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Asymmetric GaAs/AlGaAs T wires with large confinement energies
H. Gislason, W. Langbein,a) and J. M. Hvam
Mikroelektronik Centret, The Technical University of Denmark, Building 345e, DK-2800 Lyngby, Denmark

~Received 22 July 1996; accepted for publication 12 September 1996!

We report on the design and growth of asymmetricT-shaped quantum wires with large
one-dimensional confinement energies. Prior to growth, the optimal structure for a given~110! well
width is determined by a calculation. The structures are made by molecular beam epitaxy cleaved
edge overgrowth. We demonstrate a confinement of 54 meV in an experimental structure consisting
of a narrow ~110! oriented GaAs/Al0.3Ga0.7As quantum well overgrown on much wider
~001! oriented Al0.14Ga0.86As/Al0.3Ga0.7As wells. © 1996 American Institute of Physics.
@S0003-6951~96!03747-3#
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One-dimensional wire states confined at the intersect
between~001! and ~110! oriented GaAs/AlGaAs quantum
wells ~T wires! are predicted to have enhanced exciton bin
ing energies and oscillator strengths compared to tw
dimensional structures.1 These one-dimensional structure
have been realized by the cleaved edge overgrowth te
nique2 with monolayer precision determined by the molecu
lar beam epitaxy~MBE! growth technology. The fundamen-
tal properties of the one-dimensional systems together w
their potential device applications have led to a strong inte
est in the growth and optimization of these structures.3–6

The size of the one-dimensional confinement energy
of great importance for device applications at room tempe
ture. The highestT-wire confinement energies reported are
to our knowledge, 28 meV for asymmetric GaAs/AlGaA
T-wire with Al in the ~001! wells4 and 38 meV for asymmet-
ric GaAs/AlAsT wires.7

We present in this work an optimization of asymmetr
GaAs/AlGaAsT wires with a low concentration of Al in the
~001! wells and reach aT-wire confinement energy of 54
meV, which is significantly higher than kT at room tempera
ture. We pre-design the sample parameters by a calcula
of the confinedT-wire states.8 The calculations are based on
an effective mass approach for the conduction band sta
and a six-bandk–p model for the valence band states. Her
we show, in Fig. 1~a!, the results for the transition energie
of asymmetricT wires with Al0.3Ga0.7As barriers. The calcu-
lations are made forT wires with 3- and 5-nm-wide over-
grown GaAs wells. For a given overgrown well width, th
transition energy of theT wires is evaluated as a function o
the ~001! oriented AlxGa12xAs well width. The Al content
~x! of the ~001! wells, shown in Fig. 1~b!, is adjusted for
each well width so that the transition energy of the~001!
wells coincides with the transition energy of the~110! well,
indicated by the solid horizontal lines in Fig. 1~a!. The high-
est one-dimensional confinement energy is found where
separation between the transition energy of theT wires and
the wells is largest.

The general trend, seen in Fig. 1~a!, is that theT-wire
transition energy is lowered with increasing~001! well width
until a second confinedT-wire state appears with higher en
ergy. In this case, the effective confinement is reduced to
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3248 Appl. Phys. Lett. 69 (21), 18 November 1996 0003-695
Downloaded¬11¬Dec¬2009¬to¬192.38.67.112.¬Redistribution¬subject
on

d-
o-
s
ch-
-

ith
r-

is
a-
,
s

c

-
ion

tes
e

the

-
he

separation between the first and secondT-wire state. There-
fore, we choose a sample design with only oneT-wire state.
The optimized sample parameters are taken from Figs. 1~a!
and 1~b!, and the corresponding structures are shown in F
1~c!. In this way, we expect one-dimensional confineme
energies of 26 meV for the 5 nm overgrowth and 34 meV fo
the 3 nm overgrowth.

Using MBE, we have grown two asymmetricT-wire
samples~ASW1 and ASW2! similar to the calculated opti-
mized structures, which are 3 and 5 nm~110! GaAs/
Al0.3Ga0.7As quantum wells overgrown on 120 Å
Al0.12Ga0.88As/Al0.3Ga0.7As and 180 Å Al0.07Ga0.93As/
Al0.3Ga0.7As ~001! oriented multiple quantum wells, respec
tively.

The growth of the~001! structure is somewhat compli-

FIG. 1. Calculated transition energies~a! and Al contents~b! of T wires
with 3 nm ~left! and 5 nm~right! ~110!-GaAs/Al0.3Ga0.7As overgrowth for
different~001! Al xGa12xAs/Al0.3Ga0.7As well widths. The optimized sample
structures are shown in~c!.
1/96/69(21)/3248/3/$10.00 © 1996 American Institute of Physics
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cated by the low Al content in the wells. Having only one A
cell in the MBE growth chamber, this structure can either
made by growth interrupts, while the temperature of the
cell is changed between the growth of the barriers and
growth of the wells, or by keeping the temperature of the
cell fixed and rapidly operating the shutter of the Al ce
thus forming a digital alloy~DA! in the wells.4 We chose the
latter approach to avoid surface contamination during grow
interrupts. However, it imposes an inaccuracy in the value
the Al content in the wells, because the nominal Al shutt
time is comparable to the shutter switching time~specified to
0.3 s!. To compensate for this inaccuracy, we character
the DA wells before the cleaved edge overgrowth is pe
formed to determine the actual transition energy and to a
just the thickness of the overgrown well correspondingly.

The nominal 7% DA of ASW2 was grown by dividing
the 180 Å wells into 20 sublayers of 9 Å. Each sublayer
then divided into a GaAs layer and an Al0.3Ga0.7As layer.
The width of the Al0.3Ga0.7As layer is given by the ratio
between the intended Al content of the DA to the Al conte
of the barrier, multiplied by the width of the sublayer. Thi
gives 2.1 Å for the Al0.3Ga0.7As layer, leaving 6.9 Å for the
GaAs layer. The Al shutter was opened 20 times for 0.64
per quantum well. The rotation of the substrate durin
growth was fast enough to give one rotation per 2.1
Al0.3Ga0.7As layer. The barrier width is 320 Å in order to
decouple theT-wire states. The total thickness of the~001!
structure is 2.5mm. The ~001! structure of sample ASW1
was made similarly, with a nominal 12% DA in the 120-Å
thick wells, which were divided into 10 sublayers. Thi
structure consists of 20 wells separated by 200-Å-thick b
riers and is 0.64mm thick.

Low-temperature photoluminescence~PL! measure-
ments were performed with the samples mounted in
continuous-flow cryostat using He–Ne~632.8 nm! or Ar-ion
~488 nm! laser excitation, both with an excitation intensity o
0.1 W/cm2. The PL was dispersed in a spectrometer a
detected by a photomultiplier using photon counting tec
niques. To adjust the sample position, the PL was imag
with a video camera.

The PL spectra of the~001! structures, measured at 4 K
are displayed in Fig. 2 and show the heavy-hole excit
emission from the wells. The linewidths are 3 and 5 meV f
the DA of ASW2 and ASW1, respectively. The transitio
energies of the DA wells are mainly given by the allo
bandgap,9 Eg51.51911.155x10.37x2, because the quanti-
zation energies for the large well widths are low, e.g., 1
meV for the 180 Å well of ASW2. From the transition ener
gies in Fig. 2, we estimate a higher Al content of about 9
and 14% instead of the nominal 7% and 12%.

Taking the above characterization into account, t
cleaved edge overgrowth of the~110! oriented GaAs/
Al0.3Ga0.7As well is designed so that the transition energy
the well coincides with the transition energy of the expe
mentally realized~001! wells. The transition energies of the
~110! oriented GaAs/Al0.3Ga0.7As wells, as a function of well
width, have been calculated previously and experimenta
verified.10

The substrates of the~001! structures were lapped to a
thickness of 90mm to ease the cleaving. Pieces of 536
Appl. Phys. Lett., Vol. 69, No. 21, 18 November 1996
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mm2 were mounted vertically on a special sample holde5

and cleaved in the MBE buffer chamber to avoid oxidatio
of the cleaved layers. The overgrowth was started within
few minutes after the cleavage. For ASW1, the overgrowth
a 25 Å well, a 200 Å barrier, and a 100 Å GaAs layer. Fo
ASW2, it is a 43 Å well, a 320 Å barrier, and a 1500 Å GaA
cap.

Different ~110! growth conditions were tested for the
two samples. For ASW1, a low substrate temperature
about 460 °C and a low GaAs growth rate of 0.5mm/h was
used. The V/III beam equivalent pressure~BEP! ratio was
30. For ASW2, the GaAs growth rate was 0.45mm/h and the
substrate temperature was increased to about 500 °C to c
pensate for a possible temperature difference between
cleaved edge and the planar substrate.11 The temperatures
were measured by an infrared pyrometer on a planar re
ence substrate.

The PL spectra of the twoT-wire structures are shown in
Fig. 3. The PL intensity of the wires is almost constant b

FIG. 2. PL spectra of the~001! structures with a DA in the wells recorded
at 4 K. Structure parameters are shown.

FIG. 3. Sample structures and PL spectra of theT-wire structures ASW1
and ASW2 recorded at 40 K with He–Ne and argon-ion laser excitatio
respectively. The dashed curve is a PL spectrum of a~110! reference struc-
ture for the overgrowth of ASW1.
3249Gislason, Langbein, and Hvam
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tween 4 and 40 K while the PL of the wells is significantl
lowered. This enhances theT-wire intensity relative to the
well intensity at 40 K. The spectrum of ASW1 shows th
heavy-hole exciton emission from the wells, and theT-wire
emission. The dashed curve is the PL spectrum of a refere
structure grown on a planar~110! substrate. The transition
energies of the~001! and ~110! oriented wells are matching
within 10 meV and theT-wire states are confined by 54 meV
as compared to the~001! well states. The calculated confine
ment energy between the well and wire states, from Fig. 1~a!,
is 35 meV for the pre-designed structure. For the actu
structure ASW1, the calculated confinement is 39 meV.

For ASW2, theT-wire PL is separated by 37 meV from
the PL of the~001! wells, and the temperature dependenc
above 50 K~not shown! of theT-wire PL intensity shows an
activation energy of 32 meV. TheT-wire confinement en-
ergy is thus between 32 and 37 meV, while the calculat
T-wire confinement energy of ASW2 is 28 meV.

The difference between the calculated and measu
T-wire confinement energies may have several reaso
First, the accuracy of the calculation is limited by the acc
racy of the material parameters, the theoretical model, a
our knowledge about the precise shape of theT-wire struc-
ture. Second, Coulomb interaction and strain shifts are n
glected in the calculations of both the well andT-wire states.

The exciton binding energy of the 120~180! Å thick
~001! well is about 9~8! meV,12 respectively. Thus, aT-wire
exciton binding energy of approximately 25~17! meV would
explain the enhanced confinement in terms of the Coulom
interaction. Previously,T-wire exciton binding energies of
20 and 16 meV have been calculated1 for structures which
are different, but similar to the structures ASW1 and ASW
in fair agreement with the values 25 and 17 meV. Recent
T-wire exciton binding energies of 17 and 27 meV hav
been reported for GaAsT-wires with Al0.3Ga0.7As and AlAs
barriers, respectively.7 In general, these values are highe
than expected from calculations of the exciton binding e
ergy inT-wire structures.13 Also, other mechanisms such a
strain shifts and unequal overgrowth on well and barrier r
gions of the cleaved~001! multiple quantum well could ac-
count for the enhancedT-wire confinements compared to
calculation.

The PL linewidth of the~110! reference is 24 meV due
to the narrow well width.10 Since theT-wire state is a mix-
ture of the~001! and ~110! well states, the linewidth is ex-
pected to be in-between the linewidths of these wells. In fa
the 20 meVT-wire PL linewidth of ASW1 is in good agree-
ment with the calculated 75% of the linewidth of the~110!
well.8 In the spectra of ASW2, theT-wire linewidth is only
7 meV. We estimate a 10 meV PL linewidth of the 43 Å
3250 Appl. Phys. Lett., Vol. 69, No. 21, 18 November 1996
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~110! well from previous studies of the~110! wells.10 The
linewidth of theT-wire emission is thus also about 75% of
the PL linewidth of the~110! well.

The differences in the relative PL intensities for ASW1
and ASW2 are caused by the different substrate temperat
and cap layer thickness in the overgrowth. This has be
verified by a regrowth of the structure ASW1 using only a
higher substrate temperature in one case, and in the ot
case also a thicker GaAs cap layer, as in the overgrowth
ASW2. The relative wire intensity was enhanced by a facto
of 4 ~100!, in the first~second! case, respectively. The strong
dependence of the wire PL on the cap thickness was n
expected, because the tunneling of the carriers to the surfa
is controlled by the barrier thickness. It may, however, b
related to the influence of surface fields or to a change of t
radiative coupling in the proximity of the surface.

In conclusion, a systematic approach to improve the co
finement energy ofT-wires has been demonstrated. The
sample parameters were pre-designed by the use of a num
cal calculation of the confinedT-wire states. After PL char-
acterization of the~001! oriented DA wells, the overgrown
well thickness was adjusted to match the~110! and ~001!
transition energies. By this procedure, a confinement ener
of 54 meV is achieved, which is significantly larger than th
previously reported 38 meV.7

Helpful discussions with C. B. So”rensen on the MBE
growth are acknowledged. This work was supported by th
Danish Ministries of Research and Industry in the framewor
of CNAST.
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