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Atom probe tomography and photoluminescence spectroscopy have been used to study

CdxZn1�xSe quantum dots embedded in a ZnSe layer grown on a (001) GaAs substrate. Atom

probe tomography analyses show significant cadmium incorporation in the center of the dots

surrounded by poor cadmium region. These measurements illustrate that the maximum cadmium

concentration in the quantum dots is significantly higher than the concentration estimated by

transmission electron microscopy. The composition and size of quantum dots obtained by atom

probe tomography have been used to calculate the transition energies including excitonic and strain

effects. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891635]

CdSe/ZnSe quantum dots (QDs) have attracted much in-

terest due to their possible application in optoelectronics.1 In

the 90s, the basic application for CdSe/ZnSe QDs was con-

nected to short wave emitters and manufacturing of QDs

laser. Recently, CdSe QDs have gained more interest as

sources of single photon operating at room temperature.2

II–VI self-assembled QDs such as CdSe/ZnSe are promising

system for single-photon emission in the blue–green range.3

The optical properties of QDs systems depend on many pa-

rameters such as morphology, chemical composition, and

chemical environment.4 In contrast to III-V materials like

InAs/GaAs, the formation of CdSe QDs differs significantly

from the Stransky-Krastanov growth mode5 so that inter-

diffusion and/or segregation phenomena based on Cd-Zn

exchange6,7 may take place in the QD formation mechanism.

In order to obtain specific properties, comprehensive

nanoscale information about the dots and their surroundings

are required. However, the chemical analysis of embedded

QDs is challenging. Transmission electron microscopy

(TEM) can give first estimation of the degree of intermixing

between CdSe and ZnSe layers. The key strength of TEM is

that it can directly visualize the atomic structure of a mate-

rial, and a recent approach has aimed at analyzing the CdSe

QDs composition using the change in lattice parameters in

high resolution TEM (HRTEM) images.8,9 This is an indirect

method to derive information about composition. On the

other hand, the strength of Atom Probe Tomography (APT)

is its ability to give directly information about the 3D com-

position of all chemical elements at atomic scale.10 Thus,

APT has been used recently to investigate the composition

of III-V QDs,11 II-VI layers, and II-VI/III-V interface at

atomic scale.12

In this paper, we investigate the chemical composition

and sizes of CdxZn1�xSe QDs embedded in ZnSe by APT

and we correlate these measurements to their emission

energy in photoluminescence (PL) spectra.

The sample presented in this study is composed of a sin-

gle CdSe QD plane inserted between ZnSe barriers grown by

molecular beam epitaxy (MBE). First, 60 nm thick ZnSe

buffer layer was grown at 280 �C on a (100) GaAs substrate.

Then 3 monolayers (MLs) of CdSe were deposited on the

ZnSe layer by atomic layer epitaxy (at 280 �C). To induce

the 2D–3D transition of the strained CdSe layer, amorphous

selenium was first deposited at low temperature (10 �C) and

then desorbed by heating up to 240 �C where spotty 3D

RHEED (reflection high-energy electron diffraction) patterns

appear and typically indicate QD formation.13 Finally, the

CdSe QD layer was capped with 40 nm ZnSe layer (grown in

two steps: 2 min at 240 �C then 5 min at 280 �C). Details of

the growth method can be found in Ref. 13.

Prior to APT analysis, low-temperature (10 K) photolu-

minescence and micro-photoluminescence measurements

were performed on the sample. For APT analysis, a 100 nm

thick Ni protection layer was deposited by physical vapor

deposition. The samples were shaped into tips along the

(001) growth direction using the lift-out technique and the

annular milling method with a Ga focused ion beam. The

specimen preparation was performed in a FEI Helios dual-

beam–Focused ion beam (FIB) and APT measurements in a

LEAP 3000X HR microscope. This microscope is equipped

with a pulsed-laser source (k¼ 532 nm, pulse duration �10

ps, spot size <5 lm). The analysis conditions and specimen

preparation techniques were carefully determined in order to

optimize the APT analysis. In particular, reducing the laser

energy and increasing the evaporation rate and/or the tip

shape allow us to obtain good stoichiometry for semiconduc-

tor compounds by minimizing the molecular ions formation

and by taking into account the peaks overlapping. APT

measurements were carried out at 23 K under a pressure

below 5� 10�11 Torr and using a picosecond laser pulse

with energy of 0.004 nJ and 100 kHz laser repetition. During

the analysis, an evaporation rate of 0.002 ions per pulse was

kept constant. The 3D reconstruction was carried out by

using the shank-based algorithm14–16 in the IVAS commer-

cial software, a field factor of 3.3 and an evaporation field ofa)hammouda.benallali@im2np.fr
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23 V/nm to provide flat interface and layer thicknesses close

to value measured by TEM.

Figure 1(a) shows the 90 � 90 � 100 nm3 volume

obtained by the reconstruction of APT data, in which the

layers of ZnSe and CdSe are clearly visible on the GaAs sub-

strate. From the atom distribution in this 3D-volume, a 15 nm

diameter cylinder perpendicular to the ZnSe/CdSe interface

was used to extract a one dimensional (1D) mean concentra-

tion along the axe of the reconstructed volume (Fig. 1(b)).

The small diameter (15 nm) helps to reduce the effects of cur-

vature in the reconstruction and the misalignment of the cylin-

der, both of which could result in loss of accuracy for the

characterization of the CdSe layer. This 1D composition pro-

file shows that the average composition of ZnSe is in very

good agreement with the 50:50 stoichiometry. The mean com-

position of Cd measured in CdxZn1�xSe layer corresponds to

x¼ 0.37, and the layer thickness is about 3–4 nm. The Se con-

centration is constant through all the II-VI layer meaning that

Zn and Cd substitute each other as expected.

From the APT measurements, two dimensional (2D) map-

ping has also been extracted to show Cd atoms lateral distribu-

tion in the CdxZn1�xSe layer. Figure 2 shows the 2D maps of

the Cd concentration obtained by integrating (a) over 3 nm

along the z-direction (growth direction) in a 50� 50� 3 nm3

slice, (b) over 3 nm along the x direction in a 3� 44� 24 nm3

slice, and (c) over 15 nm along the x direction in a

15� 44� 24 nm3 slice. These 2D-mapping shows clearly var-

iations of the Cd concentration within the CdxZn1�xSe layer:

small Cd-rich regions are surrounded by Cd-poor regions. Cd-

rich regions are attributed to CdxZn1�xSe QDs while Cd-poor

regions correspond to the wetting layer. The lateral surface of

QDs in the (x,y) plane varies between 16 and 35 nm2. Figures

2(b) and 2(c) also show an inhomogeneous Cd distribution in a

slice along the (in-plane) x-direction. Figure 2(b) is a 3-nm-in-

depth profile (integration over 3 nm) and displays the local Cd

concentration in a 2D (x,z) plane. We observe that the QD lat-

eral size is �5–10 nm. If we consider now the 15-nm-in-depth

profile of Fig. 2(c), we observe that the averaging of Cd con-

centration over 15 nm gives the impression of having larger

(�20 nm) QD lateral size. This latter 2D profile is similar to

the contrast in TEM images17 and shows that TEM analysis in

this case can lead to an overestimation of the lateral size.

The 2D Cd concentration maps in Fig. 2 only give an av-

erage concentration of the CdxZn1�xSe QDs (integration

FIG. 1. (a) Reconstructed volume 90 � 90 � 100 nm3, showing the ZnSe/

CdSe/ZnSe layers on top of the GaAs substrate. The 3D atom map shows

the abrupt interface between layers. (b) Concentration profile measured

inside a cylinder of 15 nm diameter in the reconstructed volume above,

along the growth direction z; the average concentration of Cd is about 0.37

in the CdxZn1�xSe layer.

FIG. 2. (a) 2D map concentration obtained from 3 nm slice through the

CdZnSe layer along the growth direction, (b) 2D map obtained from 3 nm

slice through the CdZnSe layer perpendicular to growth direction. (c) 2D

map obtained from 15 nm slice through the CdZnSe layer perpendicular to

growth direction. The color range goes from blue (poor Cd concentration) to

red (high Cd concentration).
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over the thickness of a slice). In order to obtain more accu-

rate concentration in a QD, we make use of 1D profiles

across the QDs. Figure 3 shows two examples of 1D profiles

generated along the z-axis using 3 nm diameter cylinders

(cylinders are shown and labeled in Fig. 2(a)). The Cd con-

centration in the CdxZn1�xSe layer depends on the actual

position of the intersecting cylinder. For instance, cylinder

no. 6 intersects the Cd richest QD with a maximum Cd con-

tent of x¼ 0.65 6 0.04. On the other hand, cylinder no. 7

intersects a thinner and Cd-poor region with a typical Cd

content of x¼ 0.26 6 0.04 (profile 2 in Fig. 3) which is

attributed to the wetting layer. Altogether, six QDs were

identified in the volume of Fig. 1 (see Fig. 2(a)) and their

characteristics are listed in Table I. We use 1D profiles to

determine the Cd concentration and the height of QDs and

2D maps for their lateral dimensions. The maximum Cd con-

centration in the QDs and their height are displayed in Table

I: they vary from 0.39 to 0.65 and from 2.1 to 1.4 nm, respec-

tively. The average concentration (x), height (h), width (w),

and length (l) of QDs are estimated to be x¼ 0.50,

h¼ 1.6 nm, w¼ 3.7 nm, and L¼ 6.3 nm with the correspond-

ing standard deviation of 0.096, 1.5 nm, 0.74 nm, and 1.4 nm.

We want to emphasize that the APT ability of 3D local

chemical analysis provides more accurate value for size and

Cd concentration within the QDs. Though TEM analysis has

not been carried out in our sample, we note that the analysis

of the composition dependent contrast in high resolution

TEM of a similar sample (QDs formed with 3 ML of CdSe

but with a different growth method)6 gives estimates of QD

diameter of about 5–10 nm and Cd concentration above

40%. These results are consistent with our results (though

we can find significantly higher Cd concentration) but they

much less accurate since in TEM measurements the concen-

tration is measured through the thickness of the lamella.

To summarize this part, APT measurements do not

show evidence for pure CdSe regions within our QDs sample

but some Cd/Zn intermixing. This intermixing can be due to

Cd/Zn interdiffusion or segregation of Cd during the growth.

More precisely, TEM measurements on a sample grown by

the same method, but without the cap ZnSe barrier, have

shown the formation of the pure CdSe islands before the

encapsulation by the second ZnSe barrier.17 This shows that

the Cd/Zn intermixing is due segregation effect during the

overgrowth of the second barrier.18 Note that similar inter-

mixing has been also observed for InAs/GaAs QDs.19–21 By

revealing the 3D distribution of the constituent elements of

the CdxZn1-xSe QDs with atomic scale measurements, we

have determined composition and size of individual QDs

with Cd composition ranging from 39% to 65% in QDs (Cd-

rich regions) and 26% in the so called wetting layer (Cd-

poor region). These parameters strongly affect the optical

proprieties since the CdxZn1�xSe composition gives the band

gap and the QD sizes define the confinement energies and

Coulomb interaction.

In this paragraph, we want now to correlate the QD

characteristics measured by APT with their emission proper-

ties. The inset of Fig. 4 shows the PL spectrum of an ensem-

ble of QDs at 10 K, excited by a cw 488 nm laser with an

incident power of 200 lW focused with a microscope

FIG. 3. 1D Cd composition profiles from two different regions in the

CdZnSe layer using a 3 nm diameter cylinder. The two regions are indicated

by circle nos.1 and 2 in Fig. 2(a). Profile 1 corresponds to Cd rich (QDs)

region, and profile 2 corresponds to cadmium-poor region (wetting layer).

TABLE I. Characteristics of the QDs found in the 3D volume in Fig. 1(a):

The concentration and the height were deduced from 1D profiles using 3 nm

cylinder and the width and lengths from 2D maps. Sizes are FWHM of the

concentration profiles.

Cd concentration (%) Height (nm) Width (nm) Length (nm)

QD1 39 2.09 3 7

QD2 55 1.4 5 7

QD3 58 1.32 3 8

QD4 40 1.7 4 4

QD5 45 1.6 3 7

QD6 65 1.4 4 5

FIG. 4. PL transition energies as a function of the QD thickness. Two sets of

four curves are displayed; the higher set corresponds to a Cd concentration

of 39% and the lower set to 65% of Cd. Solid (dashed) curves are the transi-

tion energies with (without) excitonic and strain effects. Blue (red) curve is

the transition energies for QD diameter of 5 nm (10 nm). Within the

5–10 nm diameter, the expected transition energies are represented by verti-

cal black rectangles for each QD whose thickness and composition has been

measured by APT. The inset shows the PL spectra of an ensemble of QDs,

and of a few QDs PL measured on a mesa of about 100 nm lateral size. The

PL energy distribution is displayed by the shaded area in the figure.
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objective (N.A.¼ 0.4, approximately 1 lm-diameter spot).

The PL signal is distributed over a range of energy from 2.28

to 2.48 eV. In order to check the consistency of the APT

analysis with the PL measurements, we first calculate the

confinement energy of an electron and a hole assuming a lat-

eral cylindrical shape for the QD using the effective mass

model (with finite barrier and Ben Daniel-Duke boundary

conditions22,23 for the wave functions). We applied a quad-

ratic band gap variation as a function of the Cd alloy

composition

EgðxÞ ¼ x EgCdSe
þ ð1� xÞEgZnSe

� b x ð1� xÞ:

We used the following experimental values: bowing parame-

ter b¼ 0.35 eV, energy gaps EgCdSe¼ 1.765 eV and

EgZnSe¼ 2.82 eV, taken from Refs. 24–26, effective masses

along [100] me
*¼ 0.12 and mhh

*¼ 0.9 for CdSe,27

me
*¼ 0.145 and mhh

*¼ 1.04 for ZnSe.28 A linear interpola-

tion from the binary materials values was used to determine

the alloy effective masses. The main confinement energy is

given by the QD thickness (size along the growth axis z).

We calculated the lateral confinement29 of the QDs for two

diameters of 5 and 10 nm to cover the QDs lateral size distri-

bution and we obtained values of 160 and 54 meV, respec-

tively. In Figure 4, dashed lines display the calculated

transition energies as a function of the QD thickness, taking

into account the alloy concentration and the lateral confine-

ment. This calculation does not take into account the exciton

effect and gives, as expected, transition energies higher than

the experimental PL energy distribution illustrated by a

shaded area in Figure 4.

We used the software Nextnano30 to compute both the

exciton effect and the strain effect induced by the lattice mis-

match between ZnSe and the QD ternary alloy CdxZn1�xSe.

Strain depends on the Cd concentration and we computed

values of �4 and �25 meV for the extrema Cd concentra-

tions of 39% (QD1) and 65% (QD6), respectively. Besides,

the exciton binding energy depends on the QD diameter.

Thus, for QDs diameter of 5 and 10 nm, we computed values

of �87 and �69 meV by calculating in both cases the aver-

age exciton binding energy over the QDs thickness measured

by APT. In Figure 4, solid lines correspond to transition

energies taking into account strain and exciton effects.

Similar calculations have been performed for the other QDs

(QD2–QD 5) according to their thickness and Cd concentra-

tion. The vertical black rectangles correspond to each QD

transition energy and show the energy dispersion as a func-

tion of the QD diameter from 5 to 10 nm.

We observe that within the 5–10 nm lateral size confine-

ment, the calculated transition energies of the QDs are

included in the PL energy distribution, except for QD no. 2.

This latter QD is composed of 40% of Cd, a concentration

close to the 26% of the wetting layer. Thus, the carriers

photo-created in such a QD are rather shallowly confined

and can easily escape (by tunneling through the wetting

layer) to a larger QD where they recombine.

In summary, APT provides a powerful 3D characteriza-

tion of CdxZn1�xSe quantum dots at the atomic scale. This

study has revealed the variability of dot size and shape, the

complexity of their chemistry, and a strong intermixing

between the Cd and the Zn in the quantum dots. The compar-

ison between the PL emission energy and the calculation of

the transition energies including excitonic and strain effects

shows that the PL measurements and the APT study are

quantitatively consistent.
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