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Attenuation of a surface acoustic wave is used as a highly sensitive and noninvasive probe of
persistent photoconductivity effects in ZnCdSe/ZnSe quantum wells. These effects are observed
over long time-scales exceeding several minutes at low temperatures. By varying the optical
excitation energy and power and temperature we show that these effects arise from carriers
photogenerated by interband excitation which are trapped in random potential fluctuations in the
quantum wells related to compositional fluctuations. Effects related to defect levels in the band gap
can be excluded and a transition of the conduction mechanism with temperature from a hopping to
a percolation regime is observed. The transition temperature observed for our quantum well material
is strongly reduced compared to bulk crystals. This indicates a superior structural quality giving rise
to only weak potential fluctuation of ⱗ3 meV. © 2010 American Institute of Physics.
关doi:10.1063/1.3373415兴
I. INTRODUCTION

Surface acoustic waves 共SAW兲 are a highly versatile tool
to probe and manipulate optical and electronic properties of
materials. Examples in the field of low-dimensional semiconductor heterostructures include charge conveyance and
spectroscopy of high-mobility electron systems1,2 and optically active systems as quantum wells 共QWs兲3,4 and quantum
dots.5–7 However, most of these investigations focused on the
most advanced III–V semiconductor compounds due to their
piezoelectricity which allows for the use of interdigital transducers 共IDTs兲 to excite and detect SAW. Despite the fact that
most II–VI semiconductors are also weakly piezoelectric still
SAW-based studies are very limited.8
One important mechanism which has large impact on the
electrical transport properties in semiconductors is the persistent photoconductivity effect 共PPC兲. This persistence of
free charge carriers in semiconductors long after the removal
of the exciting light source can by far exceed typical carrier
lifetimes and leads to a pronounced change of conductivity
in the material. PPC has been studied in the AlGaAs and
other III–V material systems in great detail for many years.9
In the case of AlGaAs a thermal barrier prevents the
recombination of the DX-centers at low temperatures which
gives rise to the PPC effect. Similar PPC effects have
also been observed in II–VI semiconductors such as ZnCdSe,
ZnMgSSe, ZnMgSe, and CdTe.10,11 In inhomogeneous
semiconductors12 and heterostructures13 its origin can be of a
different nature. In particular for bulk ZnCdSe spatial sepaa兲
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ration of charge carriers in random local potential fluctuations 共RLPF兲 can occur. These RLPF result from compositional fluctuations during material growth and have been
found to be the dominant mechanism giving rise to PPC.14–20
One striking consequence is the transition of the conduction
mechanism from a localized to a percolation regime at a
critical temperature. Surprisingly, similar transition temperatures were found for both bulk and QWs grown by molecular
beam epitaxy 共MBE兲 共Ref. 21兲 indicating that in these materials RLPFs are introduced inherently and cannot be reduced
by introducing heterointerfaces.
In this paper we present a study of PPC in a ZnCdSe/
ZnSe multiple QW 共MQW兲 structure without directly measuring the conductivity by electrical means. Instead we apply
a method based on surface acoustic SAWs, which for low
SAW power represents a noninvasive and highly sensitive
probe of the conductivity. The underlying mechanism is the
attenuation of the SAW by mobile carriers which can be
measured with high precision. Moreover, we find that for our
QW material the transition temperature between the localized and percolation transport regime is significantly reduced
to TC ⱗ 40 K compared to values of TCbulk ⬃ 120 K reported
for bulk material.16 This finding clearly shows the superior
quality of our material compared to previous reports and
indicates that inhomogeneities resulting in RLPFs are substantially reduced.
II. EXPERIMENTAL SETUP

Our sample consists of a ZnCdSe/ZnSe heterostructure
grown by MBE. Five optically active, 4 nm wide
107, 093717-1
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FIG. 1. 共Color online兲 SAW attenuation of the third SAW harmonic
共f 3 = 345 MHz兲 at T = 35 K, before, during, and after optical excitation.
Inset: ZnCdSe/ZnSe heterostructure on a LiNbO3 substrate with IDT.

Zn0.9Cd0.1Se QWs, separated by 8 nm ZnSe barriers are embedded between two 63 nm ZnSe cladding layers. After
growth, the II–VI semiconductor heterostructure was removed from the substrate and transferred onto the strongly
piezoelectric LiNbO3 chip using an epitaxial lift-off
method.8,22 The transferred film is positioned between two
IDTs on the host LiNbO3 substrate. Due to the increased
coupling coefficient, Keff, of LiNbO3 compared to Zn共Cd兲Se
this hybrid sample layout efficiently gives access to higher
piezoelectric fields in the semiconductor material which, for
e.g., was used to study SAW mediated exciton dissociation.8
A microscope image of one part of the sample is shown in
the inset to Fig. 1. In the upper part the IDT with an aperture
of 0.58 mm allows for the excitation and/or detection of
SAW at f 0 = 115 MHz and f 3 = 3 ⫻ f 0. The SAW launched by
the IDT propagates through the semiconductor film 共length
2.6 mm兲 to a second IDT on the opposite side. The total
length of the SAW delay line is 5.4 mm and the transmitted
power was measured using a conventional network analyzer.
The sample itself was mounted on the coldfinger of an optical helium-flow cryostat equipped with high-frequency connections to the IDTs. For photoluminescence 共PL兲 experiments carriers were photogenerated by a laser diode
共Laser-1, បex = 3.18 eV, Pmax = 30 mW兲 focused to
⬃500 m diameter spot using a 5 ⫻ microscope objective.
The corresponding maximum excitation density results to
I0 = 4 W cm−2. The emission from the sample was collected
by the same objective, sent to a 0.5 m grating monochromator where it is spectrally analyzed and detected by a lN2
cooled charge-coupled device. For excitation energy dependent experiments Laser-1 was replaced by white light spectrally filtered by a monochromator. For optical manipulation
of the PPC a second laser diode 共Laser-2, បex = 1.84 eV,
Pmax = 35 mW兲 was used.
III. SAW ON A ZNCDSE/ZNSE-LINBO3 HYBRID

SAW are attenuated in the presence of free charge
carriers close to the sample surface. In a piezoelectric material the periodic mechanical deformation is accompanied by
electric fields which induce currents dissipating energy.
While for high SAW intensities 共PSAW ⬎ 20 dBm兲 a modulation of the conduction and valence band 共VB兲 edges leads
to a dissociation of optically generated excitons, thus
quenching the photoluminescence,8 in the regime of low

powers PSAW = −20 dBm, used in all presented measurements, the photoluminescence signal of the QW is not yet
altered or quenched. The SAW propagation hence acts only
as a weak perturbation of the system and a measurement of
the SAW transmission in this power range provides a noninvasive probe of the conductivity. The transmitted intensity
between the two IDTs is given by I = I0,SAWe−s⌫, with s being
the length of the interaction region and ⌫ the absorption
coefficient. For a two-dimensional system1 and small SAW
amplitudes, the SAW has only a negligible effect on the
charge density 共r , t兲, therefore, for a given sheet conductivity, , the absorption coefficient, ⌫, can be written as

⌫=


k
m
⫻
2

1+
m

2
·
Keff

冉 冊

2.

共1兲

In this equation Keff denotes the effective coupling constant,
a measure of the piezoelectric strength of the material, k the
SAW wave vector, and m the so-called characteristic conductivity. From a closer examination of Eq. 共1兲 one can see
that the absorption coefficient as a function of conductivity
increases linearly for  ⬍ m, reaches a maximum at  = m
and subsequently decreases proportional to −1 with further
increasing conductivity. The characteristic conductivity m is
given by m = ⑀0共1 + ⑀hyb兲v and is thus dependent on the
speed of sound v in the material along the respective crystal
direction and the relative dielectric constant of the hybrid
system. ⑀hyb can be determined for a given layer sequence23
and depends on the SAW wave vector and, therefore, the
different harmonics used in our experiments exhibit different
values for the characteristic conductivities

m共115 MHz兲 ⬇ 1.04 ⫻ 10−6 ⍀−1 ,
m共345 MHz兲 ⬇ 8.75 ⫻ 10−7 ⍀−1 .
At these critical conductivities pronounced minima in the
transmitted SAW power for both frequencies are expected.
The small values for m indicate the high sensitivity of the
SAW to measure small conductivities. In the following the
measured parameter will be s⌫, the length of the interaction
region s multiplied by the absorption coefficient, referred to
as the SAW attenuation. While the upper bound of s is determined by the size of the epitaxial lift-off film 共2.6 mm兲 the
effective value of s over which changes in the conductivity
are detected is mainly limited to the excitation spot size of
⬃0.5 mm. Since we keep the spot size constant in our experiments, s⌫ is a direct measure for the conductivity which
is linked by Eq. 共1兲.
Figure 1 shows a typical measurement of attenuation at
the frequency of the third harmonic 共f 3 = 345 MHz兲 at low
temperatures 共T = 35 K兲 as a function of time. At the onset of
illumination 共t = −10 s兲 the attenuation instantly rises. Due to
the creation of free charge carriers, the transmission of the
SAW is attenuated by ⬇35 dB. At t = 0 s the laser is turned
off, after which the attenuation rises to a maximum, before it
very slowly decays on a seconds timescale. This behavior is
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FIG. 2. 共Color online兲 Temperature dependence of the attenuation of the
first and third SAW harmonic on illumination. Inset: Measured values of the
first harmonic are multiplied by three, to show a s⌫ ⬀ k dependence for
 ⬍ m, i.e., at low temperatures.

consistent with Eq. 共1兲. In particular, at the maximum of the
attenuation the conductivity is equal to the characteristic
conductivity m.
The increase in the attenuation during illumination as a
function of temperature is shown in Fig. 2. For T ⬎ 150 K
the transmission of the SAW is not damped and no attenuation is measured. As this is the same temperature above
which no photoluminescence could be detected for our
sample,8 it hints toward charge carriers from band-to-band
transitions as the origin of the PPC. The attenuation of the
third harmonic shows a nonlinear dependence on the conductivity for T ⬍ 70 K as described by Eq. 共1兲. At this temperature the conductivity is very close to the characteristic conductivity m ⬇ 8.75⫻ 10−7 ⍀−1 of the third harmonic. Since
the value of the characteristic conductivity of the first harmonic is higher, the attenuation remains directly proportional
to the conductivity over the entire range of temperatures T
⬎ 10 K. Unless stated otherwise we restrict our analysis to
data obtained at f 1 due to the linear dependency of the conductivity on the SAW attenuation. For T ⬎ 75 K the measured values of the third SAW harmonic match those of the
first multiplied by three 共see inset to Fig. 2兲. This indicates
that the slight difference of m 共345 MHz兲 and m 共115
MHz兲 expresses itself in the attenuation for conductivities in
the range of m and shows very nicely that the attenuation is
a relative measure of sheet conductivity.
A. PCC in ZnCdSe QWs

As shown in Fig. 1, the SAW propagation is considerably affected during and long after illumination. This is a
rather striking discovery, because in an ideal system in which
only charge neutral excitons are generated, the dominant loss
mechanism would be radiative recombination. This process
takes place on much faster timescales which are not affected
by the small amplitudes of the SAW 共Ref. 3兲 used in these
experiments. In order to exclude optically active impurities
giving rise to levels in the band gap or surface states, the
SAW attenuation was investigated for different photon energies. In this experiment Laser-1 was replaced by white light
which was spectrally filtered by our monochromator. Figure
3 shows the SAW attenuation of the first harmonic during
illumination at T = 60 K as a function of the photon energy.
At this temperature the attenuation is directly proportional to
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FIG. 3. SAW attenuation and free exciton PL-intensity at T = 60 K. The
energy of the free exciton recombination and the exciton binding energy
Eb ⬇ 32.5 meV 共Ref. 24兲 determine the onset of free charge carrier generation in the QW. The energy for the absorption edge of ZnSe is approximately
2.78 eV at 60K 共Ref. 25兲. The inset shows a schematic of the conduction
band 共CB兲 and VB of ZnCdSe-QW and ZnSe-barrier in order to illustrate
the origin of the attenuating charge carriers 共not to scale兲.

the conductivity, as indicated by the temperature dependence
of the first SAW harmonic shown in Fig. 2 and, moreover,
the low optical powers used in this experiment ensure that
the conductivity is much less m. Photon energies less or
equal than the free exciton recombination energy 共a PL spectrum is shown in the figure for comparison兲, ប ⬇ 2.63 eV,
have no effect on the SAW transmission. This excludes
activation of defects or impurities with levels within the
band gap as the mechanism responsible for the observed effect as it was observed in a previous study on II–VI QWs
grown by MBE.21 For energies larger than the QW emission
two regions can be distinguished: 共i兲 for energies ranging
between 2.63 and ⬃2.78 eV charge carriers are photogenerated solely in the ZnCdSe-QW. 共ii兲 For energies exceeding
the band gap of the ZnSe barrier material, Eg共ZnSe兲
⬇ 2.78 eV,25 carriers are also generated outside the QW region. The increase in the signal at this absorption edge indicates that some of the carriers excited in the barrier material
relax into the QWs levels.
To obtain further insight in the underlying mechanism
we performed temperature dependent SAW attenuation and
PL experiments under illumination by Laser-1 which are
summarized in Fig. 4. In the SAW attenuation experiments
the third harmonic was used 关Fig. 4共a兲兴 and the laser was
switched off at t = 0 s. Clearly, the time transients undergo a
pronounced change as the temperature is raised. In particular
the peak in the SAW attenuation at which the conductivity
becomes comparable to m shifts in time and its temporal
width changes. At a temperature of T ⬃ 30– 40 K both the
delay and width of this conductivity peak are maximum. For
lower and higher temperatures this peak vanishes and, in
addition, a slow and fast decay of the attenuation signal are
observed, respectively. Since the observed maximum is
linked to a shift of  from values larger to values smaller
than m its width and contrast reflect the recombination
mechanism and rate of the charge carriers in the system.
Though 共t = 0 s兲 is not the same for all temperatures the
temporal width of the attenuation peak is directly proportional to the recombination rate and these measurements suggest a minimum recombination rate at T ⬃ 30 K. Thus a
critical temperature TC is exceeded in the range between
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FIG. 5. 共Color online兲 共a兲 Schematic of spatial modulation of the conduction
and VB edge energies due to RLPFs with a recombination energy Erec.
Horizontal lines labeled CB and VB show the nominal conduction and VB
edges without RLPF. 共b兲 Excitation of trapped charge carriers using subband gap excitation.

FIG. 4. 共Color online兲 共a兲 Decay of attenuation of the third SAW harmonic
for temperatures T = 10– 60 K 共⌬T = 5 K兲. 共b兲 PL spectra at T = 10, 35, and
60 K showing bound exciton 共bX兲 and free exciton 共fX兲 luminescence. 共c兲
Relative PL intensity of free and bound exciton 共symbols兲 and fit of Eqs. 共2兲
and 共3兲 共solid lines兲.

25⬍ T ⬍ 35 K above which the recombination rate increases
rapidly with temperature and exhibits an activated temperature dependence.
This critical temperature corresponds to a thermal energy
of kBTC = 2.6 meV which suggests an activation energy in
the same range. Since the excitation energy dependence of
the PPC indicates that the underlying mechanism is governed
by carriers photogenerated across the bandgap we can use PL
spectroscopy to obtain further information over the same
temperature range. In Fig. 4共b兲 we compare the QW emission at T = 10, 30, and 60 K which are below, close to and
above the temperature at which the transition of the SAW
attenuation transients is observed. For clarity the corresponding SAW transients at these temperatures are highlighted in
Fig. 4共a兲. A close examination of the PL signal at T = 10 K
shows two contributions of similar intensity which are split
by ⬃6 meV. The features at lower and higher energy arise
from emission of bound 共bX兲 and free excitons 共fX兲, respectively. While for T = 30 K bX is suppressed compared to fX
but still well resolved at T = 60 K only fX emission is detected. For a detailed analysis of this effect in the temperature range between T = 10 and 60 K we plot the relative intensities of bX and fX given by Irel,bX/fX = IbX/fX / IbX + IfX as
symbols in Fig. 4共c兲. This data can be described by a thermally activated conversion process from bound 共bX兲 into
free excitons 共fX兲

冋 冉 冊 册

Irel,bX共T兲 =

− ⌬E
IbX
= 1 − exp
+␣ ,
IbX + IfX
k BT

Irel,fX共T兲 =

− ⌬E
IfX
+ ␣.
= exp
IbX + IfX
k BT

冉 冊

共2兲

共3兲

Here, ⌬E is the exciton localization energy and ␣ is a constant which reflects the number of free excitons for T

→ 0 K for a fixed generation rate, i.e., optical pump power.
The corresponding fits of Eqs. 共2兲 and 共3兲 are plotted as solid
lines in Fig. 4共c兲. From these fits we obtain a localization
energy ⌬E = 4.3 meV, a value which is comparable to and
consistent with the energy splitting between the bX and fX
peaks. Moreover, the thermal energy kBTC = 2.6 meV at
which the transition is observed in the SAW attenuation is
also in good agreement. Since both SAW attenuation and PL
spectroscopy show a transition in the same temperature
range we assume that also for the PPC measured via the
SAW attenuation localization of carriers is the dominant
mechanism.
In a semiconductor alloy disorder can lead to compositional variations and the resulting variations in the conduction and VB edges give rise to RLPF. These RLPF can act as
local traps for charge carriers as shown schematically in Fig.
5. For our ZnCdSe MQW, local chemical fluctuations, i.e., of
the Cd-content can create potential minima for either electrons or holes, which exhibit an average energy barrier Erec
which is a measure for the disorder in the system. Moreover,
to transfer carriers between RLPF or release excitons bound
to an RLPF the corresponding recombination energy Erec has
to be provided, for example, thermally which gives rise to
the observed temperature dependence. For low temperatures,
charge carriers are localized in all potential minima, thus the
resulting conductivity is very low. The separation leads to a
reduced wave function overlap of electrons and holes inhibiting, e.g., radiative recombination. This consequently results
in an increase in the carrier lifetime giving rise to PPC. With
increasing thermal energy or temperature, thermal redistribution of carriers sets in. In particular at a critical temperature
TC, a transition of the conduction mechanism occurs,17 carriers can now percolate through the network of accessible
potential minima. At this temperature this percolation leads
to a net transfer of carriers to the deepest RLPF. This increases the average carrier lifetime giving rise to the slow
down of the decay of the PPC 关see measurement in Fig. 4共a兲兴
for temperatures up to T = 30 K. With further increasing temperature, the recombination rate rises until Erec becomes
comparable to the thermal energy. From this temperature on
PPC breaks down and is no longer observed since now all
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carriers trapped in RLPF are thermally activated out of these
localization sites. This increases the recombination rate and
the PPC decays faster.
The good agreement between Erec, i.e., the depth of the
RLPF determined using our SAW-based method and the exciton localization energy determined from the PL data further
confirms that both measured energies reflect the bandedge
modulation. These small measured localization energies reflect directly the excellent structural and morphological quality of our MBE grown QWs.
As discussed in the previous paragraph, the critical temperature TC at which the transition of the transport mechanism occurs depends on the depth of the energy minima.
These themselves are directly connected to disorder in the
material composition and thus the sample quality. Therefore,
a small value of TC indicates that there is a weak and shallow
potential modulation due to RLPF. In previous PPC studies
on II–VI semiconductor compounds RLPF have been identified in bulk material to be the dominant mechanism at play.
The reported values of TC ⬎ 120 K were found for bulk
crystals16 and MBE-grown QWs.21 These studies indicate
that the introduction of a heterointerface as in a QWs does
not necessarily result in a reduction in RLPF. Comparing the
findings of Ref. 21 to our work we do not observe PPC
effects for sub-band gap excitation which indicates that
RLPF are the dominant mechanism. Moreover, from the presented data we can deduce a value of TC ⬍ 40 K for our
sample. This strong reduction in the critical temperature and
the corresponding shallow band edge modulation of Erec
ⱗ 3 meV underlines the high quality of our films. This value
is comparable to the activation energy between bound and
free excitons of ⬃4.3 meV. The small deviation could arise
from different localization energies for individual carriers
and bound electron-hole pairs.
B. Manipulation and saturation of the PPC

Another way to transfer carriers trapped in RLPF is by
optical excitation using light with an energy larger than Erec
as shown schematically in Fig. 5共b兲. We demonstrated in Fig.
3 that for photon energies below the effective band gap of the
QW no extra carriers are generated and, therefore, no PPC
can build up. However, if carriers are already present in the
system and trapped in RLPF they can be activated giving rise
to a response in the PPC. We want to note that the ability to
manipulate the PPC is a clear indication that the underlying
mechanism in our II–VI QW-system has a different origin,
e.g., in AlGaAs where PPC is dominated by DX-centers. To
confirm this assumption a second laser 共Laser-2兲 with an
energy បex = 1.84 eV less than the effective band gap of the
QW was used for excitation. Due to its smaller energy no
excitons are generated by this laser via interband absorption.
Figure 6 shows in the main panel the attenuation of the first
SAW harmonic over time for a temperature of T = 45 K,
which ensures a linear dependency on the conductivity.
At t = 0 s the above band gap excitation បex = 3.18 eV of
Laser-1 is turned off 共gray shaded area兲 and the SAW attenuation decays slowly as described before. At t = 3.5 s, Laser-2
is turned on and a sharp increase in the SAW attenuation is

FIG. 6. Manipulation of the attenuation after the excitation with above
bandgap energy 共T = 45 K; first SAW harmonic兲. Irradiation time of the
different photon energies is indicated by bars. Inset: Manipulation of the
attenuation by optical excitation with ប = 1.84 eV during above bandgap
excitation 共T = 60 K; first SAW harmonic兲.

observed. This increase can be understood and explained by
an intraband activation of trapped electrons and holes as
shown schematically in Fig. 5共b兲. After activation these carriers now contribute to the sheet conductivity until they recombine. This gives rise to the observed decay of the conductivity even though Laser-2 remains on. This is
furthermore consistent with the fact that no additional electrons and holes are photogenerated and only trapped carriers
are activated which are lost after recombination. Clearly, the
time constant of the decay is faster with Laser-2 switched on
which was also observed using an infrared light emitting
diode instead of Laser-2. To further confirm this additional
activation effect we performed a steady state experiment
shown in the inset of Fig. 6. Here, Laser-1 is on all the time
and at t = 10 s also Laser-2 is used to excite the sample.
When Laser-2 is switched on, the SAW attenuation s⌫ drops
by ⬃25% since additional activation and subsequent recombination of carriers trapped in RPFL occurs. After Laser-2 is
switched off again the original attenuation level is recovered.
To further support our model based on RLPF we performed SAW attenuation experiments under continuous excitation using Laser-1 in which the optical pump power was
varied and thus, the generation rate of excitons. Assuming
that the rates of radiative decay of excitons and recombination of charges trapped in RLPF are independent on the optical pump power, a steady state occupation of RLPF and
number of mobile carriers will build up for a given optical
power. The measured attenuation as a function of the excitation intensity is shown as symbols in Fig. 7. With increasing
laser intensity the SAW attenuation of the third harmonic
and, therefore, the sheet conductivity rises and at about I
⬇ 0.1⫻ I0, the sheet conductivity matches the characteristic
conductivity. The observed behavior can be fitted in this excitation power range using
K2 · s · k
s⌫共I/I0兲 = eff
2

共I/I0兲
m
共I/I0兲
1+
m

冋 册

2,

共4兲

and assuming for  a single exponential increase given by
共I / I0兲 ⬀ exp共I / I0兲. Clearly, the result of this fit 共solid line in
Fig. 7兲 agrees well over a wide range of intensities. The

093717-6

J. Appl. Phys. 107, 093717 共2010兲

Fuhrmann et al.

dence on the conductivity given by Eq. 共1兲 the SAWresponse on the conductivity can be analyzed and fitted
accurately 共Fig. 7兲.
IV. CONCLUSIONS

FIG. 7. 共Color online兲 Attenuation of the SAW third harmonic vs laser
intensity at T = 60 K. The standard deviation of the attenuation during illumination is indicated by error bars. The solid line represents a fit to the
experimental data of Eq. 共4兲.

initial increase in the conductivity can be well understood by
assuming a Gaussian variation in the Cd-content from the
nominal value of 0.1 and, thus, a Gaussian distribution of
Erec. Furthermore, this distribution can be correlated with the
distribution of the electron kinetic energy in the RLPF. At
T = 60 K the conduction is in the percolation state and, therefore, at low laser intensities the small number of generated
electrons is mainly trapped by deep localization centers with
an increased Cd-content, minimizing their kinetic energy.
With increasing excitation intensity and electron density,
electrons have to populate the shallower localization centers
with reduced Cd-content. This leads to a strong increase in
total kinetic energy of the trapped electrons and explains the
exponential rise of sheet conductivity. The overall good
agreement between the experimental data and the fit over a
wide range of excitation power proves both the validity of
Eq. 共1兲 and the assumption made for 共I / I0兲. In addition, the
observed saturation of the signal is a clear indication to a
finite number of localization site available which are fully
populated for laser intensities ⬎0.2⫻ I0.
At this point we want to note that the applied SAWtechnique is capable to sensitively detect conductivity at
very low optical pump powers. In particular we want to note
that the minimum excitation power required to detect PL
signals from our samples was in the order of ⬃0.05⫻ I0
⬃ 200 mW cm−2 setting the lower bound at which this invasive method can be applied. In contrast, at this particular
pump power already a pronounced SAW attenuation of s⌫
= 6 is detected. This attenuation level is a factor of 20–30
larger than minimum resolvable attenuation levels of
0.2⫾ 0.1. We estimate this value from the baseline and noise
level in of data in Fig. 3 measured for photon energies less
than the effective band gap of the QWs. We extrapolate that
at this optical excitation levels ⬍4 ⫻ 1014 photons/ s cm2 are
absorbed in the ZnSe thin epitaxial film.26 In addition to this
high sensitivity our SAW attenuation method does not rely
on high SAW powers. In particular it is capable to detect in
the low SAW power regime where no influence on the PL
signal is detected or charge conveyance effects occur. Thus,
this method does not perturb the carrier system in study and
resembles a noninvasive probe of the conductivity. In addition, we have shown that despite of the nonlinear depen-

In conclusion we studied the attenuation of a SAW in a
ZnCdSe/ZnSe-LiNbO3-hybrid. Under optical excitation we
observe a variation in the SAW attenuation due to PPC effects in the ternary II–VI alloy. One major advantage of our
SAW-based approach is that it does not require electric contacts to the carrier system in study. Moreover, we want to
point out that for the presented method an epitaxial lift-off is
not necessarily required. Such conductivity measurements
can also be also performed by bringing the sample in contact
to the LiNbO3 substrate.27 This PPC arises from carriers
trapped in and activated from random potential fluctuations
due to compositional fluctuations in the material. By performing temperature and excitation energy and power dependent experiments impurity or defect related effects can be
excluded. It is shown that the carriers trapped in RLPF can
be activated optically and thermally. In the temperature dependent experiments a clear transition from a hopping to a
percolation regime is observed which also manifests itself in
a suppression of bound exciton emission. We find that the
critical temperature below which localization occurs is reduced from T = 120 K for bulk crystals to T ⬍ 40 K in high
quality QWs grown by MBE. The corresponding shallow
potential modulation of Erec = ⱗ 3 meV underlines the high
structural quality achievable in MBE-grown II–VI heterostructures. Furthermore, direct comparison between the applied techniques demonstrates that compared to PL spectroscopy the SAW-based method yields a very versatile,
noninvasive tool for sensitive conductivity measurements
which can be applied to other material systems than the one
studied in this work.
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