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Photocurrent-di erence spectroscopy (PDS), performed by measuring the di erence between photocurrent spectra with and without additional laser illuminations, was demonstrated. The change
in the photocurrent spectra, PC, caused by the illuminations had a probe-energy dependency in
the heterostructures. The PC spectra varied with the energy of the additional illuminating lights.
Compared to the conventional photocurrent spectra, the measured spectra were proven to be very
sensitive to the interfacial electronic states in ZnSe/GaAs (001). Unusual features related to the
interface states were observed and the possible origins of those peaks are discussed. The mechanism
for the change in PC spectra is explained in terms of existence of trap states where the Fermi level
is pinned at the interface. The in uence of trap states on the photocurrent spectra was examined
with above and below ZnSe-bandgap excitations.
PACS numbers: 73.20.-r, 73.43.Fj, 73.50.Pz
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I. INTRODUCTION

The electronic structures of semiconductor buried interfaces determine many of the properties of the heterosturctures [1,2]. They in uence strongly the properties
of the epilayers, such as the band-bending, the carrierinjection and the recombination eciencies. One may
obtain detailed information on interfacial structures from
cross-sectional transmission electron microscopy (TEM).
However, TEM requires a sophisticated sample preparation, which destroys the sample and gives information
only on structural properties. In order to investigate
the electronic properties of buried interfaces nondestructively, optical techniques, such as re ectance di erence
spectroscopy [3] and three-wave mixing [4], have been
applied. It is always a dicult task, however, to unambiguously probe the electronic states of buried interfaces,
so it is better to probe the interface states by using a
simple method.
In this research, we apply modi ed photocurrent (PC)
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spectroscopy as a sensitive technique to probe interface
states. PC spectroscopy, that is a measurement of the
photocurrent as a function of the energy of the incident light (probe beam), has been known for providing
an absorption spectrum of intrinsic and extrinsic states
of semiconductors [5{8]. In this study, we illuminated
an additional monochromatic light beam (pump beam)
while measuring the PC spectra and measured the difference between the PC with and without the pump
beam (PC). This photocurrent di erence spectroscopy
(PDC) has proven to be very sensitive to the electronic
properties of the heterointerfaces. If the energy of the
pumping light is tuned to be lower than the bandgap energy of the epilayer and higher than that of the substrate,
then the carriers excited by the pump beam exist only
in the substrate region while the photocurrent caused by
the probe beam is owing in the epilayers. Therefore,
one can expect the resulting PC spectrum to be sensitive to the interface states.
We report here PDC results on a ZnSe epilayer grown
on (001) GaAs. We present an observation of interfacial electronic states at an energy higher than the ZnSe
bandgap energy. We suggest a possible mechanism for
the PDC for ZnSe/GaAs in terms of the electronic band
structure and trap states formed at the interface.
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Fig. 1. Schematic diagram for the PC and the PDC measurement.
II. EXPERIMENTAL PROCEDURES

ZnSe epilayers were grown on semi-insulating GaAs
(001) substrates by using low-pressure metalorganic
chemical vapor deposition. In this experiment, we focused on a 1 m-thick ZnSe epitaxial lm. Schottky
contacts were made by evaporating Au on the front side
of the sample. As the probe beam, a monochromatic
light from a xenon arc lamp through an auxiliary 0.11-m
monochromator illuminated the area between the two
contacts. In the PDC experiments, the sample was
pumped by an additional monochromatic beam while
the conventional PC experiment was in progress. The
632.8-nm line of a He-Ne laser and the 325-nm line of
a He-Cd laser were used as the pumping sources. The
energy of the former (1.96 eV) is lower than the bandgap
of ZnSe and higher than that of GaAs while that of the
latter (3.81 eV) is higher than the bandgap of ZnSe. A
schematic diagram of the measurement is shown in Figure 1.
III. RESULTS AND DISCUSSION

Figure 2(a) shows a PC spectrum (solid line) for the
ZnSe epilayer at 90 K. The spectra (open and closed
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Fig. 2. (a) Photocurrent spectra of ZnSe/GaAs with
pumping by a He-Ne laser and a He-Cd laser and (b) their
photocurrent di erence spectra.

circles) taken at the same temperature under the illumination of He-Ne and He-Cd lasers, respectively, are also
shown. The applied DC bias voltage was 0.5 V. The PC
spectrum shows absorption features due to the exciton
and the band-to-band transitions. Additional peaks appear at energies higher than the absorption edge. The
origin of these peaks will be discussed. We note that
these features are absent in the re ectance or photoluminescence spectra [9].
Figure 2(b) shows the PC spectra with pumping by
a He-Ne laser and a He-Cd laser, respectively. One interesting feature here is that the magnitude of the PC
has a probe energy dependency. The pumping by the
He-Ne laser increases the PC intensity only when the
probe energy is higher than the ZnSe absorption edge
(Eg ZnSe ) while the PC spectrum is not changed by the
pumping when the energy of the probe beam is lower
than Eg ZnSe . Peaks appear in the PC at 2.789 eV
and 2.823 eV. In contrast, the PC intensity increases
over the entire energy range of the probe beam when
the sample is excited by the He-Cd laser. We note here
that the PC spectrum for pumping by the He-Cd laser
shows dips, instead of peaks, at the positions where the
PC spectrum for pumping by the He-Ne laser has peaks
(Figure 2 (b)). Figure 3 shows the PC spectra of the
sample for di erent DC bias voltages. All the spectra
are consistent in that the PC spectrum for pumping
by a He-Ne laser (a He-Cd laser) has peaks (dips) at the
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Fig. 3. PC spectra with di erence DC bias voltages. The
peak positions of PC spectra with pumping by a He-Ne laser
are shown with arrows.

same positions.
Similar experiments were performed for a (001)oriented bulk ZnSe for comparision. The PC spectra and
its corresponding PC spectra with pumps are shown in
Figure 4. The intensities of the PC increased almost constantly without any signi cant probe energy dependency
in both the cases of pumping by He-Cd and He-Ne lasers.
The PC spectra of the bulk ZnSe do not show any spectral feature over the whole probe energy range. While it
is obvious for the case of the He-Cd laser, the PC intensity increases for pumping by a He-Ne laser are probably
due to the existence of a considerable concentration of
deep level in the ZnSe bulk. It is a well-known behavior
that light can generate carriers if the energy of light is
larger than the energy interval between the conduction
band and the deep levels [10]. This result, the absence of
probe beam dependency in the PC in the bulk, implies
that the unusual features in PC in Figure 2 are related
to the existence of interfaces in the heterostructure.
To interprete the PC results for pumping by the HeNe laser in the heterostucture, one might consider the
possibility that additional carriers are created in ZnSe by

using a He-Ne laser which has the energy smaller than
Eg ZnSe: (i) the carriers generated in the GaAs substrate
can be injected into ZnSe, (ii) the carriers trapped in the
deep levels of ZnSe can be emitted and (iii) the carriers
can be generated in contact electrodes or gold wires by
absorbing scattered laser light. However, such additional
carriers cannot explain the probe-energy dependency in
the PC spectrum, considering that the pump light illuminates the sample constantly during the measurement.
The second possibility would be that the carriers created
in the GaAs region might increase the built-in electric
eld near the interface on the ZnSe side, which has been
observed in a similar structure [11]. If the PC is mainly
due to an electric- eld modi cation near the interface,
the intensity of the PC must increase with decreasing
thickness of the ZnSe epilayers, which is opposite to our
observation (not shown). Instead, the intensity of the
PC decreased as the thickness decreases and was not
detectable for the 100-nm-thick epilayer. Beside that,
the electric- eld modi cation near the interface cannot
explain the peaks or dips in the PC spectra.
We explain our ndings in terms of mid-gap trap states
existing in the interface between the ZnSe epilayer and
the GaAs substrate. Since the Fermi level is pinned
at the trap states at the interface, some of trap states
are lled with electrons while others are unoccupied in
equilibrium. Such trap states possibly exist because the
thickness of the ZnSe is thicker than the critical thickness
( 150 nm). Figure 5 display schematically the band
structure of ZnSe/GaAs near the interface by considering the above model. In the PC process, photo-generated
carriers tend to move by the applied electric eld, so a
drift current is generated. Because the electron mobility
is 20 times larger than the hole mobility in ZnSe [12],
the PC will be determined mainly by the drift current
of electrons. Once empty states exist at the interface,
electrons excited by the probe beam can be trapped at
these states; consequently, the magnitude of the PC will
be reduced. However, if additional electrons and holes
are created in the GaAs region by a He-Ne laser (Figure 5(a)), electrons move to the interface due to the eld
in GaAs side and ll the empty trap states at the interface, resulting in a reduction in the density of empty
trap states. This e ect can increase the PC and explain
the probe-energy dependency in the PC spectrum.
In Figure 2 and Figure 3, the PC spectra for pumping by the He-Ne and the He-Cd lasers reveal peaks
and dips, respectively, at the same energies of 2.789 eV
and 2.823 eV. Those energies are above the energy of
Eg ZnSe . Considering the modulation mechanism described above, the peaks in the PC spectrum result
from stronger e ects of photomodulation on the electronic states localized at the interface. If empty traps
are abundant near the interfacial electronic states, however, the states cannot contribute to the PC. They can
increase the photocurrent by resonantly absorbing the
probe light only after the trap states are lled by the
pump, so that peaks appear in the PC spectra. In
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Fig. 4. Photocurrent spectra of bulk ZnSe and their photocurrent di erence for pumping by He-Ne and He-Cd lasers.

addition, the direct absorption spectrum of the sample,
which can be found in the normal PC spectrum in Figure
2(a) (solid line), shows a small kink at the same energetic
position (2.789 eV), where the peak and the dip occur
in the respective PDC spectra. It is obvious that the
interface states are much more pronounced in the PDC
spectra than in the direct absorption spectrum.
The origin of the above-bandgap interfacial states is
not clear at this stage. These states can be inherent
states of the (2-dimensional) triangular quantum wells
at the interface formed by the band bending near the
interface, as reported earlier [13,14], or that may be another type of 3-dimensionally localized interface states
which have slightly higher energy than the ZnSe conduction band which can be formed by Zn-As or Ga-Se
bondings.
The existence of trap states can also explain quite well
the PC spectrum when pumping by a He-Cd laser. Figure 5(b) shows a schematic band structure of ZnSe/GaAs
near the interface when the epilayer is modulated by using a He-Cd laser that has an energy much larger than
Eg ZnSe . Since electrons are created in ZnSe by the HeCd laser, the PC increases over the whole energy range
of the probe beam. Though generated holes don't contribute to the drift current due to their small mobility,
they will di use toward the interface [15] because of the
internal electric eld. After taking into account the effect of radiative recombination, the estimated di usion
length of a hole is about 600 nm [16], which is not negligible compared to the thickness of the sample. Considering the penetration depth of the He-Cd laser ( 40
nm [17]) and the length of the interface space charge region (SCR) [11], it is fairly possible that the holes reach
the interface and are captured at trap states, resulting
in an increased concentration of empty trap states. This
e ect causes capture of more electrons in PC generated

Fig. 5. Schematics of modi cation of the photocurrents in
ZnSe/GaAs with pumping by (a) He-Ne laser and (b) He-Cd
laser.

by resonant absorption. Consequently, the PC intensity
increases less for the pumping with light having energy
resonantly absorbed in interfacial states that are spatially close to the trap states. This is responsible for the
dips in the PC spectrum pumping with a He-Cd laser
at energies where the PC by He-Ne laser reveals peaks
(Figure 2(b)).
It is emphasized that in order to make the mechanism
possible, trap states at the interface must be able to capture both electrons and holes necessarily. This is, indeed,
possible because the Fermi level is pinned at the interface
states that are partly occupied by electrons.
IV. SUMMARY

In summary, we demonstrated that photocurrent difference spectroscopy when pumping a sample with an
additional laser can be very sensitive to the electronic
states at the heterointerface. We explained the unusual
behavior of the PC spectra in terms of the existence
of mid-gap trap states and the above-bandgap localized
states at the ZnSe/GaAs interface. It would be possible to observe states localized at the interface by using
this PC spectroscopy on other heterostructures, such
as quantum wells.
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