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High resolution x-ray diffraction based reciprocal space mapping is employed to investigate

vertical correlation in submonolayer Zn(Cd)Te/ZnCdSe type-II quantum dots (QDs). The average

lateral deviation from one dot to another is found to decrease from 13%–17% to 8%–11% with an

increase in QD size. Narrower photoluminescence with a better yield is obtained for the sample

with improved vertical correlation, indicating smaller QD size distribution along with partial

suppression of non-radiative recombination paths. Observed reduction in radiative lifetimes

and supportive calculations demonstrate enhanced hole-hole wavefunction overlap pointing

towards possibility of miniband formation, an advantageous feature for an intermediate band solar

cell. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4827636]

The concept of intermediate band (IB) solar cells1 (SCs)

offers a promising approach to raise the limiting efficiency

of a conventional solar cell2,3 to 63.2%1,4–6 under full solar

concentration. IB-SCs consist of an active material having a

band of states within the band gap of the host semiconductor

to enhance the two- (or more) photons absorption process,

thereby improving the photocurrent significantly, while pre-

serving the open circuit voltage. A miniband is a desired at-

tribute for an efficient IB-SC, first to increase the below

band gap absorption by increasing the density of states and

second, to avoid the effects of the Shockley-Read-Hall non-

radiative recombination,7 which gets amplified due to pres-

ence of localized states. The IB, in principle, can be engi-

neered by means of quantum dots (QDs);5,6 however, well

studied systems such as type-I InAs/GaAs QDs,8,9 have far

from ideal material parameters5,6 and pose problems like

presence of low barriers with wetting layers,5 strain induced

dislocations,10 and inferior performance due to high carrier

recombination rates.11,12 Thus, to overcome some of these

issues, we have recently proposed a material system based

on submonolayer Zn(Cd)Te/ZnCdSe type-II QDs.13,14 It has

been shown that this system has appropriate material param-

eters and hundreds of layers with embedded QDs formed

without detrimental wetting layers can be grown via migra-

tion enhanced epitaxy (MEE). Additionally, type-II band

alignment is supposed to avoid undesired voltage reduction15

and assist in the carrier extraction process11 due to reduced

radiative recombination within QDs as well as due to sup-

pression of non-radiative Auger recombination,16 owing to

spatially indirect nature of the excitons.17

In this article, we show that a miniband can indeed be

fabricated as a result of enhanced vertical correlation within

the Zn(Cd)Te/ZnCdSe QD superlattices (SLs) with relatively

large QDs separated by a thin spacer region. Also, vertical

correlation is highly beneficial for obtaining uniform QDs

with improved structural properties. Moreover, submonolayer

QDs, and particularly those under investigation, are hard to

image due to their submonolayer nature and very low contrast

between the host and the QD forming materials. Additionally,

non-destructive techniques requiring minimal sample prepara-

tion are always desirable for structural analysis. Hence, high

resolution x-ray diffraction (HRXRD) based reciprocal space

maps (RSMs) have been utilized to investigate the structural

properties and spatial correlation of the submonolayer QDs,

while continuous-wave (CW-) and time-resolved (TR-) photo-

luminescence (PL) was employed to confirm type-II band

alignment and to investigate miniband formation.

The HRXRD measurements were carried out at

Beamline X20A at the National Synchrotron Light Source at

the Brookhaven National Laboratory. All measurements were

performed using monochromatic synchrotron radiation at

8 keV with a double-crystal Ge (111) monochromator. To

enhance the angular resolution, a Ge (111) analyzer was

placed in front of the detector. For CW-PL and TR-PL meas-

urements samples were placed inside a Janis Research closed

cycle refrigerating system. For CW-PL studies, the 351 nm

emission line from an Arþ laser was used as an excitation

source, while TR-PL measurements were performed using

the 337 nm line of a N2 pulsed laser with 4 ns pulse width.

The excitation intensity was varied by over four orders of

magnitude using neutral density filters. The signal was dis-

persed through a third stage of a TriVista SP2 500i triple

monochromator and was detected by a thermoelectrically

cooled GaAs photomultiplier tube. The TR-PL signal was

recorded using a 500 MHz Tektronix TDS 654C oscilloscope.

Two samples (referred here as A and B) were grown by

varying Te flux during MEE cycles and with a spacer

a)Electronic mail: sdhomkar@qc.cuny.edu
b)Electronic mail: Igor.Kuskovsky@qc.cuny.edu

0003-6951/2013/103(18)/181905/5/$30.00 VC 2013 AIP Publishing LLC103, 181905-1

APPLIED PHYSICS LETTERS 103, 181905 (2013)

 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

149.4.205.23 On: Tue, 29 Oct 2013 16:11:54

http://dx.doi.org/10.1063/1.4827636
http://dx.doi.org/10.1063/1.4827636
http://dx.doi.org/10.1063/1.4827636
http://dx.doi.org/10.1063/1.4827636
mailto:sdhomkar@qc.cuny.edu
mailto:Igor.Kuskovsky@qc.cuny.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4827636&domain=pdf&date_stamp=2013-10-29


thickness of �2.7 nm, under same growth conditions as that

of sample D in Ref. 13. The periodic satellite SL peaks shown

in Fig. 1 confirmed high crystalline quality of the samples,

while intensity dependent CW-PL and TR-PL confirmed

type-II nature of the multilayered structure (not shown here).

The x-2h curves were then simulated using a BEDE RADS

program based on Takagi18 and Taupin19 generalized dynami-

cal theory to extract the structural parameters.

Initial parameters required for the simulation, such as

spacer compositions, thicknesses, and strain, were obtained

from various HRXRD scans along symmetric as well as

asymmetric reflections. Furthermore, for simulation purposes,

the QD array was replaced by an effective layer with the same

structure factor as that of the QDs.20,21 It is important to men-

tion that the relatively broader satellite SL peaks observed in

x-2h curves (Fig. 1) are caused due to the presence of oppo-

sitely strained layers in the SL owing to the strain balancing

technique employed during the growth to strain compensate

unintentional ZnSe-rich interfacial layer.13 Also, the surface

roughness due to the presence of the QDs contributes to faster

dampening of the peak intensities as compared to the simu-

lated curves for an ideal multilayer structure.

The combined thickness of the ZnCdSe spacer and the

ZnSe-rich interfacial layer was found out to be �2.7 nm as

expected from the growth conditions. The simulation results

also gave us the estimation of the compositions of various

layers within a SL. These compositions were used to evalu-

ate various material parameters, most importantly valence

band offsets22–24 and heavy-hole effective masses,24–26

required for the calculations based on the transfer matrix

method27 (TMM).

During RSM studies, various x-2h scans were carried

out by offsetting x by a small angle to probe along non-zero

values of the x-component of the momentum transfer (qx) in

addition to the conventional scans along z-component of the

momentum transfer (qz). This technique provides information

about diffuse scattering due to QDs, which arises from the

difference in the scattering factors and the elastic deformation

field in the host surrounding QDs, leading to specific size,

shape, and position distribution of QDs.28,29 The RSMs along

(002) shown in Figs. 2(a) and 2(b) demonstrate a clear

elongation in the qx direction for the sample with higher Te

fraction (sample B). A theoretical explanation derived from a

statistical kinematical approach30 showed that the vertical

correlation of QDs manifests itself as a stripe-like feature

along the qx direction, surrounding the coherent SL peaks and

consequently narrowing the width of the diffuse maximum in

the qz direction. Hence, the most probable explanation for the

elongation along qx in sample B is enhanced vertical align-

ment of larger submonolayer QDs, but the effects due to the

strain broadening cannot be completely excluded. Thus, to

confirm the findings and to eliminate the possibility of the

strain broadening, RSMs were measured along (004) reflec-

tion and results are shown in Figs. 2(c) and 2(d). The broad-

ening of the diffuse scattering peak related to strain fields

surrounding QDs inherently depends on the reciprocal lattice

vector q, while the elongation of the peak (i.e., Dqx=Dqz) due

to vertical alignment of the QDs is independent of q,29,30 and

therefore remains the same along both (002) and (004) orien-

tations. The elongation of diffuse scattering peak along (002)

reflection was indeed equal to that of along (004) reflection

for both the samples, thus, confirming that the source of elon-

gation along the qx direction is related to the vertical QD cor-

relation. Such a vertical ordering has previously been

observed in other QD structures,28–33 including submonolayer

CdSe/ZnSe QD SLs.34

FIG. 1. Experimental and simulated x-2h curves along (004) orientation for

samples A and B.

FIG. 2. The RSMs, showing first and second order satellite SL peaks, along

(002) reflection: (a) sample A and (b) sample B, and along (004) reflection:

(c) sample A and (d) sample B.
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In order to perform detailed structural analysis and to

estimate the degree of the vertical QD correlation, a theoreti-

cal model given by Kegel et al.32 has been employed. In this

model,32 a Gaussian distribution of horizontal deviations

from the underlying dot was assumed for each SL layer. The

concept of a mean stacking fault or the standard deviation in

the lateral QD position, r, was developed, which essentially

is a measure of average quality of the vertical QD correla-

tion. Also, the form factor and the transmission functions

have been neglected in this formalism, as they exhibit a slow

variation along qz. This model offers a way to estimate the

value of r from half width half maxima (HWHM) along qz

using following relation:32

qHWHM
z ¼ r2

D
q2

x þ
l
D
; (1)

where D is the QD SL period and l is the attenuation factor.

If the QD diameter (dQD) is known, then using Eq. (1) rela-

tive stacking fault, f, i.e., relative lateral deviation from one

dot to the next can also be estimated as

f ¼ r
dQD

ffiffiffi
2

p

r
2� r

dQD

ffiffiffi
2

p

r !
: (2)

To extract the required parameters in accordance to the ear-

lier discussion, the HWHM along qz were then plotted

against qx for the first order satellite SL peak (SL(-1)) of

both samples along both orientations as shown in Fig. 3. The

experimental data were then fitted using Eq. (1) to determine

the value of r and to estimate f. An excellent agreement was

obtained between the experimental data and the theoretical

model, confirming the validity of the model as well as the

presence of diffuse scattering from the QD-like centers. The

values of r were found out to be about 16.3 Å and 10.5 Å for

samples A and B, respectively. Assuming that the QD size is

approximately 15–20 nm, based on the magneto-optical stud-

ies17,35,36 performed on the similar material systems, the av-

erage lateral deviation from one dot to another was estimated

to be about 13%–17% for sample A and 8%–11% for sample

B, indicating enhancement in the vertical QD correlation

with the increase in the QD size. This enhanced QD correla-

tion is supposed to increase the QD size uniformity, resulting

in a better structural quality and thereby improving the de-

vice performance.37 Most importantly, it gives rise to the for-

mation of a miniband, which was then investigated using

optical studies.

The optical characterization of the two samples was per-

formed using CW- and TR-PL in order to probe the effects

of the enhanced QD correlation on the optical emission as

well as on the radiative lifetimes. The PL spectra of the two

FIG. 3. HWHM along qz for SL(-1) along two orientations: (a) sample A

and (b) sample B. The dotted lines are the fits using Eq. (1). Insets: The in-

tensity profiles along qz for two selected values of qx.

FIG. 4. (a) Solid lines denote the PL spectra normalized to PL peak of sam-

ple B and the symbols connected with dotted lines are the extracted radiative

lifetime of samples A and B. (b) Experimental and fitted decay curves at var-

ious detection energies.
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samples are shown in Fig. 4(a) by solid lines, whereas the

symbols connected with dotted lines are the extracted radia-

tive lifetimes. It was observed that the PL line width reduced

to �172 meV for sample B from �197 meV for sample A.

The widths were measured at very low excitation intensities

to nullify the effect of band edge excitonic emission related

to the spacers. A symmetric and narrower PL spectrum of

sample B supports the result of enhanced vertical alignment

as the QD correlation is supposed to results in well-arranged

QDs leading to smaller size distribution. Moreover, the PL

yield obtained in case of sample B was at least 18% more

than that of sample A at same excitation intensity (Fig. 4(a))

indicating improved crystalline quality and partial suppres-

sion of non-radiative recombinations, thereby pointing

towards probable formation of a miniband.7

To extract characteristic radiative lifetimes from the

TR-PL data, the decay curves were fitted with a double expo-

nential decay (Fig. 4(b)). A rapid decay is observed initially

for type-II nanostructures, since the carrier concentration is

higher and consequently the electron-hole wavefunction

overlap is stronger just after the excitation. However, at lon-

ger observation times, these band bending effects become

negligible20,25,38–41 and hence, the actual radiative lifetimes

can be extracted. Moreover, in type-II nanostructures, the

characteristic lifetime depends on the size of the QDs and

therefore on the detection energy, as a result of the variation

in electron-hole wavefunction overlap with the change in

QD size. Thus, radiative lifetimes were extracted for both

the samples from the fitted decay curves at various detection

energies and are shown in Fig. 4(a). In spite of larger QDs

on average in sample B, it was observed that the radiative

lifetimes were much lower than those obtained for sample A

at the same detection energies. This can be a result of the

overlap between wavefunctions of holes situated in different

dots separated by a thin spacer especially due to enhanced

vertical QD correlation, further hinting to a miniband forma-

tion. Similar effects were previously reported for other QD

structures.33,42,43

In order to further verify the possibility of miniband for-

mation as suggested by the RSM, CW-, and TR-PL results,

quantum mechanical calculations were performed using one-

dimensional TMM27 for coupled-QD system, inputting the

values of required material parameters preliminary obtained

from the HRXRD simulations. The average QD thickness

was assumed to be �0.4 nm as estimated from the PL peak

position of sample B supposing no electron confinement in

the spacers. The TMM results shown in Fig. 5 demonstrate

that the hole wavefunctions are no longer localized within a

single QD but are shared by all the QDs indicating complete

hole coupling. Thus, formation of a miniband is highly prob-

able in a system of fully correlated Zn(Cd)Te QDs separated

by 2.7 nm ZnCdSe spacer similar to that of sample B.

In summary, the RSM studies performed on submono-

layer Zn(Cd)Te/ZnCdSe type-II QDs along with the theoreti-

cal analysis showed the enhancement in the vertical QD

correlation with the increase in the QD size. Furthermore,

CW-PL and TR-PL, accompanied by the TMM calculations,

showed the increased overlap of the wavefunctions for holes

belonging to different QDs as a result of increased vertical

QD correlation. Thus, QDs with lesser size distribution and

possibility of miniband formation in addition to the appropri-

ate material parameters make this material system a potential

candidate for a practical IB-SC.
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33S. Maćkowski, G. Karczewski, T. Wojtowicz, J. Kossut, S. Kret, a.

Szczepa�nska, P. Dłu _zewski, G. Prechtl, and W. Heiss, Appl. Phys. Lett.

78, 3884 (2001).
34I. Krestnikov, M. Straßburg, M. Caesar, A. Hoffmann, U. Pohl, D.

Bimberg, N. Ledentsov, P. Kop’ev, Z. Alferov, D. Litvinov, A. Rosenauer,

and D. Gerthsen, Phys. Rev. B 60, 8695 (1999).
35I. L. Kuskovsky, Y. Gong, G. F. Neumark, and M. C. Tamargo,

Superlattices Microstruct. 47, 87 (2010).
36B. Roy, H. Ji, S. Dhomkar, F. J. Cadieu, L. Peng, R. Moug, M. C.

Tamargo, and I. L. Kuskovsky, Appl. Phys. Lett. 100, 213114 (2012).
37W. Liu, H. Wu, F. Tsao, T. Hsu, and J. Chyi, Sol. Energy Mater. Sol. Cells

105, 237 (2012).
38N. N. Ledentsov, J. B€ohrer, M. Beer, F. Heinrichsdorff, M. Grundmann,

D. Bimberg, S. V. Ivanov, B. Y. Meltser, S. V. Shaposhnikov, I. N.

Yassievich, N. N. Faleev, P. S. Kop’ev, and Z. I. Alferov, Phys. Rev. B

52, 14058 (1995).
39F. Hatami, M. Grundmann, N. N. Ledentsov, F. Heinrichsdorff, R. Heitz,

J. B€ohrer, D. Bimberg, S. S. Ruvimov, P. Werner, V. M. Ustinov, P. S.

Kop’ev, and Z. I. Alferov, Phys. Rev. B 57, 4635 (1998).
40Y. Gu, I. L. Kuskovsky, M. van der Voort, G. F. Neumark, X. Zhou, and

M. C. Tamargo, Phys. Rev. B 71, 045340 (2005).
41U. Manna, Q. Zhang, S. Dhomkar, I. F. Salakhutdinov, M. C. Tamargo, I.

C. Noyan, G. F. Neumark, and I. L. Kuskovsky, J. Appl. Phys. 112,

063521 (2012).
42N. N. Ledentsov, V. A. Shchukin, M. Grundmann, N. Kirstaedter, J.

B€ohrer, O. Schmidt, D. Bimberg, V. M. Ustinov, A. Y. Egorov, A. E.

Zhukov, P. S. Kop’ev, S. V. Zaitsev, N. Y. Gordeev, Z. I. Alferov, A. I.

Borovkov, A. O. Kosogov, S. S. Ruvimov, P. Werner, U. G€osele, and J.

Heydenreich, Phys. Rev. B 54, 8743 (1996).
43O. L. Lazarenkova and A. A. Balandin, J. Appl. Phys. 89, 5509 (2001).

181905-5 Dhomkar et al. Appl. Phys. Lett. 103, 181905 (2013)

 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

149.4.205.23 On: Tue, 29 Oct 2013 16:11:54

http://dx.doi.org/10.1103/PhysRevB.76.035342
http://dx.doi.org/10.1107/S0365110X62003473
http://dx.doi.org/10.1103/PhysRevB.77.155314
http://dx.doi.org/10.1063/1.3681812
http://dx.doi.org/10.1103/PhysRevB.60.R16303
http://dx.doi.org/10.1021/ja0361749
http://dx.doi.org/10.1063/1.111490
http://dx.doi.org/10.1103/PhysRevB.79.115307
http://dx.doi.org/10.1103/PhysRevB.84.165328
http://dx.doi.org/10.1109/3.62122
http://dx.doi.org/10.1103/PhysRevLett.83.356
http://dx.doi.org/10.1103/PhysRevB.79.035324
http://dx.doi.org/10.1103/PhysRevB.55.15652
http://dx.doi.org/10.1103/PhysRevB.52.8348
http://dx.doi.org/10.1103/PhysRevB.60.2516
http://dx.doi.org/10.1103/PhysRevB.60.2516
http://dx.doi.org/10.1063/1.1378044
http://dx.doi.org/10.1103/PhysRevB.60.8695
http://dx.doi.org/10.1016/j.spmi.2009.07.035
http://dx.doi.org/10.1063/1.4721489
http://dx.doi.org/10.1016/j.solmat.2012.06.023
http://dx.doi.org/10.1103/PhysRevB.52.14058
http://dx.doi.org/10.1103/PhysRevB.57.4635
http://dx.doi.org/10.1103/PhysRevB.71.045340
http://dx.doi.org/10.1063/1.4754451
http://dx.doi.org/10.1103/PhysRevB.54.8743
http://dx.doi.org/10.1063/1.1366662

