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Modification of the bandgap of sub-monolayer type-II ZnTe quantum dots (QDs), by means of direct

incorporation of magnesium in the QDs, is reported. Nitrogen co-doped QDs embedded in a ZnSe

matrix have been grown by a migration-enhanced molecular beam epitaxy technique. Incorporation

of Mg in the ZnTe QDs decreases the valence band discontinuity, leading to reduced localization of

the holes, which results in a higher electrical conductivity in the samples as deduced from the

Hall effect measurements. The type-II alignment of the bands in the QDs is supported by

intensity dependent and time-resolved photoluminescence measurements. Hall effect measurements

indicate that the material has p-type conductivity with mid-1015 carriers/cm3 and hole mobilities in

the 5–50 cm2/V�s range. VC 2011 American Institute of Physics. [doi:10.1063/1.3611418]

I. INTRODUCTION

There is an increasing interest in type-II quantum struc-

tures due to their tunable optical and electrical properties by

taking advantage of the type-II band alignment and quantum

confinement effects.1 Among them, type-II ZnTe/ZnSe quan-

tum dots (QDs) are particularly interesting because of their

relatively large valence band and conduction band offsets.2

Furthermore, II–VI wide bandgap semiconductors, such as

ZnSe, have long been difficult to dope p-type. This difficulty

still constitutes a problem for practical uses of these materi-

als, non-withstanding the promise of such a material in light

emitters in the blue-green spectral region. More generally,

the successful bipolar doping of wide bandgap semiconduc-

tors is still a subject of great interest, and the composite

material system containing QDs may be a viable solution to

such a problem.

This doping hurdle resides in obtaining adequate dopant

incorporation in the material, which is limited by poor solu-

bility and/or excessive compensation.3 In the case of ZnSe, it

is relatively easy to obtain n-type doping, while in ZnTe, p-

type doping is more readily obtained.4 Many studies on both

bulk and epitaxial layers have been carried out to address

this problem. Previously, a high net acceptor concentration

of 6� 1018 cm�3 was achieved for ZnSe by the migration

enhanced molecular beam epitaxy (ME-MBE) technique,

incorporating N within ZnTe nanoclusters embedded in the

ZnSe, while keeping relatively low overall content of Te.5,6

Unfortunately, this material exhibits rather low free hole

concentrations, so that although high net acceptor concentra-

tions were achieved, the conductivity of the layers remained

low. We attribute this low conductivity to the localization of

the holes in the valence band wells produced by the type II

QDs because of from the large valence band discontinuity

(�0.7 eV) between ZnTe and ZnSe.7

To modify the band structure and reduce the localization

of the holes, with the purpose of achieving a higher conduc-

tivity of the samples, a series of samples with added Mg in

the ZnTe QDs have been grown by ME-MBE. The x-ray dif-

fraction (XRD) measurements confirm the incorporation of

Mg in the samples, while reflectance spectrum data suggest

that there is no significant Mg incorporation within ZnSe bar-

riers, i.e., Mg is confined to the ZnTe QD regions. The type-

II nature of the Mg containing ZnTe QDs is confirmed by cw

intensity-dependent and time-resolved photoluminescence

(PL) studies. Furthermore, we have been able to perform the

Hall effect measurement on the N-doped type-II QD samples,

which is not possible in samples without Mg, indicating that

the modified band structure has reduced the confinement of

the holes resulting in increased layer conductivity.

II. EXPERIMENTAL

All the samples were grown on (100) GaAs substrates in a

Riber 2300 MBE system, which contains a III–V chamber and

a II–VI chamber connected by ultrahigh vacuum (UHV), fol-

lowing procedures previously used to grow ZnTe/ZnSe type-II

QDs.8 Oxide desorption of the GaAs substrates was performed

in the III–V chamber by heating the substrates to �580 �C
under an As flux, after which a 100 nm GaAs buffer layer was

grown with a streaky (2� 4) reflection high-energy electron

diffraction (RHEED) surface pattern. The substrate with the

GaAs buffer layer was transferred to the II–VI chamber under

UHV. To avoid the formation of Ga2Se3 at the III-V/II-VI

interface, which is expected to result in the formation of stack-

ing faults, we exposed the sample to a Zn-flux before the

growth of a 5 nm ZnSe buffer layer at 200 �C. Then a 50 nm

undoped ZnSe buffer layer was grown at 300 �C under Se rich

conditions with a growth rate of �0.3 lm/h. A streaky (2� 1)

RHEED pattern was observed after the buffer layer growth.

The buffer layer was followed by the ME-MBE growth cycles

leading to the type II nanoislands embedded in ZnSe.a)Electronic mail: ccnyqzhang@gmail.com.
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Three cycles of shutter operations were employed to

carry out the ME-MBE. In cycle 1, right after the ZnSe

growth, the Se shutter was closed. Then there was a 5 s

growth interruption to desorb the excess Zn from the surface,

and then the Te shutter was opened to deposit Te on the Zn-

terminated surface for 5 s and followed by another 5 s

growth interruption. Cycle 2 was almost identical to cycle 1

except that instead of the exposure of the surface to Zn, we

either opened the Mg shutter only (exposed the surface only

to Mg) or opened the Zn and Mg shutters simultaneously.

This was followed by cycle 3, which was identical to cycle

1. The Zn shutter was opened for 5 s after cycle 3, and then

another ZnSe spacer was grown before repeating the entire

sequence 100 or 200 times. This shutter operations produce

the sequential deposition of the elements, which, combined

with the short interruptions, give rise to enhanced surface

migration and the formation of self-assembled Zn(Mg)Te

QDs.1,9,10

The sample crystalline quality and the Mg content were

assessed by (400) XRD rocking curves using a Cu Ka1 radia-

tion. Low temperature and temperature-dependent PL meas-

urements were carried out using a closed cycle refrigeration

system. The 351 nm emission line from an Argon ion laser

was used as the excitation source, and the excitation intensity

was varied with the aid of neutral density filters. A semicon-

ductor laser with a pulse duration of the order of a nanosec-

ond was employed in the time-resolved PL measurements.

III. RESULTS AND DISCUSSION

As shown in Table I, two sets of samples were grown. In

set 1, both were grown with Zn and Mg co-deposition during

the central ME-MBE cycle (cycle 2). However, the tempera-

ture of the Mg source is 20 �C higher in A2 than in A1. By

contrast, the samples in set 2 were grown with only Mg dep-

osition in cycle 2. The last sample (B3) in set 2 was grown

with an intermediate Mg temperature (210 �C) and an inten-

tionally greater total thickness (200 repeats) to allow per-

forming the Hall effect measurement.

First, the controllable Mg incorporation is confirmed by

the XRD rocking curve measurements, shown in Fig. 1. For

each sample, the sharp peak with the highest intensity repre-

sents the (400) reflection of the GaAs substrate, and the

broad peak with relatively low intensity represents the zero-

order satellite peak of the periodic structure, which is located

at the small-angle side of the GaAs peak due to the larger lat-

tice constants of the ZnSe (5.67 Å), ZnTe (6.10 Å), and

MgTe (6.37 Å) relative to GaAs (5.65 Å). The zero-order

satellite peaks are broadened, due to the lattice-mismatch

between the II–VI epitaxial layers and the GaAs substrate,

and period dispersion.11,12 In the inset of Fig. 1, the shift

between the zero-order satellite peak and the GaAs substrate

peak is plotted as a function of the Mg source temperature,

listed in Table I. Samples of same thickness with higher Mg

source temperature show larger shifts than those with lower

Mg temperature, indicating higher average Mg content. Fur-

thermore, there is a greater effect on the change of the lattice

constants when there is only Mg incorporated in the middle

of the deposition, suggesting a higher average concentration

of Mg in the ZnTe/ZnSe type-II QDs by this approach. The

shift of the thicker sample B3 does not line up with the shifts

of B1 and B2, which is most likely due to the partial relaxa-

tion of this thicker layer, also consistent with somewhat

broader XRD zero-order satellite peak of B3. To rule out

incorporation of Mg in the ZnSe barrier region, we per-

formed reflectance measurements of our samples. An absorp-

tion edge at 2.7 eV, as expected for pure ZnSe, was

measured for the samples, suggesting that the Mg was incor-

porated largely within the QDs themselves.

The samples were characterized by cw intensity depend-

ent PL measurements, shown in Fig. 2 for sample B3. In the

inset, the PL peak position is plotted as a function of relative

excitation intensity. A significant blueshift with increasing

excitation intensity (plotted in the inset) was observed, illus-

trating the band bending effect due to the type-II band

TABLE I. Two sets of ZnTe/ZnSe QDs samples.

Sample TMg (�C) No. of repeats ZnSe spacer Cycle 1 Cycle 2 Cycle 3

Set 1 A1 200 100 5.7nm Zn (TeþN) (ZnþMg) (TeþN) Zn (TeþN) Zn

A2 220 100 5.7nm Zn (TeþN) (ZnþMg) (TeþN) Zn (TeþN) Zn

Set 2 B1 200 100 5.7nm Zn (TeþN) Mg (TeþN) Zn (TeþN) Zn

B2 220 100 5.7nm Zn (TeþN) Mg (TeþN) Zn (TeþN) Zn

B3 210 200 5.7nm Zn (TeþN) Mg (TeþN) Zn (TeþN) Zn

FIG. 1. (Color online) The (400) XRD rocking curve spectra for the samples

with different Mg incorporation. The broad peak represents the zero-order

satellite peak of the multiple QD layer for each sample. Inset shows the peak

shift of each sample as a function of Mg growth temperature. Dashed lines

in the inset are drawn for eye.

034302-2 Zhang et al. J. Appl. Phys. 110, 034302 (2011)

Downloaded 18 Jun 2013 to 149.4.205.28. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



alignment (e.g., Refs. 13 and 14, and references therein)

between the QDs and the ZnSe matrix. The dashed line in

the inset is the fitting curve, following a cube root depend-

ence of the excitation intensity, a particular property of the

type-II heterostructures.15 Note that compared with Ref. 1,

the PL intensity dependence is observed in fewer orders of

magnitude. This could be related to the significantly lower

overall PL intensity of the doped samples due to strong non-

radiative contribution,16 similarly to that reported for

nitrogen doped ZnTe/ZnSe system.

The existence of type-II QDs is further supported by the

time-resolved PL measurements shown in Fig. 3. The PL

decay curves cannot be fitted by a single exponential, reflect-

ing the dependence of the decay time on the concentration of

photogenerated carriers.9 We thus used a biexponential fit-

ting to extract the decay times, following the procedure of

Ref. 9. The extracted decay times s1 and s2 are plotted as a

function of temperature in inset (a). The fast decay time s1

can be treated as a combination of fast decay in type-II QDs

due to increased overlap of the electron and hole wavefunc-

tions and the intrinsic lifetimes for the bulk ZnSeTe alloy9;

the slow decay time s2 can thus be treated as intrinsic to

type-II QDs (the so-called “flatband condition”)9. A careful

study of the data shows that s2 remains almost constant in

the temperature range of 30 to 80 K. It then decreases

quickly in the temperature range of 80 to 160 K to the values

that cannot be resolved in our set-up. This behavior is under-

stood by the following reasoning.

In these type-II QDs, holes are relatively strongly confined

within the dots, whereas the electrons are weakly bound to the

holes via the Coulomb interaction. The first temperature inter-

val is characterized by the ionization of weakly bound elec-

trons, which should decrease the overall lifetime; however,

this process is compensated by the fact that the electrons can

be recaptured at the QDs, increasing the observed lifetime.9

The competition between these two mechanisms is responsible

for the observed nearly constant lifetime as reported in other

type-II QDs due to the common property of well-localized

zero-dimensional carriers.13,17 Moreover, we point out that

there is a small increase in the lifetime from 30 to 50 K; this is

similar to that observed in Ref. 9, further supporting our con-

clusion about type-II nature of the grown QDs. With further

increase of the temperature, a non-radiative mechanism re-

sponsible for hole ionization becomes dominant, evident by

the fact that the PL intensity simultaneously decreases in that

temperature range, as shown in inset (b).9 We plot inverse of

the lifetime s2 versus inverse temperature (in units of energy)

in Fig. 4, which we fit to estimate the hole ionization energy

EA. The obtained value is�82 meV. This is a reasonable value

when compared with the reported activation energies for nitro-

gen in ZnTe (e.g., 51 meV in ZnTe-ZnSe SL (Ref. 18);

46 meV (Ref. 19) to 53 meV (Ref. 20) to 57 meV (Ref. 21) in

bulk ZnTe, depending on the doping levels), because, due to

the QD confinements and larger band gaps in ZnMgTe, one

should expect a higher ionization energy. The same fitting

gives the radiative decay lifetime of �28 ns, which is much

shorter than that reported in Ref. 1. We again attribute this to

the doping.16

FIG. 2. (Color online) The PL spectra of B3 at 30 K with different excita-

tion intensity (Iexc). The peak position is plotted as a function of Iexc in the

inset, and the dashed line is the fitting curve, following the cube root

dependence of Iexc.

FIG. 3. (Color online) The time-resolved PL spectra of sample B3 at differ-

ent temperatures. The lifetimes s1 and s2 are plotted as a function of temper-

ature in inset (a). The PL intensity is plotted as a function of temperature in

inset (b).

FIG. 4. (Color online) The inverse of the lifetime s2 is plotted as a function

of inverse temperature (in the units of energy), leading to the hole ionization

energy EA¼ 82 meV.
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The Mg incorporation within QDs should modify the va-

lence band alignment in such a way that the hole confine-

ment in the QDs is reduced, which increases the probability

of hole delocalization and greater conductivity. The expected

modified band structure of the type II QDs when the Mg is

incorporated within the ZnTe is schematically shown in Fig.

5, along with the predicted band alignments for ZnSe, ZnTe,

and MgTe.22,23 One may assume that the valence band maxi-

mum of the chalcogenides is a linear function of composi-

tion, hence one can estimate the band offset between

chalcogenides of different composition.22 For example, an

incorporation of 32% Mg in ZnTe could induce a 90 meV

reduction of the valence band offset between ZnTe and

ZnSe. With a smaller valence band offset, the confinement

of the holes is reduced, and they may be more easily acti-

vated for conductivity. The addition of Mg in the QDs may

also affect the growth morphology of the QDs, possibly

changing their size and/or shape. Further work is needed to

fully assess these factors. However, the basic findings

reported here, i.e., the reduced hole confinement in the sam-

ples grown with Mg incorporation, should remain valid.

Prior attempts to perform Hall effect measurements on

samples of N-doped ZnTe nano-islands in ZnSe were not

successful even when high net acceptor concentrations were

measured by C-V techniques.5 Sample B3 was prepared with

Au contacts in the corners according to the Van-der Pauw

technique.24 As shown in the inset in Fig. 6, the Au contacts

show nearly ohmic I-V characteristics. Hall effect measure-

ments of sample B3 give p-type conductivity with hole con-

centrations in the range of mid 1015 cm�3, and the hole

mobilities in the range of 5–25 cm2/V�s. Although the carrier

concentration achieved here is rather low, the results clearly

suggest successful reduction of the valence band offset

between ZnSe barriers and ZnMgTe QDs compared to the

ZnTe/ZnSe QD system.

IV. CONCLUSIONS

In conclusion, we have grown type-II ZnTe/ZnSe QDs

by a ME-MBE process, with Mg incorporated at various

levels during the ME-MBE process, to adjust the type-II QD

band structure and reduce the localization of the holes. XRD

measurements show controllable Mg incorporation. Intensity

dependent and time-resolved PL measurements confirm the

type-II band alignment of the QDs. We propose that the

incorporation of Mg reduces the confinement of the holes,

which is furthermore supported by the ability to perform

Hall effect measurements. These results illustrate the poten-

tial of band structure engineering of type II nanostructures to

enhance materials properties.
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