gap tunability and good photoluminescence (PL) performance, etc. For exam-
ple, Feng et al. found that the optical band gap of PbSe films varied from 2.02 to 1.26 eV with the increasing
grain size [10]. The study by Hone and Dejene revealed that the intensity of the PL emission peak increased
with the thickness of PbSe films [11]. It can be seen that these properties are largely affected by a micro-
structure of PbSe films, which depends to a great extent on experimental procedures and corresponding pa-
rameters.

Post-processing, such as thermal annealing, holds the advantages of improving or modifying the physi-
cal properties of PbSe films by optimizing the microstructure or incorporating particular elements [12—15].
The sensitization process of thermal annealing in oxygen or iodine atmosphere has attracted extensive atten-
tion in the past decades because it can effectively improve the infrared detection performance of PbSe films
[16-22]. Kumar et al. conducted the annealing treatment of poly-crystalline PbSe films in oxygen and io-
dine-rich atmospheres to obtain the PbSe photoconductor with high performance and they also investigated
the crystal structure, phase formation, and chemical analysis of the unknown phases to understand the photo-
conductive mechanisms [23]. In addition, the thermally annealed PbSe films in the oxygen atmosphere
showed greatly enhanced PL signals in the infrared region by an increase of two orders of magnitude in the
PL intensity at 4.5 um owing to surface passivation of PbSe films [24]. Ma et al. prepared PbSe films with a
grain size of 5 nm in silicate glass by a double-stage annealing procedure and the strongest PL peak was ob-
served at 1575 nm, indicating the potential application of PbSe films in optical fiber communication [25].
However, the visible photoluminescence performance of PbSe films with annealing treatment in an inert gas
atmosphere has not been widely studied.

We have discussed the influence of sputtering power and deposition time on the intensity of the PL
emission peak at 655 nm, which correlates quite well with crystallization quality and morphology of PbSe
films [26]. Based on the previous work, thermal annealing in the Ar gas atmosphere was conducted to obtain
PbSe films with better visible PL performance in this work. The intensity variation of the two PL peaks at
655 and 466 nm is consistent with the changed crystallinity of annealed PbSe films. The PL signal at a short-
er wavelength (429 nm) appears after annealing at 200°C, and its intensity is strongly dependent on the con-
tent of the PbO impurity phase.

Experiment details. PbSe nanocrystalline films were deposited on the cleaned waterjet-cut quartz glass
from a PbSe target (99.999% purity) by the magnetron sputtering method. The sputtering process was car-
ried out in the Ar atmosphere with a pressure of 1.5 Pa, and the sputtering power and deposition time were
set at 120 W and 30 min respectively. The prepared PbSe films were put into a tube furnace for annealing in
the flowing Ar atmosphere with a flux of 300 mL/min. The samples were annealed for 1 h at different tem-
peratures from 50 to 400°C by an increment of 50°C, with a heating rate of 5°C/min.

The photoluminescence spectra were obtained by a Shimadzu spectrofluorophotometer (RF-5301). The
crystalline structures were characterized by a Bruker AXS D8 ADVANCE X-ray diffractometer (XRD) with
a CuK, (A =1.5418 A, 40 kV, 40 mA) radiation source. The element compositions and electronic states were
analyzed using an X-ray photoelectron spectroscope (XPS, Quantum 2000 Scanning ESCA Microprobe in-
strument).

The crystallization quality of PbSe films was evaluated by estimating the structural parameters. Based
on the results of XRD, the crystallinity and microstrain of PbSe films were calculated using the area under
the curve method [27] and the following equation [28]:

€ = (Bcosb)/4,

where ¢ is the microstrain,  is the full width at half the maximum of the diffraction peak, and 0 is the dif-
fraction angle corresponding to the diffraction peak. The dislocation density o is defined using Williamson
and Smallman’s formula [29],

§=1/D%

where D is the average grain size, which is calculated using Scherrer’s equation [30].

Results and discussion. Photoluminescence is a key factor in evaluating the performance of lumines-
cent materials for applications. Generally, the PL signal is caused by the recombination of excited electrons
and holes not only from the high-quality surface but also from the defects or impurities, which will provide
new states for materials. PL spectra usually reflect the information on the microstructure such as crystallini-
ty, impurity, defect, etc. [31]. Based on our previous study [26], an excitation radiation source with a wave-
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length of 404 nm was selected to measure the PL emission spectra of PbSe films, and the results are shown
in Fig. 1. Two PL signals located at around 466 and 655 nm were detected within the visible range for the
as-prepared PbSe films, which may be attributed to the interstitial atom or vacancy defects [32]. The intensi-
ty of the emission peak at 655 nm shows a nonmonotonic change with the increasing annealing temperature,
and similar variation is observed for the emission peak at 466 nm, as shown in Fig. 1a and c. The third PL
signal in the violet region probably originated from PbO and is observed at 429 nm for PbSe films annealed
at a temperature above 200°C, as shown in Fig. 1d, which will be confirmed by the subsequent XRD and
XPS results. The variation in PL spectra indicates a complex evolution in the microstructure of thermally
annealed PbSe films. Therefore, the crystalline structures of PbSe films were first analyzed by the XRD
characterization.
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Fig. 1. PL emission spectra at (a) 655, (c) 466, and (d) 429 nm of as-prepared and thermally annealed PbSe
films; (b) magnified view of PL emission spectra at 655 nm of PbSe films annealed at 200—400°C.

Figure 2a shows the changes in the intensities of PL peaks at 655 and 466 nm and calculated crystallini-
ty with the increasing annealing temperature. The crystallization quality was improved at the annealing tem-
peratures below 150°C, which is consistent with the enhancement of PL emission peaks at 655 and 466 nm.
The lattice structure obeys the cubic system in accordance with JCPDS standard card (NO. 78-1903), where
the diffraction peaks at 25.2, 29.1, 41.6, 49.3, 51.5, 60.3, 68.6, and 76.1° correspond to (111), (200), (220),
(311), (222), (400), (420), and (442) planes respectively, as shown in Fig. 2b. As for PbSe films annealed
above 200°C, the diffraction peaks of oxides (PbO, SeO,, PbSeOs, and PbSeOs) [22, 33] appear and gradual-
ly strengthen with the increasing annealing temperature, and even replace the diffraction peak of PbSe at
29.1°. This could be associated with the lower dissociation energy of Pb-Se (302 kJ/mol) compared with Pb-
O (382 kJ/mol) and Se-O (464 klJ/mol), which facilitates the formation of several oxides [34]. Moreover, the
Se atoms partly evaporate owing to its lower melting point during annealing at higher temperature, resulting
in the existence of lead impurities, which combine with the adsorbed O atoms to form lead oxides after PbSe
films are exposed to air. As the PL signal at 429 nm may be related to the PbO impurity phase, and the dif-
fraction peak of PbO is not obvious at 250°C, the content of the PbO impurity phase was analyzed in detail
below. Figure 2c demonstrates the change of calculated dislocation density of the PbSe film with the anneal-
ing temperature. The dislocation density decreases with the increase in the annealing temperature from 50 to
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200°C, which results from the optimization of the PbSe film. However, the dislocation density increases
again at annealing temperature above 200°C because of the formation of oxide impurity phases, i.e., PbO,
Se0,, PbSeO3, and PbSeOs4. The resultant impurity phases and dislocation defects on the surface of PbSe
films seriously damage the crystalline structure and introduce the trapping mechanism of photogenerated
carriers, and eventually lead to the significant reduction in intensities of PL peaks at 655 and 466 nm. On the
other hand, the main diffraction peak of PbSe turns from (200) to (220), and then to (111) at the temperature
from 150 to 400°C, which could be related to the change of microstrain. Figure 2d shows that the total mi-
crostrain of PbSe films decreases with the increase of the annealing temperature, indicating that the variation
of dominated growth direction of PbSe films tends to minimize the strain energy of the system, which is
consistent with our previous work [26].
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Fig. 2. (a) Variation of crystallinity and PL intensity changes at 655 and 466 nm at different temperatures;
(b) XRD patterns of PbSe films annealed at 150—400 °C; variations of (c) dislocation density

and (d) total microstrain at different annealing temperatures.

The XPS characterization is often used to reveal the surface chemical state of nanomaterials [35]. The
peaks at 137.6 and 142.6 eV are related to Pb 47, and Pb 4fs), respectively, as shown in Fig. 3a. Both can
be divided into two Gaussian peaks. The peaks at 137.3 and 142.0 eV come from PbSe, whereas the other
two, 138.3 and 143.3 eV, are attributed to PbO [36]. The fitting results of the Se 3d state are given in Fig. 3b.
The peak at lower binding energy of 53.4 eV is assigned to PbSe, which can be fitted with two peaks associ-
ated with Se 3ds, and Se 3ds, respectively. The peak ascribed to SeO; is located at a higher binding energy
of 58.5 eV, consistent with Sun et al. [36]. The results verify the presence of oxides on the surface of PbSe
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films. Furthermore, the content variations of Pb, Se, and O atoms are calculated using the quantitative rela-
tive sensitivity factors method [26]. As shown in Fig. 3c and d, the relationship between the Pb/Se atomic ra-
tio and annealing temperature shows a gradually increasing trend, indicating the deficiency of the Se atomic
content, whereas the relative content variation of PbO/PbSe shows a similar trend. The result confirms the
increase in the PbO impurity phase content, which is highly consistent with the XRD results.
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Fig. 3. XPS fitting curves of (a) Pb 4f'and (b) Se 3d; variations of (c) Pb/Se atomic ratio
and (d) relative content of PbO/PbSe at different annealing temperatures.

As mentioned above, the PL peak at 429 nm is related to the content of the PbO impurity phase. A simi-
lar emission peak at 440 nm was reported for PbO nanoparticles synthesized by the chemical precipitation
method [32]. Therefore, the PbO impurity phase should contribute to the PL signal at 429 nm in this work.
As shown in Fig. 4a, the PL intensity increases at 200—350°C, which is in accordance with the increasing
content of the PbO impurity phase (Fig. 3d). Nevertheless, a drop in the PL intensity occurs as the annealing
temperature reaches 400 °C. This could be associated with the formation of the PbSeO, (x = 3 or 4) phase on
the PbSe film surface, and the corresponding diffraction peaks in the XRD patterns are obviously enhanced
at 400°C. The formation of the PbSeQO, phase is possibly relevant to the inevitable adsorption of oxygen at-
oms on the film surface before annealing treatment, and the following reactions tend to occur at a relatively
high temperature [37]:

PbSe*¥+1.508* — PbSeO™ (D)
PbSe™"+205" — PbSeO; " ()
PbSe0Y+0.50%" — PbSeO5 3)
PbO*"!+Se0, — PbSeO3™ 4)

The intensity of the PL peak at 429 nm does not decrease significantly at an annealing temperature of
350°C, which may be relevant to the lower content of the PbSeO, phase compared with the PbO phase. The
content of the PbSeO, phase increases owing to the reactions (1)—(4) when the annealing temperature is
400°C, which prevents further formation of the PbO phase and leads to the decrease in the PL intensity.
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Figure 4b shows the schematic diagrams of oxide impurities formation on the surface of PbSe films before
and after thermal annealing at 400 °C. The adsorbed oxygen atoms on the surface combine with Pb and Se
atoms so that a small amount of PbO and SeO, formed before annealing. After annealing at 400°C, PbSeO,
appears on the film surface, which results in the decrease in the PL intensity at 429 nm related to PbO.
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Fig. 4. (a) Intensity variation of the PL peak at 429 nm at different annealing temperatures;
(b) schematic diagrams of PbSe films before and after thermal annealing at 400°C.

Conclusions. PbSe nanocrystalline films prepared by magnetron sputtering technology were thermally
annealed at temperatures of 50—400°C. PL intensities at 655 and 466 nm strengthened because of the im-
proved crystallization quality after annealing at temperatures below 150°C. However, the crystallinity of
PbSe films reduced after annealing at higher temperatures because the impurity phases and dislocation de-
fects were introduced into the films, which led to the decrease in the PL intensity. The emission peak at
429 nm responsible for PbO appeared and its intensity became higher with the increase in the annealing
temperature from 200 to 350°C. Nevertheless, the PL intensity at 429 nm dropped after annealing at 400°C
because of the formation of PbSeO..
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