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Enhanced Materials Based on Submonolayer Type-II Quantum Dots 

Introduction and background 
 

During the past few years we have investigated a nanostructured material known as sub-monolayer 
type-II QDs, made from wide bandgap II-VI semiconductors. Our goal is to understand and exploit their 
tunable optical and electrical properties by taking advantage of the type-II band alignment and quantum 
confinement effects.[1] Type-II ZnTe quantum dots (QDs) in a ZnSe host are particularly interesting because 
of their relatively large valence band and conduction band 
offsets.[2] During the previous award we advanced our 
understanding of these novel nanostructures and our ability to 
control and manipulate their structural properties, and we 
obtained materials with new and enhanced properties. We 
also developed an experimental approach to characterize the 
structures with high precision and insight.  In the current 
award we planned to develop new materials based on sub-
monolayer type-II QDs that may be advantageous for 
photovoltaic and spintronics applications. We also proposed to 
expand the structural characterization of these materials by 
refining the X-ray diffraction methodologies. During the first 
year we reported on ZnTe/ZnCdSe type II QDs materials that 
have ideal properties for the development of intermediate 
band solar cells (IBSC). We also began to develop a systematic 
approach to define the size and density of these QDS, and initiated the investigation of their spin dynamics. 
During the second year we developed new ways to analyze and model high resolution X-ray diffraction 
(HRXRD) data to extract structural details of the sub-monolayer type-II QD structures, developed models and 
experimental methods to measure in-plane dimensions of the QDs and to calculate the dependence of QD 
size and density on the MBE growth conditions, measured the linear polarization of the PL and confirmed 
the predictions obtained from HRXRD of anisotropic shape of the QDs, and initiated temperature dependent 
time resolved Kerr rotation (TRKR) studies to explore the spin dynamics of these materials. 

During the current reporting period [year three of the award plus one year of no cost extension 
(NCE)] we have completed the following studies: 1) we have developed a comprehensive approach to 
describe and model the growth of these ultra small type II QDs. Analysis of the PL evolution, combined with 
SIMS and other characterization probes allowed us to predict the size and density of the QDs as a function of 
the growth conditions. 2) A full developement and implementation of novel sophisticated HRXRD techniques 
were applied from which accurate size and shape of the buried type II-QDs could be extracted. It was found 
that elongated QDs form, with a preferential alignment along a well-defined crystallographic plane. 3) A 
correlation of the shape anisotropy with polarization denpendent PL was obtained, also confirming the 
detailed shape and providing insight about the effects of this shape anisotropy with the physics of the type II 
QD systems. 4) A detailed time resolved Kerr rotation investigation has led to the demonstration of 
enhanced spin lifetimes for the samples with large densities of type II QDs and an understanding of the 
interplay between the QDS and Te-isoelectroic centers that form in the spacer layers that separate the QDs.  

Our team is highly complementary and interdisciplinary. The growth and synthesis by Migration 
Enhanced-MBE is done at CCNY (Tamargo Lab). Spectroscopic studies using photoluminescence (PL) - cw and 
time-resolved, PL excitation (PLE), magneto-PL and near-field microscopy is performed at QC (Kuskovsky 
Lab). Faraday and Kerr rotation measurements are performed at CCNY (Meriles Lab). Electrical and 
photoelectrical studies include the Hall as well as photo-Hall effect and I-V and photoconductivity 
measurements (at CCNY and QC). HRXRD is performed at CU, BNL (Noyan Lab) and at CCNY. Students 
working on this project are trained in-depth in all the aspects of the research, including growth, 
characterization and modeling.  

During the grant period three students (Bidisha Roy, Siddharth Dhomkar and Haojie Ji) obtained 
their Ph.D.s. They are currently postdoctoral researchers in laboratories at CCNY and in Germany. A fourth 
stduent (Vasilios Deligiannakis) will defend his thesis in Fall of 2017. 
  

Figure 1: Schematic of the multi-QD ZnTe/ZnSe structure. Blue dots represent the ZnTe QDs. 



Principal results during the grant period (October 1, 2012 to November 14, 2016) 
 

1. Zn(Cd)Te/ZnCdSe quantum dot based intermediate band solar cells 

A novel material system consisting of stacked ultra-small type-II ZnCdTe quantum dots embedded in 
Zn0.51Cd0.49Se that exhibits nearly optimal material parameters for fabrication of an intermediate band solar 
cell (IBSC) has been grown and investigated. [3,4] Figure 1.1 shows a bandstructure schematic of the 
proposed IBSC device structure, indicating the mini band formation that leads to IB absorption. The 

demonstration of this band formation and 
subsequent absorption of below bandgap photons 
boosts the claim.  

Intermediate band solar cells can 
potentially have efficiency of 63% under full solar 
concentration, but the material systems 
investigated until now are far from optimum and 
are fraught with growth related issues. The system 
of ZnCdTe “sub-monolayer” quantum dots 
embedded in Zn0.51Cd0.49Se promises to overcome 
these problems. The physical and material 
properties of the proposed structure provide a 
nearly ideal match to the proposed active material 
for a working intermediate band solar cell. 
 

Self-assembled quantum dots (QDs) embedded in a host semiconductor can, in principle, be used to 
create the IB, but this approach has not yet been successful due to various difficulties related mainly to 
unavailability of the appropriate material system and growth related issues. 

 
Our team has grown 

novel multilayer structures 
comprising of as many as 150 
layers containing sub-
monolayer ZnCdTe QDs 
embedded in a Zn0.51Cd0.49Se 
matrix. [5,6] The ultra-small 
QDs form without producing 
wetting layers. Figures 1.2 (a-
d) show the proposed layered 
structure, the optimized 
shutter sequence needed to 
grow the structure by ME-
MBE, the high resolution x-ray 
diffraction scan, and the 
observed RHEED pattern 
during growth, indicating 
excellent materials quality. 
We have shown that this 
system possesses material and 
physical parameters that are 
very close to optimal for an IB 
solar cell. Apart from the right 
band gaps and band offsets, 
the observed vertical 

correlation of the QDs, illustrated in Figure 1.3a) produces sufficient overlap between wavefunctions of 
confined charge carriers, holes in this case, in order to form an IB, as shown schematically in Figure 1.3b). 

 

 
Figure 1.2 : a) Schematic of proposed layer structre for IBSC. b) Shutter 
sequence needed to achive high quality materials by ME-MBE, c) HRXRD scan 
for a structure grown using the shutter sequence, d) RHEED patterns for the 
sample during ME-MBE growth. 

Figure 1.1 : bandstructure schematic for proposed IBSC 
based on type II QDs 

a b 

c d 



The type-II band alignment is 
expected to avoid undesired voltage 
reduction and assist in the carrier 
extraction process due to reduced 
radiative recombination within the 
QDs. It also should suppress non-
radiative Auger recombination, owing 
to the spatially indirect nature of the 
excitons. Furthermore, the absence of 

wetting layers insures preservation of 
the open circuit voltage and should 
enhance the efficiency of an IBSC 
substantially. 

 
2. Determination of size and distribution of type-II ZnTe/ZnSe stacked submonolayer quantum dots. 

 

Samples A B C D E F 
Te flux in ×10-7 torr 2 1.2 1.3 1.9 2 8 

Number of Te MEE cycles 1 3 3 3 3 2 
SL period in nm 1.7 2.5 1.7 2.5 1.7 2.8 

Number of periods 100 100 100 250 100 120 
Strain along growth 

direction 0.00303 0.00193 0.00432 0.00116 0.00612 0.00303 

Te content from SIMS (XRD) 
in % 0.1 (-) 0.2 (-) 0.3(0.1) 0.3(0.2) 0.5(0.3) 3.2 (2.6) 

Table 2.I. List of important parameters for all the samples investigated 

For practical applications of self-assembled semiconductor quantum dots (QDs), it is important to control 
their densities and sizes, but these parameters are difficult to obtain, specifically in case of smaller QDs. By 
combining a series of characterization tools, we obtain accurate estimates of the dot densities, and their size 
as we vary the Te flux and the number of Te cycles during their growth via MEE. [7] The parameters of the 
investigated samples are summarized in Table 2.I. 
 

a) Photoluminescence and magneto-photoluminescence results 
Confirmation of the presence of 
type-II QDs was obtained from 
excitation intensity dependent PL 
analysis supported by the 
observation of robust Aharanov-
Bohm (AB) oscillation in the 
magneto-PL spectra. The PL 
spectra were fitted with four 
gaussian lineshapes. The near 
band edge peak mostly originates 
from the emission from Te 
isoelectronic centers, while the 
contribution from QDs dominates 

in all the other peaks (see figure 2.1(a)). 
 

PL peak position redshifts with increasing τ (Te flux* MEE duration) indicating increase in average QD 
thickness, which was then estimated by solving 1-D Schrondinger equation. Diameters of these disc-shaped 
stacked QDs were precisely calculated by means of spectral analysis of optical signature of the AB excitons 
(see figure 2.1 (b)), discussed in the following section. 
 

Figure 2.1. (a) PL spectra for all the samples fitted with four gaussian lineshapes, (b) 
Magneto-PL data for all the samples showing Aharanov-Bohm peak. 

Figure 1.3 a) schematic illustrating stacked QD configuration b) 
miniband formation in the stacked QDs. 



b) Model to calculate diameters of disc-shaped stacked submonolayer QDs 

The submonolayer QDs are known to form vertical stacks due to high vertical correlation. The ZnSe spacers 
between the QD layers were less than 3.0 nm thick, much smaller than the lateral separation between QDs. 
Because of the vertical confinement, the electrons, which are located in the ZnSe barrier, will reside at the 
sides of the stacked QDs.  

The excitonic AB effect [8,9] presents itself as a transition between 
different angular momentum states of the excitons (see Ref. 10 and 
references therein). This transition from bright to dark excitonic state 
changes the PL intensity due to optical selection rules. [9]. The magnetic 
field value, BAB, of the AB transition is dependent on the trajectories of 
electrons and holes. We applied a lateral tightly-bound exciton model for 
the type-II ZnTe/ZnSe QDs to calculate the electron and hole trajectories as 
a function of the QD stack radius. Thus, we have obtained the dependence 
of BAB on the QD stack radius, RS.  

The wavefunction of the hole is “attracted” to the lateral boundary 
of the QDs, and the trajectory of hole is as important as that of electron to 
determine the magnetic flux for the excitonic AB effect. Therefore, we 
modified our original model and applied a lateral tightly-bound exciton 

approach. This approach takes into account the lateral wavefunction of the hole in analysis of the optical 
emission in the type-II ZnTe/ZnSe stacked submonolayer QDs. The schematic diagram of the proposed model 
is shown in figure 2.2. The hole is localized on a circular trajectory inside the QD, while the electron is 
localized on a trajectory outside the QD. Within this model, we can separate the radial wavefunctions of 
electron and hole, which can be obtained by solving the single-particle equations in the effective mass 
approximation. We use COMSOL and MatLab to solve the equations self-consistently using an iterative 
procedure. The result shows that for the QDs with large lateral size (RS > 9 nm), the trajectory radii of 
electron and hole increase linearly with the increase of QD stack radius,  

The magnetic field value of the AB oscillation peak depends on the QD stack radius, RS, this allows 
calculating BAB as a function of RS, which we plot in figure 2.3. Employing this dependence, we can probe the 

lateral sizes of ZnTe QDs 
from the experimentally 
observed AB oscillation 
peaks. 

To investigate the 
lateral size distribution of 
QDs in each sample, we 
plotted the PL intensities 
as functions of magnetic 
field and located the BAB 
for different emission 
energies (an example of 
two emission energies for 
sample C is shown in 
Figure 2.3 (b)). Using one-
to-one mapping between 

the BAB and the RS (Fig. 2.3 (a)), we obtained the QD stack radii corresponding to the emission energies 
across the PL spectra for all the samples.       

Our results showed that, in sample A, grown with the smallest Te flux and with a single Te-MEE 
cycle, QDs have a fairly uniform radius of about 13.4 nm, giving the smallest lateral size of ZnTe 
submonolayer QDs in this particular ZnTe/ZnSe multilayer system. In sample F, grown with the highest Te 
flux and with two Te-MEE cycle, the QD radius varies gradually across the PL spectrum, from 18.6 to 20.9 
nm, the largest variation among all the samples. In samples B through E, the QD radii take several discrete 
values, confirming the vertical correlation and stacked nature of the submonolayer QDs, and the ability to 
tune the QD radius by the Te flux during growth. 

 
Figure 2.2. Schematic diagram of 
a lateral tightly-bound exciton in 
type-II ZnTe/ZnSe stacked QDs. 

Figure 2.3. (a) The transition AB effect peak, BAB, as a function of the QD stack radius, Rs. (b) The 
corresponding emission intensities as functions of magnetic field for two different 
emission energies of sample C, shown as an example of spectral analysis of AB peaks. 
 



c) Estimation of QD density 

The results obtained from PL and magneto-PL analysis in conjunction with high resolution x-ray 
diffraction and secondary ion mass spectrometry (SIMS) data of the Te concentrations, were then used to 
evaluate the QD density (see figure 2.4). We were able to provide the dependence of average QD volume 
and density as a function 
of Te flux as well as 
number of Te MEE cycles 
(or τ) and show that 
these are the key 
parameters to control 
the QD dimension and 
distribution. Moreover, it 
was found that the dot 
density increases much 
faster than the QD size 
with respect to the 
increase in Te flux and the 
number of Te MEE cycles. 
 

3. Determination of shape anisotropy in embedded low contrast submonolayer quantum dot 
structures 
 
As diffuse x-ray scattering is sensitive to dot shape and size distribution, we utilize high-resolution in-

plane reciprocal space map (RSM) to quantify any preferential elongation of submonolayer (SML) quantum 
dots (QDs) along crystallographic directions. [10] The experimental data indeed exhibits a strong anisotropy 
in the diffuse scattering signal [Figure 3.1(a)] but one needs to perform the simulations to extract the useful 
information. Thus, to explain the experimental observation, in-plane diffuse scattering has been computed 
using kinematic sum and realistic QD shape and size distribution. One of the important input parameters 
required for the simulations, the QD size distribution, is obtained via the magneto-photoluminescence (PL) 
signal observed from these type-II structures.  
 

  

 
A set of different QD configurations has been computed, as shown in Figure 3.2(a)–(c), in order to 

reproduce the experimental results. The optimized simulations, as shown in Figure 3.1(b), present clear 
evidence of the anisotropically shaped QDs elongated along [110] orientation, illustrated in Figure 3.2(c and 
d) and the best match with the experimental data was obtained for the QD aspect ratio of 1.3 ± 0.05.  
 

Figure 2.4. (a) Average QD radius and thickness and (b) Average QD density as a function τ. 

Figure 3.1  (a) In-plane reciprocal space map around satellite SL(-1) of (004) Bragg peak depicting clear anisotropic shape. 
Inset: x-2h scan along (004) showing periodic satellite SL peaks. The arrow indicates the specific satellite peak under 
investigation. (b) Simulated rocking curves as a function of azimuthal angle for a known size dispersion of elongated QDs. 
Inset: QD lateral size dispersion as calculated from magneto-PL analysis.  



 

As the anisotropy in the QD shape can manifest itself in the PL emission we perform linear polarization 
dependent PL experiments to test our findings (see section 4). As expected, the PL emission presents strong 
linear polarization along [110] axis and the aspect ratio corresponding to the observed degree of polarization 
found to be 1.27, which is in excellent agreement with the one obtained, using the high-resolution x-ray 
diffraction simulations. Thus, our results clearly demonstrate that this combination of characterization 
techniques is uniquely suited to elucidate the morphology of these hard-to-image SML QD structures. A 
secondary advantage of our formalism is the non-destructive nature of the individual techniques and the 
ease of sample preparation. Our approach provides a novel, fast, accurate and precise way of characterizing 
embedded ultra-small QD arrays. 
 

4. Optical Anisotropy in Type-II ZnTe/ZnSe Submonolayer Quantum Dots 

As mentioned above, linearly polarized photoluminescence was observed for type-II ZnTe/ZnSe 
submonolayer quantum dots (QDs) (Figure 4.1). [11] 

 
Figure 4.1. (a) The photoluminescence 
emission of sample D polarized along [110] 
(solid line) and [11�0] (dash line) crystal 
axes. (b) The integrated intensity of the 
photoluminescence of sample D as a 
function of the angle between axis of the 
linear polarizer and the [110] crystal axis. 
 
 

The value of anisotropic exchange splitting for bright excitonic states is found to be ~ 200 µeV from the 
measurement of the degree of circular polarization as a function of the magnetic field, which is fitted to :
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The comparison of spectral dependence of the degree of linear 
polarization (DLP) among four samples, shown in Figure 4.2, 
indicates that the optical anisotropy is mostly related to the 
elongation of ZnTe QDs, instead of the interfacial symmetry 
lowering or the anisotropic strain relief and defects. 

Numerical calculations based on the occupation 
probabilities of holes in xp  and yp  orbitals are performed to 
estimate the lateral aspect ratio of the QDs, and it is shown (Figure 
4.3) that it varies between 1.1 and 1.4, while thicker QDs are more 
elongated and have stronger heavy-light hole mixing. 

Figure 4.2. Spectral dependence of the degree of linear polarization for all 
samples overlaid over corresponding normalized spectra (dashed lines). The 
blue dots are the spectral dependence of normalized anisotropic exchange 
splitting for sample D.  

Figure 3.2. (a)–(c) Simulated RSMs of QDs with various shapes and orientations, the insets show the corresponding 
QD configuration. (d) Schematic diagram of the disc-shaped embedded SML QDs elongated along [110] orientation. 



 
 

5. Probing spin dynamics of type-II sub-monlayer Quantum Dots: 

Systems of reduced dimensionality, such as quantum dots (QD) have been proposed as promising 
candidates for spintronic applications. We have investigated the spin properties of our type-II submonlayer 
quantum dots using time resolved Kerr Rotatoion (TRKR).  Our results indicate that significantly longer 
electron spin lifetimes are achieved in the samples with larger densities of ZnTe QDs. We were also able to 
directly probe the spin dynamics of tellurium isoelectronic centers (Te-ICs) present in the ZnSe matrix, which 
have not previously been reported. [12] 

 
Figure 5.1 compares the TRKR contour plots for three samples studied (A, B and C) with incresingly 

more Te content each, measured at ~10K. Sample A (with lowest Te), shown in Figure 1a, pumping directly 
at energies corresponding to the Te-IC centers (blue band) and QDs (green band), did not show any TRKR 
signal.  Keeping the pump helicity fixed, a spin flip is observed going from the ZnSe heavy hole (HH) to light 
hole (LH) excitation energies, indicated by the Kerr rotation signal changing from positive to negative at 
2.795eV and 2.810eV, respectively. The spin lifetimes observed in this sample were very short, on the order 
of tens of picoseconds. Similar TRKR lifetimes were measured by us (not shown) and have been observed by 
others for bulk undoped ZnSe at low temperatures.  

Samples B and C, with a larger amount of Te (0.2% and 0.3%, respectively), behave quite differently 
from sample A (which has 0.1% Te content).  In both samples the TRKR signals persist as we probe deeper in 
energy into the region of the blue band, which originates from the Te-ICs. We interpret these observations 
by considering that we are able to probe the Te ICs in these samples that have increased Te content.  Direct 
excitation of Te-bound excitons has been observed as a phonon-broadened peak below the band edge in 
photoluminescence excitation experiments in other II-VI materials. 

 Sample C exhibits long spin lifetimes of up to 1 ns at low temperatures, in sharp contrast to the 
lifetimes measured in sample A. In addition, we observe a spin flip near the energies corresponding to the Te 
isoelectronic centers for both samples C and B.  Probing at energies around the LH to free exciton (FE) 
transition of ZnSe the TRKR signal is significantly diminished. In addition, we do not observe the spin flip seen 

Figure 4.3. (a) Calculated DLP as a 
function of aspect ratio of the 
elongated QDs with larger lateral 
size (squares) and smaller lateral size 
(circles) as described in text. The 
inset shows a lateral elongated QD 
with aspect ratio /a bβ = . (b) DLP 
as a function of the ratio of heavy-
light hole mixing.  

Figure 5.2 Spectral dependence of the TRKR signal for samples A, B and C. Dashed lines indicate the position of the 
excitonic levels associated with ZnSe spacer layers. Energies corresponding to direct excitation of Te-ICs are also 
labeled. Regions with no color indicate the absence of a TRKR signal.  



in bulk ZnSe and in sample A due to the non-degenerate LH and HH.  
We tentatively explain the latter behavior for samples B and C as 
being due to the capture of light holes by the presence of the type-
II QDs within the samples.  These ZnTe-based QDs form a 
staggered band alignment with the ZnSe matrix producing a 
potential well for holes.   

To better characterize the increase in spin lifetime 
observed for the samples with higher Te content, we investigated 
the temperature dependence of the Te-IC center related spin 
lifetimes in samples A and C.  In order to probe the Te-IC centers 
directly we used the lowest energies at which we observed TRKR 
signal for each sample. Figure 5.2 shows the temperature 
dependence of the TRKR lifetime for samples A and C. In both 
cases, the TRKR measurements typically exhibit a bi-exponential 
decay which is denoted by a long τ*2 and a short τ*2 on the graphs.   

The principal observation is that Sample C exhibits a much 
longer long τ*2 lifetime at low temperature, exceeding one 
nanosecond.  For sample A the value of the long τ*2 is much 
shorter below 50K, resulting in single exponential decay behavior. 
Above 40 K the long τ*2 spin lifetime measured is ~100ps. This 
behavior is similar to that seen in bulk undoped ZnSe (not shown). 
This sharp drop off of the lifetime at ~50K has been explained as 
motional narrowing of excitons. In that mechanism, electron and 
hole overlap increases at lower temperatures. In sample C, which 
has a much larger density of type-II quantum dots this 
decoherence mechanism does not appear to play a dominant role. 

A similar behavior to that of sample C has been observed in undoped type-II quantum wells, which also 
exhibit spin lifetimes in excess of 1 ns at low temperatures.  
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