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In this paper, we studied the influence of electric fields on the exciton emissions of the needle-shaped CdS rod by using the
combined photocurrent/photoluminescence (PC/PL) spectroscopies. We observed that the exciton emission strongly depended
on the electric field while the defect-related emission weakly depended on the electric field. Intensity quenching and peak-shift
effects of the exciton spectrum were observed as the electric field increased. To explain these effects, combined PC/PL
measurements were introduced and they showed that excitons readily interact with the PC carriers of the photocreated
electrons and holes. This interaction reduced the number of carriers participating in recombination, and the cause of the
intensity decrease was attributed to the reduced recombination of free excitons. Thus, the shift of the exciton peaks was related
to Stark effect induced by electric field. Consequently, we extracted out that exciton—electron scattering in emission spectra
were the result of an interaction induced by the external electric field.
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Introduction tance for understanding the optical and electronic pro-

perties of the material, both fundamental and in the

Binary or ternary alloyed semiconductor of Cd materials presence of defects [12]. Thus, Li et al. [13] reported
combined with S, Se, and Te components has been the electric-field-dependent photoconductivity near the
extensively investigated. Among these compounds, band-edge region for CdS nanowires and nanobelts.
ternary cadmium chalcogenides of CdSeS can be varied Also, photoconductivity on CdSe films was investigated

from visible (2.42 eV for CdS) to near IR (1.73 eV for with electric-field effect by Sarmah et al. [14]. Therefore,
CdSe) by changing the element rate leading to a the exploration of electric-field-induced (EFI) PL and

decrease in the bandgap energy by increasing the Se photocurrent (PC) provides the information about the
content [1-4]. Especially, the binary compounds of CdS quenching mechanisms of the PL/PC spectra and the
and CdSe, which form the base of CdSeS, have high electronic recombination/transition processes, respectively.
photoconductivity and photosensitivity. So, these com- In addition, comprehension of the photoelectric effects
pounds provide a new platform for multicolored display can improve the design of optoelectronic devices based
and lighting, tunable wavelength lasers, multispectral on such low-dimensional materials [15-17]. The appli-
photodetectors and full-spectrum solar cells [5-8]. cation of an external field to the optical transitions
However, these applications are profoundly affected by provides important information about the reliability and
the electric field because it perturbs the optical properties stability of light emitting diode (LEDs) [18,19] Especially,
in a semiconductor [9]. Furthermore, the applied electric if tuning is possible by applying a well-controlled electric
field can accelerate free carriers and increase the field, there is great utility in the design and optimization
number of carriers due to impact ionization. In order to of optoelectronic devices. Nevertheless, previous studies
understand these influence, the bias dependence of the have not clarified the EFI PL/PC spectra and the
photoluminescence (PL) of Schottky diodes fabricated quenching mechanism of the electron recombination/
on bulk CdS was previously examined [10]. And the transition processes.
electric-field effect on PL intensity of CdSe nanocrystals The aim of this work is to pursuit the electric-field
was investigated by Park et al. [11]. PL measurement effect from the PC/PL spectra measurement in the
under an electric field is one technique of great impor- needle-like CdS rods. Based on these results, the
behaviors of the exciton-electron scattering caused by the
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Experimental Procedure

The growth of the needle-typed CdS crystals was
achieved using the vapor phase technique of a vertical
sublimation type. The powders CdS (ESPI, K982, 6N)
were degassed at 200 °C for 2 h under 10° Torr. A
degassed CdS powder of 20 g was filled into the source
portion in the growth tube and a tail portion attached
under the growth tube was filled with S powder to
maintain a uniform partial pressure in the growth tube.
The optimum temperatures used for the needle-crystal
growth were set at each part of the growth tube: 1150
°C for crystal growth part, 1165 °C for source part, and
110 °C for tail part. During the growth process, the
pull-up speed of the growth tube passing the growth
portion was 0.26 mm/h for 156 h. Thereafter, in order
to avoid the crystal cracks, the growth tube was moved
to the speed of 2.08 mm/h for 24 h.

The crystal structure of the grown crystals was
fulfilled through x-ray diffraction (XRD). In order to
take out information about molecular vibrations and the
crystal structure, the PC/PL spectra induced by an electric
field were measured. Two indium electrodes with coplanar
geometry were fabricated on the CdS specimens using
an e-beam evaporator, and ohmic contact of the electrodes
was confirmed by current—voltage measurements. The
distance between the electrodes was 1 mm. Fig. 1 presents
the schematic diagram of the PC/PL measurement device.
At this time, the measurement of PC/PL was varied
from 0 to 200 V/cm. Thus, PC/PL experiments were
carried out at room temperature while scanning the
wavelength from 300 to 900 nm. PC measurement was
carried out under illumination by monochromatic light
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Fig. 1. Schematic diagram of the PL/PC measurement device. The
subfigure shows the photograph of the needle-shaped CdS rod.
(Here, HL is a halogen lamp).

from a halogen lamp (HL, output power 500 W). The
monochromatic light was normalized, and its intensity
was 181 W/cm® The excitation wavelength for PL
measurements was 442 nm that was emitted from a
He—Cd laser (Kimmon, 100 mW). The laser beam was
illuminated on the surface between the electrodes of
the PC specimen. While carrying out the PL experiment,
the PC measurement was simultaneously completed. In
addition, the subfigure picture in Fig. 1 shows that the
dimensions of each needle-shaped rod are 4 to 17 mm
long with a diameter of less than 100 pum.

Results and Discussion

PC characteristic

Fig. 2 shows the PC spectrum obtained at an applied
electric field of 30 V/cm. As shown in Fig. 2, two peaks
at short and long wavelength region were observed. In
PC measurements, when the incident photon energy is
greater than the bandgap energy, the absorbed photons
produce electron and hole carriers in the CdS specimen.
When an external electric field is applied, electrons
move rapidly towards the anode and holes move
towards the cathode owing to the electric field caused
by the bias voltage. Then, these carriers produce a
spectral PC peak. As the wavelength increases, there is
a transition from surface excitation to volume excitation.
This transition created the largest peak in the PC
spectrum. This PC peak corresponds to one of several
mechanisms: band-to-band transitions, impurity levels
to band edge transitions, ionization of donors, and deep
levels in the bandgap [20]. Furthermore, excitons are
caused by the attraction between a hole and an electron
when the carrier concentration is low [21], however,
electrons that contribute to excitons trend to disappear
easily due to the mutual interaction between them,
when the carrier concentration is high. At our work, the
CdS specimen is a low-order electron carrier of 10'®
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Fig. 2. PC spectrum measured at 30 V/cm electric fields.
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cm™. Based on these facts, it suggests that one peak of
low intensity at 2.4493 eV (506.2 nm) of the short
wavelength region corresponds to the exciton spectrum
caused by band-to-band transition. This exciton peak is
a close to the value of 2.4455 eV obtained by PL
measurement [22].

The other hand, the other peak of 2.2457 eV (552.1
nm) at the long wavelength region, which exhibits a
broad and strong intensity, is thought to originate from
the native defects in the crystal. These native defects are
originated by imperfection defects, including vacancies,
interstitial atoms, and dislocations, etc. Imperfection
defects were formed due to structural deviations from
the atomic arrangement of the perfect crystal.

PL characteristic

Fig. 3 presents the PL spectra of the needle-shaped
CdS rod measured under several electric fields. This
measurement was carried out under electric fields
ranging from 0 to 200 V/cm. As shown in Fig. 3, the
PL spectrum of the 0 V/cm label measured in the
absence of an electric field at room temperature has
two broadened peaks, and a low intensity peak and a
high intensity peak were observed at a short and long
wavelengths, respectively. From the upper PC result, it
suggests that a low intense peak at 2.4489 eV (506.3
nm) in the short wavelength region corresponds to the
exciton emission. Generally, exciton is thermally disso-
ciated when the thermal energy exceeded the binding
energy of exciton. Therefore, when temperature is high,
the linewidth of exciton peak tends to be broadened
due to the increase of the impurity scattering in the
crystal. Consequently it is difficult to observe the exciton
peak at the room temperature. It means that the needle-
shaped CdS rod was grown to the high quality crystal.
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Fig. 3. PL spectra of the needle-shaped CdS rod measured under

several electric fields.
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The broad peak in 530-590 nm (it is called the green
band) regions observed in the long wavelength region
is then considered to be due to defect-related peak
occurring in the S-vacancy (or Cd-interstitial) atom.
Therefore, a donor level of 0.21 eV below the conduc-
tion band is thought to be related to these defect atoms
[23]. As can be shown in Fig. 3, the peak positions of
the exciton spectrum measured at different electric
fields tended to shift to the long wavelength region as
the electric field increased, and theirs intensity decreased.
At the spectrum of 200 V/cm, the exciton peak was
posited to 2.4392 eV (508.3 nm). During an electric
field change from 0 to 200 V/cm, the exciton emission
has a peak shift of about 8.7 meV.

Combined EFI PC/PL analysis

Fig. 4 plots the relative intensities of the exciton
emission compared with varying electric field. Here, |
and I, mean the intensity of the exciton emission with
and without the applied electric field, respectively. As
shown in Fig. 4, the relative intensity of the exciton
emission tended to decrease with increasing electric
field. Thus, relative intensities are steeply quenching at
the electric field over 80 V/cm while these show the
gentle slope below electric fields of 80 V/cm. This
indicates that there exists a strong correlation at the
electric field over 80 V/cm.

Fig. 5 displays the peak energy of the exciton emission
obtained with varying electric field. As shown in Fig.
5, exciton peak energies tend to shift toward the lower
energy region (red shift) with increasing electric field,
and its shift energy is about 8.7 meV. In particular, this
energy varies slightly in the electric field up to 80 V/
cm, but in electric fields above 80 V/cm, it moves
rapidly towards the lower energy region.
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Fig. 4. Relative intensity of the exciton emission compared with
varying electric field. Here, I and I, mean the intensity of the
exciton emission with and without the applied electric field,
respectively. Also, the PC is measured under illumination with a
unique light of 442 nm.
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Fig. 5. Exciton energy of the exciton emission obtained with
varying electric field.

Since the above behaviors are related to the PC
effect, the intensity decrease and peak shift for exciton
emissions can be well understood by explaining the PC
mechanism. In this experiment, it was thought that PL
and PC measurements were performed simultaneously.
PC measurements were performed with a unique light
of 442 nm during PL. measurements in various electric
fields. When photons with energies greater than the
bandgap energy of a semiconductor are incident upon a
photoconductive material, electrons and holes are created
in the conduction and the valence bands, respectively
[20]. The carriers of the created electrons and holes are
immediately guided to the electrodes on both sides. PC
carriers appear as currents generated by these photocreated
electrons and holes. Thereby, the decrease in intensity
and the shift of the peak to low energy region are closely
related to the mechanism that generates electrons and
holes. As mentioned above, the intensity reduction and
peak shift of the exciton emission decreases rapidly in
electric fields above 80 V/cm, while they decrease
gently in electric fields below 80 V/cm. Here, the
electric field of 80 V/cm can be called a turning point
that is strongly dependent on the applied electric field.
PC carriers of free electrons and holes, created by
absorption of light with energy greater than the bandgap
energy, affect the conduction band and the valence
band, respectively. These PC carriers accelerate gradually
as the external electric field increases. Thus, the generated
and accelerated PC carrier readily interacts with the
free excitons transited by the excitation source of PL,
so this situation prevents direct recombination and
shortens the lifetime of the free excitons. Consequently,
a decrease in PL intensity is associated with a decrease
in recombination of free exciton. This fact was also
observed by Jeong et al. [24]. They explained that the
damping of Raman modes is caused by the phonon-
hole scattering due to a strong interaction between the
phonons and the photogenerated hole carriers with

increasing the applied electric field.

Exciton emission influenced by the electric field
The exciton peak energy in Fig. 5 tends to move to
the lower energy region as the electric field increases.
It is believed that the PC carriers screen the PL emissions
while the electric field increases. Thereby, the PL
emissions involve a spatially indirect recombination.
Naturally the number of carriers participating in recom-
bination will be reduced. Such recombination should
yield a linear red Stark shift, which relates to a change
in the atomic energy on application of an electric field
[25]. Here, the Stark effect arises due to the interaction
between the electric moment of the atom and the
external electric field [26]. The amount of splitting and
or shifting is called the Stark splitting or Stark shift.
Furthermore, the stark effect describes that two energy
states that have the same energy can be split up using
an electric field. Therefore, an electric field can help to
distinguish degenerate eigenstates in a physical system.
In general, it is divided into the first-order Stark effect
and the second-order Stark effect. The first order effect
is linear in the applied electric field. It is the series of
spectral lines that are produced when transitions between
the energy levels are symmetric. A second order effect
occurs when a dipole moment is induced by an external
electric field, but is quadratic in the field. A quadratic
stark effect is a series of spectral lines with asymmetric
line patterns. So, the energy level difference (Ag)
appears to be proportional to the square of the applied
electric field, that is AgocE?. The effect of an external
electric field on the PL spectrum was investigated by
several research groups [27-30]. It was found that the
PL intensity is quenched by the external electric field.
The reduction in the PL intensity is expected as the
electric-field induced tilting of the quantum well
energy bands results in the reduction in the overlap of
the electron and hole wave functions. Fafard et al. [30]
have shown that the external field-induced quenching
and peak shift may be altered by varying the excitation
intensity. They have attributed these effects to a local
flattening of the bands in the well region induced by
the screening of the carriers trapped in the well. As
shown in Fig. 5, the peak shift of the exciton emission
decreases rapidly in electric fields above 80 V/cm and
theirs peak energy decreases linearly with a slope of
0.072 meV/(V/cm) in an electric field above 80 V/cm.
This phenomenon indicates that the first order Stark
effect was observed in our work. Consequently, this strong
interaction between free excitons and photogenerated
PC carriers due to electric field has been interpreted as
leading to a shift or broadening of the spectrum.
Moreover, these interactions naturally cause a loss of
intensity and red shift in the exciton spectrum. These
results concluded that the intensity quenching and red
shift of the exciton peak were strongly related to the
electric field. However, no emission shift due to the
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electric field was founded for the defect-related peaks
at long wavelength region.

Conclusions

The behaviors of the exciton-electron scattering on
the needle-shaped CdS rod grown using the vapor
phase technique were analyzed through the EFI PC/PL
experiments. The intensity of the exciton spectrum
decreased as the external electric field increased, and
also rapidly dissipated in the electric field above 80V/
cm. Thus, exciton peak energy had a red shift as the
electric field increases. Its shift gap was about 8.7 meV.
The behavior of the exciton emissions was found to
depend strongly on the electric field applied. The
combined results of PC/PL measurements suggest that
the excitons readily interact with the PC carriers of the
photocreated electrons and holes. This interaction disturbs
the direct recombination of the excitons. Consequently,
the PL intensity quenching is related to a decrease in the
recombination of the exciton. Thus, these PL emissions
involve a spatially indirect recombination. The number
of carriers participating in recombination should be
naturally reduced. Such recombination should yield a
linear red Stark shift, which relates to a change in the
atomic energy on application of an electric field. We
found that this phenomenon occurs in exciton—electron
scattering caused by a strong interaction between excitons
and photogenerated electron carriers with increasing
the applied electric field.
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