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The localization energies, capture cross sections, and storage times of holes in GaSb quantum dots

(QDs) are measured for three GaSb/GaAs QD ensembles with different QD sizes. The structural

properties, such as height and diameter, are determined by atomic force microscopy, while the

electronic properties are measured using deep-level transient spectroscopy. The various QDs exhibit

varying hole localization energies corresponding to their size. The maximum localization energy of

800 (650) meV is achieved by using additional Al0.3Ga0.7As barriers. Based on an extrapolation,

alternative material systems are proposed to further increase the localization energy and carrier

storage time of QDs. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4791678]

As a result of their type-II properties, the band gap dif-

ference between Sb-based III-V materials and the surround-

ing matrix material (i.e., GaAs or AlxGa1�xAs) leads to a

giant valence band offset. Especially, in comparison with the

well-known InAs/GaAs material system, quantum dots

(QDs) based on GaSb/GaAs can offer confining potentials

for holes, which are twice to three times as large. This makes

GaSb/GaAs a particularly interesting heterostructure for

charge storage applications in which holes are used as infor-

mation carriers. Concepts for QD-based memories were pre-

viously demonstrated.1–5

GaSb/GaAs QDs have been grown by molecular beam

epitaxy (MBE)6,7 and metal-organic chemical vapor deposi-

tion (MOCVD),8,9 their structure has been analyzed by cross-

sectional scanning tunneling microscopy (X-STM),10–12 their

optical properties were studied,6,13 as well as their electronic

properties.12,14,15 Nevertheless, consistent data on localization

energies and capture cross sections for holes, which are cru-

cial parameters for any process involving hole dynamics and

the ability of the QDs to confine and store holes, are missing.

In this letter, we report on the electronic properties of a

set of three GaSb/GaAs QD samples, in which the QDs have

varying lateral extension and height. The size of the QDs is

studied by atomic force microscopy (AFM) on uncapped QD

samples. The electronic properties of the QDs are studied

by charge-selective deep-level transient spectroscopy

(DLTS),15–17 which allows to determine the localization

energy and the apparent capture cross section of the QD en-

semble as key electronic properties. The theoretical depend-

ence of the storage time on the localization energy and the

apparent capture cross section are used to give an extrapola-

tion for the storage time at room temperature, based on

which alternative III–V material systems are proposed to

achieve non-volatility (>10 yr) in a QD-based memory.

In the voltage regime where the measurements are per-

formed, tunneling emission can be neglected,18 and the

trapped holes inside the QDs are emitted by thermal activation

only. The thermal emission rate of holes from the QDs is16

ea ¼ cT2r1expð�Ea=kTÞ; (1)

where Ea is the activation energy, T the temperature, k the

Boltzmann constant, r1 is the apparent capture cross section

for T ¼ 1, and c is a temperature-independent constant. The

emission rate depends on the energetic barrier (activation

energy) Ea, which the holes have to overcome during the

thermal emission process, and the apparent capture cross sec-

tion r1, which is a measure of the ability of the QDs to scat-

ter free holes from the surrounding matrix into its potential

well. It is an expression of how well the QDs couple to the

surrounding material in order to dissipate the energy and mo-

mentum of the scattered holes, i.e., by Auger scattering or

multi-phonon emission.19 As re-capture of holes also occurs

during the thermal emission process, the capture cross sec-

tion also determines the emission rate (retention time) of the

holes in the QDs.19,20 According to Eq. (1), the thermal

emission rate is directly proportional to r1. To get a rule of

thumb for the effect of the activation energy Ea on the emis-

sion rate, we use the laws for logarithm conversion and get

an effect on the emission rate (retention time) of one order of

magnitude for every 2:3� kT. At 300 K, this would mean

that the storage time would increase by one order of magni-

tude for each additional 60 meV of activation energy.

Three different samples were studied in this work. They

all contain a layer of self-assembled GaSb/GaAs QDs em-

bedded into a pn-diode structure, which is schematically

shown in the inset of Fig. 2(a) and described in Ref. 15.

Samples A and C were grown at Academia Sinica,

Taiwan. The QDs in both samples have nominally the same

growth conditions for the QD layer, of which details can be

found in Refs. 21 and 22. The GaSb QD structures of the two

samples are both grown at 470 �C. The pre- and post- Sb

soaking time were 15 s and 120 s, respectively. During the

post-soaking procedure, the Sb flux is kept at 1.5� 10�7 Torr

(beam equivalent flux pressure, BEP).
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In addition to the QD layer, sample C contains two

Al0.3Ga0.7As barriers, in between which the QD layer is

sandwiched. The barriers increase the emission barrier by an

additional valence band offset of DVB ¼ 162 meV (based on

an 34:66 split of the band gap difference between GaAs and

Al0.3Ga0.7As (Ref. 23)).

Sample B was grown at UCLA in a solid-source MBE re-

actor using cracked arsenic and antimony sources. After GaAs

oxide desorption at 610 �C, an undoped GaAs buffer is grown

at 580 �C prior to the diode structure. The growth rate is

approximately 1 lm/h and the V/III ratio is approximately 15.

The quantum dot growth proceeds by lowering the substrate

temperature to 480 �C and the growth rate to 0.15 lm/h. The

V/III ratio for the GaSb quantum dots is 1.05. After closing

the As2 beam and soaking the substrate with Sb2, 3.5 ML of

GaSb are deposited and the RHEED pattern changes from

streaks (2D growth) to spotty (3D island growth). A 10-nm-

thick cap of GaAs is deposited at the QD growth temperature,

before heating the substrate back to 580 �C and completing

the rest of the diode structure. The dopants used are silicon

(n-type) and beryllium (p-type).

Uncapped GaSb/GaAs QDs with identical growth pa-

rameters as for the QDs in samples A, B, and C were grown

with each individual growth batch and analyzed by AFM

measurements. The AFM pictures are shown in Fig. 1. The

QDs have a dome-like shape and their mean diameter varies

from 20 (64) nm for sample A, 24 (64) nm for sample C, up

to a diameter of 40 (64) nm for sample B. The mean heights

vary between 2 nm for sample A, 2.5 nm for sample C, and

4.5 nm for sample B. The area densities are 5 � 1010 cm�2

for sample A, 4 � 1010 cm�2 for sample B, and 3 � 1010

cm�2 for sample C. Although grown with nominally the

same growth parameters, the QDs of samples A and C have

different sizes. We attribute this to the run-to-run variation of

the chamber, since the samples were grown 1.5 yr apart from

each other.

The samples are processed into round mesa-structures

by standard optical lithography and chemical wet-etching

techniques. The contact layers are metallized by Ni/AuGe/

Au (n-side) and Ti/Pt/Au (p-side) and subsequent annealing

for 3 min at 400 �C to form Ohmic contacts.

The samples are analyzed by charge-selective

DLTS,15,16,24 which allows a detailed study of the electronic

properties of the QD ensemble. The bias voltage range in which

charging and discharging of the QDs occur is determined by

capacitance-voltage (C-V) measurements and the values are

used in the following charge-selective DLTS experiments.15

The charging pulse voltage is selected in such a way that only

very few holes are captured and emitted from the QDs (ideally

one hole per QD). The capacitance transients are measured

with a frequency of 1 MHz and averaged several times.

FIG. 2. Charge-selective DLTS measurements with a reference time con-

stant of sref ¼ 35 ms and different measurement voltages Vm. (a) Sample A:

GaSb/GaAs QDs in GaAs pn-diode. (b) Sample B: GaSb/GaAs QDs in

GaAs pn-diode. (c) Sample C: GaSb/GaAs QDs with two additional

Al0.3Ga0.7As barriers.

FIG. 1. AFM measurements of uncapped GaSb/GaAs QD ensembles corre-

sponding to growth parameters identical to samples (a) A, (b) B, and (c) C.

The sizes are given in the table.
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Sample A: The measurement bias is set from Vm ¼ 0:1
to Vm ¼ 4:1 in steps of 0.2 V while setting the pulse bias to

Vp ¼ Vm � 0:2V. The temperature is swept from 92 K to

210 K. Sample B: Vm ¼ 0:2 to Vm ¼ 2:4 in steps of 0.2 V,

pulse bias set to Vp ¼ Vm � 0:2V. The temperature is swept

from 25 K to 320 K. Sample C: Vm ¼ �0:2 to Vm ¼ 3:0 in

steps of 0.2 V, pulse bias set to Vp ¼ Vm � 0:2V. The tem-

perature is swept from 25 K to 380 K.

The charge-selective DLTS graphs for the three samples

are shown in Fig. 2 for a reference time constant

sref ¼ 35 ms. Clear features can be seen in all three graphs

due to the hole emission from the QD ensemble. When the

measurement bias is increased (reverse direction), the peak

shifts to higher temperatures, which indicates that deeper

hole states in the QDs are successively probed at each Vm.

The DLTS graphs are analyzed by extracting the peak posi-

tions for a set of different reference time constants and plot-

ting the data as an Arrhenius plot (not shown). Using Eq. (1),

the data points are fitted, and from the slope the activation

energy Ea, and from the intercept the apparent capture cross

section r1 are derived for each DLTS graph.25

The activation energies Ea and apparent capture cross

sections r1 for the three samples are depicted in Fig. 3. For

sample A, an increase of the activation energy from 300 meV

up to 460 meV can be observed when the measurement bias

is increased. The apparent capture cross section stays roughly

constant around 10�12 cm2 and increases only for the highest

reverse bias at Vm ¼ 3:8 V. As the signal completely vanishes

for a reverse bias larger than 3.8 V, the value is equal to the

activation energy of the ground state. Hence, the localization

energy is Eloc ¼ 460 ð620ÞmeV with r1 ¼ 7 �10�12 cm2.

The activation energies in sample B increase from

340 meV at Vm ¼ 0:2 V to 760 meV at Vm ¼ 2:2 V, while the

apparent capture cross section increases from 10�13 cm2 to

about 10�10 cm2. Hence, we get Eloc ¼ 760ð620Þ meV with

r1 ¼ 5� 10�11 cm2.

For sample C, the activation energy increases from

420 meV at Vm ¼ �0:2 V (forward direction) to 800 meV at

Vm ¼ 2:8 V, while the apparent capture cross section roughly

stays constant around 10�12 cm2. The localization energy

of the GaSb-QDs with the Al0.3Ga0.7As barriers is then

Eloc ¼ 800ð650ÞmeV with r1 ¼ 5� 10�12 cm2. To get the

localization energy of the GaSb QDs only, the height of the

Al0.3Ga0.7As barriers has to be subtracted. When assuming a

66:34 split of the band offsets between GaAs and

Al0.3Ga0.7As, the valence band offset amounts to

DEVB ¼ 164 meV.23 Within the error margin, we then get

Eloc ¼ 640ð650ÞmeV with r1 ¼ 5� 10�12 cm2 for the

GaSb QDs only.

We attribute the increase of localization energy of the

different samples (in the sequence A, C, B; QD localization

energy only) to an increase of the size of the QDs in the

ensembles, which quantum mechanically lowers the ground

state in the potential well of the QD and increases the emis-

sion barrier.

From the localization energies Eloc and the apparent

capture cross sections r1, the storage times at 300 K can be

derived as the inverse of the emission rate in Eq. (1). The

values previously determined in other works12,24,26,27 and

in this work, together with the theoretical storage times for

different capture cross sections, are shown in Fig. 4. Com-

pared to the other QDs, the QD ensembles studied in this

work all have a large apparent capture cross section. Hence,

the storage time is lower than for QDs with the same local-

ization energies. As the apparent capture cross sections

vary by about 5 orders of magnitude, the extrapolation to

storage times of 10 yr at 300 K (required for non-volatility)

can only give a range of minimum localization energies

which have to be achieved. The required localization

energy ranges from 1.15 eV for r1 ¼ 10�15 cm2 to 1.45 eV

for r1 ¼ 10�10 cm2. Two material systems able to provide

such large localization energies are given in the graph.

GaSb/Al0.9Ga0.1As QDs can reach Eloc¼ 1.25 eV, while

GaSb/GaP QDs can reach �1.2–1.4 eV.23,28 Using

AlxGa1�xP instead of GaP would further increase the local-

ization energy by another 500 meV. In principle, large

localization energies (�2 eV) should also be achievable for

electrons in nitride-based QD systems.29 The capture cross

section could also be altered in order to increase the storage

time. It depends on the hole wave functions in the QDs, the

coupling to the phonon bath, and possible Auger scattering.

However, a precise modeling of all three effects, let alone

FIG. 3. Activation energies Ea and apparent capture cross sections r1
for holes for each individual measurement bias Vm. (a) and (b) Sample A.

(c) and (d) Sample B. (d) and (f) Sample C.

FIG. 4. Hole storage time in quantum dots as a function of the localization

energy Eloc for different values of the apparent hole capture cross section

r1. 10 yr of storage time is required for non-volatility. The other values can

be found in Refs. 12, 24, 26, and 27.

052115-3 Nowozin et al. Appl. Phys. Lett. 102, 052115 (2013)



their precise control during epitaxial growth, has yet to be

achieved.

In summary, we have studied the structural properties of

GaSb/GaAs quantum dots with AFM, while the localization

energies and the apparent capture cross sections were deter-

mined by DLTS. Each sample studied exhibits QD ensem-

bles of different mean sizes, ranging from 20 nm to 40 nm in

width, and 2 nm to 4.5 nm in height. The hole localization

energies of the QDs are found to increase by the same order

as the sizes from 460 (620) meV to 760 (620) meV with

apparent capture cross sections around r1 ¼ 10�12 cm2. A

maximum localization energy of 800 (650) meV was found

for GaSb QDs with additional Al0.3Ga0.7As barriers—the

highest value ever measured for self-assembled QDs. In

order to further increase the localization energy, and hence

the hole storage time in QDs, increasing the Al content in

GaSb/AlxGa1-xAs QDs, the use of GaP as matrix material

and nitride-based heterostructures are proposed.
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