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We report tuning of properties of type II nanostructures between quantum dot
(QD)-like and quantum well (QW)-like behaviors in ZnSe layers with ZnTe
submonolayer insertions, grown by migration-enhanced epitaxy. The sizes of
QDs are estimated from magneto-photoluminescence (PL) measurements,
which showed no significant change in the QD lateral size with increasing Te
flux, indicating increase in QD density instead. The area density of QDs is
estimated from the results of secondary-ion mass spectrometry measure-
ments. It is determined that, in the sample grown using the highest Te flux,
the electronic wavefunctions begin to overlap, leading to QW-like behavior
before the formation of a full QW layer. This is also confirmed via tempera-
ture-dependent time-resolved PL, which showed significant change of exci-
tonic lifetimes and binding energies of type II excitons.

Key words: Type II heterostructures, submonolayer quantum dots, Zn-Se-
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INTRODUCTION

Based on their band alignment, semiconductor
heterostructures are generally divided into two
types: type I heterostructures, where electrons and
holes are located in the same material, which has
lower potential for both of them, and type II het-
erostructures, where one of the materials has lower
potential for electrons while the other has lower
potential for holes, leading to spatial separation of
the charge carriers. Because of the Coulomb inter-
action, these electrons and holes are bound in pairs,
forming spatially indirect, type II, excitons. These
excitons generally have recombination lifetimes
longer than those of type I excitons. In addition, the
energies and recombination oscillator strength of
type II excitons are sensitive to the carrier densities
as well as the external electric and magnetic

(Received December 17, 2012; accepted August 13, 2013;
published online September 4, 2013)

fields.? These properties can be used for novel
device applications.

Among type II semiconductor heterostructures,
ZnSe layers with ZnTe submonolayer quantum dot
(QD) multilayers have attracted a lot of interest due
to the suitable band structure, which can be tuned
to interact with light in a large wavelength range,
from the ultraviolet to infrared.>~* For ZnTe QDs
embedded in ZnSe barriers, photogenerated holes
and electrons are located within the QDs and in the
barriers, respectively.®® Along with the fact that
ZnTe can be easily doped p-type, this structure has
practical applications in photodetectors® and pho-
tovoltaic devices.® Using a combination of migra-
tion-enhanced epitaxy (MEE) and molecular beam
epitaxy (MBE), ZnTe submonolayer QDs can be
grown without the formation of wetting layers,
which might be key to improvements in device
performance. Due to the low contrast between the
ZnTe submonolayer QDs and ZnSe barriers, it is
very difficult to characterize the structure by trans-
mission electron microscopy. Therefore, indirect
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methods are required to finely probe the sizes and
densities of the QDs.

For most device applications, the density of QDs
is a very important parameter, since the degree of
light absorption depends on it. With increasing QD
density, it is expected that the QDs would start to
coalesce, forming a quantum-well-like layer, which
would change the electronic properties of the sam-
ple. For type II QDs, and for the ZnTe/ZnSe system
in particular, where the electrons are located in the
barriers, the wavefunctions of charge carriers can
start to strongly overlap much earlier than the
onset of physical QD coalescence. Thus, type II QD
layers can start behaving like quantum wells (QWSs)
at much lower densities than those required for the
formation of real QW layers, with obvious conse-
quences for device performance. Herein, we report
tuning between QD- and QW-like behaviors in ZnSe
layers with ZnTe submonolayer QDs, by studying
samples grown with increasing Te flux. Conditions
and evidence for such tuning are obtained by mea-
suring QD sizes and densities as well as analyzing
photoluminescence (PL) spectra, and excitonic life-
times and binding energies.

EXPERIMENTAL PROCEDURES

ZnSe layers with ZnTe submonolayer QDs were
grown using a Riber 2300 MBE system on (001)
GaAs substrates by a combination of MEE and
MBE. Prior to the growth of the QD layers, an
undoped ZnSe buffer layer was grown at optimum
growth temperature of 270°C. After this, ZnSe lay-
ers with ZnTe QDs were grown following the same
shutter sequence and steps as for the samples
reported in Ref. 7. The ZnSe spacers between the
QD layers were about 3.0 nm thick. By varying the
Te cell temperature, three samples were grown
using different Te fluxes during the formation of the
QDs. All other growth conditions remained the
same. The samples are listed in Table I, along with
the total number of periods of the multilayers and
the average Te concentration obtained via second-
ary-ion mass spectrometry (SIMS) performed by
Evans Analytical Group. Samples A, B, and C are
organized in order of increasing Te cell tempera-
ture.

For continuous-wave (cw) PL measurements, the
351-nm emission line from an Ar* laser was used for
excitation. The emission was detected via a third
stage of a TriVista SP2 500i triple monochromator
coupled to a thermoelectrically cooled GaAs photo-
multiplier tube and a photon counting system.
Samples were kept in an ARS Inc. temperature-
variable closed-cycle refrigeration system, allowing
for temperature-dependent measurements between
10 K and 300 K. The same cryosystem was used for
the time-resolved PL (TRPL) measurements, where
the 337-nm line of a Ny pulsed laser with 4-ns pulse
width was used for excitation, while a 500-MHz
Tektronix TDS 654C oscilloscope was used for data
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Fig. 1. Normalized PL at 10 K (black solid lines), 50 K (red dashed

lines), and 90 K (blue dotted lines) for: (a) sample A, (b) sample B,
and (c) sample C (Color figure online).

recording. Magneto-PL measurements were performed
within a Cryo Industries of America, Inc. 9-T super-
conducting magnet fitted with fiber-optic probes. In
this case, the PL was excited by a 405-nm diode
laser and detected with an Ocean Optics high-
resolution solid-state spectrometer. The samples
were cooled to 7.5 K by vaporizing liquid helium.

RESULTS AND DISCUSSION

The normalized PL spectra of all three samples
for several measurement temperatures are shown
in Fig. 1. It is apparent that each spectrum con-
sists of several bands, and the relative intensities
of these bands vary with the measurement tem-
perature. We thus fit the spectra with Gaussian
peaks, as shown in insets of Fig. 2 for the spectra
at 50 K. The “green bands” (energy <2.6 eV) are
related to type II ZnTe/ZnSe QDs, while the “blue
bands” (energy >2.6 eV) are mostly related to
Teq, > 2) isoelectronic centers (ICs) within the ZnSe
barriers.* At 10 K, emission from ICs dominates
in the spectrum of sample A, whereas the QD
emission dominates in the spectrum of sample B.
This implies that the density of QDs increases
with the increase of Te flux during growth. There
is no noticeable emission form ICs in the spectrum
of sample C.
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Fig. 2. Normalized integrated PL intensity as a function of temper-
ature for: (a) sample A, (b) sample B, and (c) sample C. Insets show
example fits of PL spectra at 50 K by Gaussian peaks.

Considering the hole confinement in ZnTe QDs,
one can estimate energy levels of the holes from the
peak position of the green bands (listed in Table I).
For this we interpolated the band parameters of
ZnTe/ZnSe taken from Ref. 8 based on a 50% Te
fraction within the QDs.? The obtained energy lev-
els, measured from the top of the valence band of
ZnSe( sTeq 5, are 0.47 eV for samples A and B, and
0.28 eV for sample C. Since the lateral size of the
submonolayer QDs is much larger than their
thickness,” the energy level of holes is mostly
determined by the confinement in the growth
direction. We therefore numerically solved the
Schrodinger equation for a hole in a one-dimen-
sional QW to correlate the energy level of holes and
the thickness of QDs. Using this approach, we
determined the average thicknesses of the QDs for
all the samples, also listed in Table I. The broad-
ening of the green bands is related to the thickness
distribution of QDs* and the -electron—phonon
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interaction.’ The green band is narrower for sam-
ple C, indicating that the thickness distribution of
the QDs is smaller in the sample grown with the
highest Te flux (i.e., the QD sizes are more uniform).

The temperature dependences of the integrated
PL intensity for the fit bands in the three samples
are shown in Fig. 2. For samples A and B, as the
temperature rises, the intensity of the blue band
decreases, while the intensity of the green band
increases up to ~80 K, decreasing thereafter. This
is because of the competition between ICs and QDs.
Excitons bound to ICs have lower binding energies
than those bound to QDs. They start ionizing at
lower temperature, and can become trapped at QDs,
which enhances the emission from the latter while
lowering the emission from ICs. When the temper-
ature reaches ~80 K, the ionization process starts
to dominate in both ICs and QDs, leading to the
decrease of intensity for all bands. In sample C, due
to the much higher density and more uniform size
distribution of the QDs, an increase of temperature
only contributes to the ionization, resulting in the
immediate decrease of PL emission.

To estimate the radius of the type II QDs, one can
use results of magneto-PL, as these dots exhibit the
excitonic Aharonov—Bohm (AB) effect, as shown in
Fig. 3. Analysis of the AB effect gives a direct
and precise measure of the electronic orbit,'!
and therefore an estimation of the lateral size of
the QDs.'%!! Following the model of Refs. 10,11, we

Sample A
——— Sample B

——— Sample C

Integrated Intensity
o
[o9)
_|
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B (Tesla)
Fig. 3. Normalized integrated PL intensity as a function of magnetic
field for the three samples.
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calculated the electronic orbit radius for these
samples from the AB peak position, with the results
listed in Table I. Comparing the electronic orbit
radius with the average QD thickness for each
sample, we find that, for higher Te flux during
growth, the density of QDs increases: sample B has
higher QD density than sample A, while the QD
sizes are almost the same for both samples. For
sample C, which has the highest Te flux, both the
density and size of QDs increase compared with the
other two samples. We further quantitatively esti-
mated the area density of QDs, nqp, as

ngp = e () 1 1
Qb NA hQD nsz’

where N, is the average Te concentration as mea-
sured by SIMS, N, is the volumetric atomic density
of ZnTe, which is 3.52 x 10*? cm ™ 2,'? Ay, and Aqp
are the average thickness of one spacer layer and
the QDs, respectively, R is the average radius of the
QDs, which is about half the electronic orbit
radius,>'%!3 and x ~ 0.5 is the Te fraction within
the QDs.?>* The results of this calculation are listed
in Table I, along with the average distances
between the centers of QDs as estimated from the
area densities. Comparing the separation between
QDs with the electronic orbit radius, the samples
can be divided into two groups. For samples A and
B, the average distance between QDs is about one
order of magnitude larger than the electronic orbit
radius, so that electrons bound to different QDs are
not affected by each other. For sample C, the aver-
age distance between QDs is less than three times
the electronic orbit radius. Therefore, it is possible
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Fig. 4. Excitonic PL lifetimes (filled circles) at different photon
energies, overlaid on corresponding spectra (solid lines) for:
(a) sample A, (b) sample B, and (c) sample C.
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that some electrons bound to neighboring QDs may
have overlapping wavefunctions, leading to QW-like
properties of the multilayers.

To further investigate this, we carried out tem-
perature-dependent TRPL to extract the excitonic
PL lifetimes and exciton binding energies. Figure 4
shows the excitonic PL lifetimes at low temperature
across the spectra of the three samples. For sam-
ples A and B, at the higher energy side, the PL has
relatively short lifetimes (~60 ns), since the emis-
sion is dominated by ICs. At the lower energy side,
the PL lifetimes of all three samples approach sim-
ilar values around 95 ns; these values give the
lifetimes of excitons bound to type II ZnTe QDs at
low temperature. We next consider emission at a
photon energy of 2.45 eV, which is within the
emission region associated with QDs, and find that
the PL lifetime in sample C is ~52 ns, which is
much shorter than that (~95 ns) for both sample A
and sample B. We suggest that this is one of the
effects of the overlapping of electron wavefunctions
in sample C. Indeed, because of the vertical con-
finement in the multilayers with stacked QDs,°
electrons prefer to be located in the barrier on the
side of QDs, instead of above/below as for a single
ideal QD.? In sample C, because some of the elec-
tron wavefunctions start to overlap, a fraction of the
electrons might be located in the barrier region
above/below the QDs, forming excitons like those in
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Fig. 5. Excitonic PL lifetimes as a function of temperature at 2.36 eV
for sample B (red circles) and sample C (blue squares); dashed lines
are fits to Eq. 2 (Color figure online).

QW multilayers. Since the thickness of the sub-
monolayer QDs is much smaller than their lateral
size, these QW-like excitons have much stronger
electron and hole wavefunction overlap, and there-
fore shorter lifetimes. In addition, due to the verti-
cal confinement, the electrons located above/below
QDs have higher energies than those located on the
side of QDs. They contribute more on the higher
energy side of the PL spectrum. Therefore, the
excitonic lifetimes on the high-energy side are
shorter than those on the low-energy side for sam-
ple C.

We further consider the photon energy of 2.36 eV,
which is only related to emission from QDs, for
samples B and C, to study the dependence of exci-
tonic PL lifetimes on temperature. Results are
shown in Fig. 5. Within the temperature region
below ~120 K, the excitonic lifetimes increase with
increasing temperature, which is a signature of
radiative recombination in type II QDs.* As the
temperature rises, the weakly bound excitons are
ionized, while the holes are still confined within the
QDs, lowering the average overlap of wavefunctions
of electrons and holes, which results in a longer
lifetime of excitons undergoing radiative recombi-
nation. When temperature is higher than 120 K, the
nonradiative processes of hole ionization* start to
dominate. Thus, the excitonic lifetimes decrease
with increasing temperature in the high-tempera-
ture region. It was argued in Ref. * that, under such
conditions, the temperature dependence of a type II
excitonic lifetime, 7, can be fitted with the following
formula, first proposed in Ref. '°:

1 — i [1 — Cexp(—sb/kBT)} + 1 eXp(—Ba/kBT),

T Tr0 Tnr0
(2)

where C is a constant, kg is the Boltzmann constant,
17,0 and 1,0 are the radiative and nonradiative
excitonic lifetimes at T' = 0 K, respectively, ¢, is the
exciton binding energy, and ¢, is the nonradiative
activation energy. The fitting parameters with
errors are listed in Table II. We notice that the
exciton binding energy for sample C is compa-
ratively larger than that in sample B, which is in
conflict with the larger lateral QD size in sample C,
if one assumes that in both samples electrons are
located only at the “side” of all QDs.” This conflict,
however, reveals the fact that, in sample C with
high density of QDs, because of the overlapping of
electron wavefunctions, a portion of the electrons

Table II. Fitting parameters of 2.36-eV type II excitons for samples B and C

Exciton Binding

Sample Energy (meV) Tro (NS)
B 6.9 £ 0.3 93 +4
C 9.1+0.9 9 +5

Nonradiative Activation

Energy (meV) Taro (NS)
117.6 + 10 0.10 + 0.05
87.7+5 1.21 £ 0.2
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move to the barrier above/below the QDs, creating
QW-like excitons which have stronger electron—hole
overlap and therefore larger binding energies.

CONCLUSIONS

Combining SIMS, cw and TRPL, as well as mag-
neto-PL measurements, we obtained the sizes and
densities of type II ZnTe submonolayer QDs
embedded in three ZnSe samples grown with dif-
ferent Te cell temperatures. We propose that, with
increasing Te flux during growth, the density of
QDs first increases without much change in the QD
size. When the density of QDs becomes high enough
that the electronic orbit radius is comparable to the
average distance between QDs, some of the electron
wavefunctions overlap with each other, resulting in
a change of location of these electrons. Therefore,
before the formation of full QW layers, a portion of
the excitons bound to QDs start behaving like those
in QW multilayers, showing characteristic proper-
ties such as shorter lifetimes and larger binding
energies.
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