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White light photoluminescence from ZnS films on porous Si substrates�
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Abstract: ZnS films were deposited on porous Si (PS) substrates using a pulsed laser deposition (PLD) technique.
White light emission is observed in photoluminescence (PL) spectra, and the white light is the combination of blue
and green emission from ZnS and red emission from PS. The white PL spectra are broad, intense in a visible band
ranging from 450 to 700 nm. The effects of the excitation wavelength, growth temperature of ZnS films, PS porosity
and annealing temperature on the PL spectra of ZnS/PS were also investigated.
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1. Introduction

The achievement of Si-based white light emission is one of
the challenging goals in the field of display and lighting tech-
nologies. White light emission from light-emitting devices has
attracted significant research interests due to its applications
to a full color display combined with a color filter, a back-
light for liquid crystal displays, or other various lightingsŒ1�3�.
It is expected that conventional white light sources will soon
be replaced by the new generation of Si-based semiconduc-
tor white light emitting sources. White light emission is ob-
tained by combining two complementary colors (e.g., blue and
orange) or three primary colors (red, green and blue) from dif-
ferent emitting molecules. This can be done either using a mul-
tilayer structure with two or more emitting layers or doping an
active host material with several fluorescent dyesŒ4�. Various
methods and challenges for generating white light have been
reportedŒ5; 6�.

ZnS is a Ⅱ –Ⅵ group semiconductor material with a wide
band gap of about 3.7 eV, which has recently been extensively
investigated due to its optoelectronic properties and high po-
tential for various applications such as n-window layers for
solar cells, blue-light diodes, electroluminescent displays, and
photoluminescence devicesŒ7�9�. ZnS films generally display a
self-activated PL band centered at about 480 nm; some groups
also reported an additional green PL band centered at about 550
nmbesides the self-activated blue band, and this green band has
been ascribed to originate from some defect statesŒ10�. Porous
silicon (PS) has been intensively studied since the discovery
of its efficient PL at room temperatureŒ11�. This makes it very
promising to integrate the very well-established silicon tech-
nology to the field of optoelectronic systemŒ12�. The emitting
wavelength in PS could be changed by adjusting the erosion
processŒ13�. Red, green, and blue PS were reported and the red
emitting PS can be easily obtainedŒ14�.

In this article, we discuss white color photoluminescence

(PL) from ZnS/PS devices consisting of the two emitting lay-
ers: ZnS and PS. The effects of the excitation wavelength,
growth temperature of ZnS films, PS porosity and annealing
temperature on the PL spectra of ZnS/PS are studied in detail.
The intense white light emission is obtained by the combina-
tion of blue and green emission from ZnS and the red emission
from PS, and it consists of two broad PL bands at about 480 nm
(ZnS), 625 nm (PS) or three broad PL bands around 480 nm
(ZnS), 550 nm (ZnS) and 615 nm (PS), which may be suitable
for some applications, e.g., in thin film electroluminescence for
flat full color display applications. It simplifies the fabrication
process of fine-pixel large-screen displays.

2. Experimental

The sample preparation involved two steps: first, the prepa-
ration of PS substrates with strong visible PL by electrochem-
ical anodization; and second, pulsed laser deposition (PLD) of
ZnS films on the PS substrates. The PS sampleswere formed by
electrochemical anodization of (100)-oriented p-type single-
crystal Si wafer with resistivity of 7.5–11.5 ��cm. The Si
wafers were irradiated using a 200 W white light from a dis-
tance of 20 cm above the electrochemical cell. The etching was
carried out in 49% HF-ethanol solution (HF : C2H5OH = 1 : 1)
at different current densities of 8, 5, 10, and 12 mA/cm2 for 20
min. After anodization, the samples were rinsed in de-ionized
water and dried in air. The as-prepared PS sample with a cur-
rent density of 8 mA/cm2 was cut into three pieces, and ZnS
films were deposited on the three PS samples at different tem-
peratures 200, 300, and 400 ıC by PLD. The PLD chamber was
first vacuumed to a base pressure of 10�8 Torr. The distance
between the target and the substrate was 5 cm. The ZnS target
(99.99%)was a sintered ceramic disc. AKrF excimer laser (Tu-
ilaser) operating at 248 nm was used to ablate the ZnS target.
Throughout the experiment, the excimer laser was set at pulse
energy of 250 mJ and a repetition rate of 2 Hz, then 5 Hz, so
that the crystalline grains can be deposited into the pores of PS
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Fig. 1. PL spectra of sample A excited at a wavelength of 340, 360,
and 390 nm.

andmade the ZnS films pinning in the PS substrates, increasing
the adherence of the films. The laser was focused on the target
with an area of 4 mm2, producing an energy density of 6 J/cm2.
The obtained samples prepared at different temperatures were
marked A, B and C respectively. ZnS films deposited on PS
samples with current density of 5, 10 and 12 mA/cm2 at 200
ıC were labelled as a, b and c respectively. Take the sample c
cut into three pieces and annealed in vacuum at different tem-
peratures 200, 300, and 400 ıC for 30 min respectively, and the
annealed samples were marked c1, c2 and c3 respectively.

The measurement of the samples was taken on the same
apparatus as that in our previous workŒ15�. The prepared ZnS
films were obtained in the cubic phase along ˇ-ZnS (111) ori-
entation, which showed a perfect match with the earlier report.

3. Results and discussion

Figure 1 shows the PL spectra of sample A excited at a
wavelength of 340, 360, and 390 nm. It is observed that the PL
spectra are composed of two intense luminescence bands: the
blue emission band located around 480 nm at the high-energy
side, which is ascribed to the self-activated luminescence of
ZnSŒ16�, and the red emission band of PS located around 625
nm at the low-energy side. The absolute integrated intensity
of the two peaks at 480 nm and 625 nm has different val-
ues at different excitation wavelengths. The relative (blue/red)
integrated intensities are 1.58, 0.97, and 0.85 for the sample
excited by 340 nm, 360 nm, and 390 nm excitation wave-
lengths, respectively. With the increase of excitation wave-
length, the relative (blue/red) integrated intensity decreases.
This phenomenon indicates that the longer wavelengths’ exci-
tation light can excite the luminescence of PSmore effectively.
That is to say, if the excitation wavelength is shorter, it may be
absorbed heavily by ZnS films, and only a small part can trans-
mit ZnS films and excite the luminescence of PS, so the rela-
tive (blue/red) integrated intensity is larger. With the increase
of excitation wavelength, more excitation light can transmit
ZnS films and the luminescence intensity of PS increases, so
the relative (blue/red) integrated intensity decreases. The blue
emission fromZnS films combiningwith the red emission from
PS layers, a broad PL band from 450 to 700 nm in the visible re-
gion is obtained, exhibiting light emission that is close to white

Fig. 2. PL spectra of samples A, B and C.

light.
Figure 2 reveals the PL spectra of samples A, B and C. The

excitation wavelength is 360 nm. The PL spectra also consist
of blue emission from ZnS and red emission from PS. When
the growth temperature of ZnS films increases, the intensity
of the blue emission from ZnS increases, which is attributed
to the crystalline grain of ZnS films growing larger and the
crystalline quality becoming better with the increase of growth
temperature. While the red emission intensity of PS decreases
along with the redshift of the red peak position (The PS peak
position of sample A located at 600 nm redshifting to 635 nm
of sample C), which is ascribed to the optical band gap shrink-
ing of a-Si:H as a function of hydrogen loss during the increase
of growth temperatureŒ17�. In the hydride model, the peak en-
ergy of the luminescence in PS can be related to the type of
hydride present, and the intensity is a function of the number
of hydrides. Also, the presence of hydrogen complexes [SiH,
SiH2, SiH3, or (SiH2/n] is very closely related to the lumi-
nescence of PSŒ17�. With higher H content, such as SiH3, even
deeper states occur, expanding the optical band gap even more,
but with lower H content, the optical band gap shrinks. So,
during the increase of growth temperature, the hydrogen con-
tent decreased, and the shrinking of the optical band gap of a-
Si:H occurred, thus, the red emission intensity of PS decreases
along with the redshift of the red peak position. The relative
(blue/red) integrated intensities are 0.98, 1.30 and 1.80 for the
samples A, B and C, respectively. White light emission is ob-
tained by combination of the two intense, visible PL bands of
ZnS and PS.

Figure 3 gives the PL spectra of samples a, b and c. The
excitation wavelength is 360 nm. From the emission spectrum
of sample a, two obvious emission bands can be observed: the
red emission band from PS layer located at 635 nm, and the
blue emission band from ZnS at about 480 nm. The integrated
intensity of blue emission is stronger than that of red emission
(blue : red = 1 : 0.72), and this is related to the small porosity
of the PS substrate which contributes to the good crystalline
quality of ZnS films, so the self-activated luminescence of ZnS
films is predominant in the PL spectrum of ZnS/PS. With an
increase in PS porosity, the red emission intensity increases
along with the blueshift of the red peak position, but the inten-
sity of blue emission decreases in the PL spectrum of sample b.
Meanwhile, another emission band located around 550 nm in
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Fig. 3. PL spectra of samples a, b and c.

Fig. 4. PL spectra of samples c1, c2 and c3.

the green region is observed, which is ascribed to defect-center
luminescence of ZnSŒ16�. The appearance of defect-center lu-
minescence of ZnS films is attributed to the defect formation
in ZnS films during the increase of PS porosity, and further-
more, the corresponding defect energy level was formed in the
forbidden band of ZnS films, and these defects furthermore be-
came the luminescence center. When the electron was excited
by the light energy, it dropped into the luminescence center, as
the electron transited to the valence energy band, the light was
emittedŒ18�. The relative (blue : green : red) integrated intensity
is 1 : 0.92 : 1.01. With a continuing increase of PS porosity, the
intensity of the red emission still increases, and the same with
the intensity of the green emission, while the intensity of the
blue emission still decreases. These contribute to the relative
(blue : green : red) integrated intensity being 1 : 1.08 : 1.28 in
the PL spectrum of sample c. Combining the blue, green emis-
sion of ZnS and the red emission of PS, an intensively white
light emission is obtained.

Figure 4 illustrates the PL spectra of samples c1, c2 and c3.
The excitation wavelength is 360 nm. It is observed that, the PL
spectra of the three annealed samples all consist of three lumi-
nescence bands: the blue, green emission band of ZnS and the
red emission band of PS. The green emission band is attributed
to the defect-center luminescence of ZnS. The appearance of
the defect-center luminescence of ZnS in the three PL spectra

is ascribed to the defects formation in ZnS films which is due
to the large PS porosity and annealing treatment. In the spec-
trum of sample c1, the relative (blue : green : red) integrated
intensity is 1 : 1.04 : 1.25, the blue, green emission from ZnS
films combining with the red emission from PS layers, a broad
PL band (450–700 nm) in the visible region is formed, and
the ZnS/PS composite exhibits intensively white light emis-
sion. With the increase of annealing temperature, the intensity
of blue emission fromZnS increases due to the crystalline grain
growth of ZnS films during annealing, but the red emission in-
tensity of PS decreases along with the redshift of the red peak
position, which is ascribed to the optical band gap shrinking of
a-Si:H as a function of hydrogen loss during annealing. This
phenomenon shows a perfect match with the aforementioned
in Fig. 2. The relative (blue : green : red) integrated intensity is
1 : 0.94 : 1.01 and 1 : 0.78 : 0.74 for samples c2 and c3, respec-
tively. According to the principle of tricolor overlay, ZnS/PS
composites exhibit intensively white light emission.

4. Conclusions

In summary, white light emission can be obtained from
ZnS/PS composites by the combination of blue and green emis-
sions from ZnS and red emission from PS. The white light
PL spectra ranging from 450 to 700 nm consist of two broad
peaks at about 480 nm (ZnS) and 625 nm (PS) or three broad
peaks around 480 nm (ZnS), 550 nm (ZnS) and 615 nm (PS),
although the PL spectra slightly changed with the excitation
wavelength, growth temperature of ZnS films, PS porosity and
annealing temperature.
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