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Asymmetric GaAs/AlGaAs T wires with large confinement energies
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Mikroelektronik Centret, The Technical University of Denmark, Building 345e, DK-2800 Lyngby, Denmark
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We report on the design and growth of asymmeffieshaped quantum wires with large
one-dimensional confinement energies. Prior to growth, the optimal structure for a(@h@nvell

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/Aj:Ga -As quantum well overgrown on much wider
(001) oriented A} 1Ga gAS/AlyGay,As wells.  © 1996 American Institute of Physics.
[S0003-695(196)03747-3

One-dimensional wire states confined at the intersectioseparation between the first and secdndire state. There-
between(001) and (110 oriented GaAs/AlGaAs quantum fore, we choose a sample design with only dnwire state.
wells (T wires) are predicted to have enhanced exciton bind-The optimized sample parameters are taken from Fi@s. 1
ing energies and oscillator strengths compared to twoand Xb), and the corresponding structures are shown in Fig.
dimensional structure's.These one-dimensional structures 1(c). In this way, we expect one-dimensional confinement
have been realized by the cleaved edge overgrowth tecignergies of 26 meV for the 5 nm overgrowth and 34 meV for
niquée’ with monolayer precision determined by the molecu-the 3 nm overgrowth.
lar beam epitaxyMBE) growth technology. The fundamen- Using MBE, we have grown two asymmetrit-wire
tal properties of the one-dimensional systems together wit§amplestASW1 and ASW2 similar to the calculated opti-
their potential device applications have led to a strong intermized structures, which are 3 and 5 n(@10 GaAs/
est in the growth and optimization of these struct(iés. AlgGay;As quantum wells overgrown on 120 A

The size of the one-dimensional confinement energy i€\0.15a sAS/AloGayAs and 180 A AboGayehs/
of great importance for device applications at room temperaf\l0.5G%./As (001) oriented multiple quantum wells, respec-
ture. The highesT-wire confinement energies reported are, tively. . _
to our knowledge, 28 meV for asymmetric GaAs/AlGaAs The growth of the(001) structure is somewhat compli-
T-wire with Al in the (001) wells* and 38 meV for asymmet-
ric GaAs/AlAs T wires!

We present in this work an optimization of asymmetric Jgg [T [T (@)
GaAs/AlGaAsT wires with a low concentration of Al in the N
(001 wells and reach a-wire confinement energy of 54
meV, which is significantly higher than kT at room tempera-
ture. We pre-design the sample parameters by a calculation
of the confinedT-wire state€ The calculations are based on E
an effective mass approach for the conduction band states = '°° »:"'i::::::::::;:;: ——— T
and a six-band-p model for the valence band states. Here wf a="" - 1 F E
we show, in Fig. (a), the results for the transition energies ] | gmummmnRel
of asymmetricT wires with Al, :Ga, 7/As barriers. The calcu- : '( . E!'
lations are made fol wires with 3- and 5-nm-wide over- s 10 15 20 5 10 15
grown GaAs wells. For a given overgrown well width, the L oo, (M)
transition energy of th&@ wires is evaluated as a function of - (€)
the (001) oriented AlGa, _,As well width. The Al content 30 ®1 swa
(x) of the (001) wells, shown in Fig. (b), is adjusted for 5] A 807
each well width so that the transition energy of #®1)
wells coincides with the transition energy of tfELO) well,
indicated by the solid horizontal lines in Figial. The high-
est one-dimensional confinement energy is found where the : 10
separation between the transition energy of Theires and ] 5]
the wells is largest. o - . 00'5'1'0‘15'2‘0' o

The general trend, seen in Fig(al, is that theT-wire 0 5 10 15 20 25
transition energy is lowered with increasi(@p1) well width 110 (0T
until a second confined-wire state appears with higher en-

ergy. In this case, the effective confinement is reduced to theIG. 1. Calculated transition energiés and Al contentsb) of T wires
with 3 nm (left) and 5 nm(right) (110-GaAs/Al, ;Ga, ;As overgrowth for
different(002) Al,Ga, _,As/Aly sGa&, 7As well widths. The optimized sample
3E|ectronic mail: langbein@mic.dtu.dk structures are shown ift).
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cated by the low Al content in the wells. Having only one Al ———— T ——T——T

cell in the MBE growth chamber, this structure can either be - =
made by growth interrupts, while the temperature of the Al " sos ox 1
cell is changed between the growth of the barriers and the " Gaga 77 ok J
growth of the wells, or by keeping the temperature of the Al [ | AlysGagas Al Gy, A :
cell fixed and rapidly operating the shutter of the Al cell, s [ 1801&/9‘%;])/A/ 126A14%DA ]
thus forming a digital alloyDA) in the wells* We chose the 2 7

latter approach to avoid surface contamination during growth ;i;‘ i ////// l
interrupts. However, it imposes an inaccuracy in the value of 5 K S, : g i
the Al content in the wells, because the nominal Al shutter E [y menreof fg\l,gftm‘“‘“f ]
time is comparable to the shutter switching tifspecified to e i
0.3 9. To compensate for this inaccuracy, we characterize L L |
the DA wells before the cleaved edge overgrowth is per- B 4
formed to determine the actual transition energy and to ad- PR SR T S RN R P
just the thickness of the overgrown well correspondingly. 156 158 1.60 1.62 1.64 1.66 1.68 1.70 1.72

The nominal 7% DA of ASW2 was grown by dividing Photon energy (eV)

the 180 A wells into 20 sublayers of 9 A. Each sublayer is
then divided into a GaAs layer and anyAGa /As layer.
The width of the A} Ga -As layer is given by the ratio
between the intended Al content of the DA to the Al content ] .
of the barrier, multiplied by the width of the sublayer. This MNT were mounted vertically on a special sample hoﬁdgr
gives 2.1 A for the A} Ga, -As layer, leaving 6.9 A for the and cleaved in the MBE buffer chamber to avoid oxidation

GaAs layer. The Al shutter was opened 20 times for 0.64 9f the cleaved layers. The overgrowth was started within a
per quantum well. The rotation of the substrate duringfew minutes after the cleavage. For ASW1, the overgrowth is

growth was fast enough to give one rotation per 2.1 A2 25 A well, a 200 A barrier, and a 100 A GaAs layer. For
A|o.3GQ).7AS |ayer_ The barrier width is 320 A in order to ASW2,itisa43 AWG”, a 320 A barrier, and a 1500 A GaAs

decouple theT-wire states. The total thickness of tf@01)  €@P- N
structure is 2.5um. The (001 structure of sample ASW1 Different (110 growth conditions were tested for the
was made similarly, with a nominal 12% DA in the 120-A- tWO samples. For ASW1, a low substrate temperature of

thick wells, which were divided into 10 sublayers. This @P0ut 460 °C and a low GaAs growth rate of @&/h was

structure consists of 20 wells separated by 200-A-thick barused. The V/IIl beam equivalent pressuEP) ratio was
riers and is 0.64«m thick. 30. For ASW2, the GaAs growth rate was 0 4/h and the

Low-temperature photoluminescencéPL) measure- substrate temperature was increased to about 500 °C to com-
ments were performed with the samples mounted in £Ensate for a possible temperature difference between the
continuous-flow cryostat using He—N@32.8 nm or Ar-ion  cléaved edge and the planar substtat€he temperatures
(488 nm) laser excitation, both with an excitation intensity of Were measured by an infrared pyrometer on a planar refer-
0.1 Wicn?. The PL was dispersed in a spectrometer and®NCe substrate. _ .
detected by a photomultiplier using photon counting tech-  The PL spectra of the twd-wire structures are shown in
niques. To adjust the sample position, the PL was imageffig- 3- The PL intensity of the wires is almost constant be-
with a video camera.

The PL spectra of thé€D01) structures, measured at 4 K, — 7T T 7T
(001) well

FIG. 2. PL spectra of thé001) structures with a DA in the wells recorded
at 4 K. Structure parameters are shown.

are displayed in Fig. 2 and show the heavy-hole exciton [ ASWIL T-wire

emission from the wells. The linewidths are 3 and 5 meV for B 1’4;“ 2 mm N
the DA of ASW2 and ASW1, respectively. The transition L V77 ]
energies of the DA wells are mainly given by the alloy i 5nm ]
bandgap, Eg=1.519+1.155<+0.37x2, because the quanti- ‘

zation energies for the large well widths are low, e.g., 10 i Towire ]

meV for the 180 A 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%. B (001 well 7
Taking the above characterization into account, the [ AL ]
cleaved edge overgrowth of thél10) oriented GaAs/ - AL e
Alg Ga, 7As well is designed so that the transition energy of 3 '4‘3/[1;1 ]
the well coincides with the transition energy of the experi- T S M
mentally realized001) wells. The transition energies of the 152 156 160 164 168 172 176 1.80

x100

PL intensity (a.u.)

(110 oriented GaAs/A Ga, -As wells, as a function of well Photon energy (eV)
width, have been calculated previously and experimentally
verified 10 FIG. 3. Sample structures and PL spectra of Thwire structures ASW1

and ASW2 recorded at 40 K with He—Ne and argon-ion laser excitation,
The substrates of th@01) structures were lapped to a respectively. The dashed curve is a PL spectrum @f18) reference struc-

thickness of 90um to ease the cleaving. Pieces oK& ture for the overgrowth of ASW1.
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tween 4 and 40 K while the PL of the wells is significantly (110 well from previous studies of th€110) wells® The
lowered. This enhances thewire intensity relative to the linewidth of theT-wire emission is thus also about 75% of
well intensity at 40 K. The spectrum of ASW1 shows thethe PL linewidth of the(110) well.

heavy-hole exciton emission from the wells, and Thaiire The differences in the relative PL intensities for ASW1
emission. The dashed curve is the PL spectrum of a referen@nd ASW?2 are caused by the different substrate temperature
structure grown on a plandfd10) substrate. The transition and cap layer thickness in the overgrowth. This has been
energies of th€001) and (110 oriented wells are matching verified by a regrowth of the structure ASW1 using only a
within 10 meV and th& -wire states are confined by 54 meV higher substrate temperature in one case, and in the other
as compared to th@01) well states. The calculated confine- case also a thicker GaAs cap layer, as in the overgrowth of
ment energy between the well and wire states, from @, 1 ASW2. The relative wire intensity was enhanced by a factor
is 35 meV for the pre-designed structure. For the actuabf 4 (100), in the first(secondl case, respectively. The strong
structure ASW1, the calculated confinement is 39 meV. dependence of the wire PL on the cap thickness was not

For ASW2, theT-wire PL is separated by 37 meV from expected, because the tunneling of the carriers to the surface
the PL of the(001 wells, and the temperature dependenceis controlled by the barrier thickness. It may, however, be
above 50 K(not shown of the T-wire PL intensity shows an related to the influence of surface fields or to a change of the
activation energy of 32 meV. Th&-wire confinement en- radiative coupling in the proximity of the surface.
ergy is thus between 32 and 37 meV, while the calculated In conclusion, a systematic approach to improve the con-
T-wire confinement energy of ASW2 is 28 meV. finement energy ofT-wires has been demonstrated. The

The difference between the calculated and measuresample parameters were pre-designed by the use of a numeri-
T-wire confinement energies may have several reasonsal calculation of the confined-wire states. After PL char-
First, the accuracy of the calculation is limited by the accu-acterization of thg001) oriented DA wells, the overgrown
racy of the material parameters, the theoretical model, andell thickness was adjusted to match t0 and (001)
our knowledge about the precise shape of Theire struc-  transition energies. By this procedure, a confinement energy
ture. Second, Coulomb interaction and strain shifts are nesf 54 meV is achieved, which is significantly larger than the
glected in the calculations of both the well afidvire states.  previously reported 38 meV.

The exciton binding energy of the 12080 A thick Helpful discussions with C. B. Sensen on the MBE
(002) well is about A8) meV 2 respectively. Thus, @&-wire  growth are acknowledged. This work was supported by the
exciton binding energy of approximately 267) meV would  Danish Ministries of Research and Industry in the framework
explain the enhanced confinement in terms of the Coulomlof CNAST.
interaction. PreviouslyT-wire exciton binding energies of
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T-wire exciton binding energies of 17 and 27 meV have in, . Gershoni, and J. Spector, Appl. Phys. L&8, 1697 (1990.
been reported for GaAB-wires with Aly :Ga, ;As and AlAs  *D. Gershoni, J. S. Weiner, S. N. G. Chu, G. A. Baraff, J. M. Vandenberg,
barriers, respectively.In general, these values are higher L. N Pfeiffer, K. W. West, R. A. Logan, and T. Tanbuk-Ek, Phys. Rev.
than expected from calculations of the exciton binding en-4Len' 65 1631(1990. -

. ; . A. R. Gon, L. N. Pfeiffer, K. W. West, A. Pinczuk, H. U. Baranger, and
ergy in T-wire structures?® Also, other mechanisms such as H [ Starmer, Appl. Phys. Lett61, 1956(1992.
strain shifts and unequal overgrowth on well and barrier re-°L. N. Pfeiffer, H. L. Stamer, K. W. Baldwin, K. W. West, A. R. GGnA.
gions of the CleavedO01) multiple quantum well could ac- Pinczuk, R. C. Ashoori, M. M. Dignam, and W. Wegscheider, J. Cryst.

t for th h T-Wi fi t dt Growth 127, 849 (1993.
count 1or the enhanced-wire continéments compared 10 sy, Wegscheider, L. N. Pfeiffer, M. M. Dignam, A. Pinczuk, K. W. West,

calculation. S. L. McCall, and R. Hull, Phys. Rev. Leff1, 4071(1993.

The PL linewidth of the(110) reference is 24 meV due ’T. Someya, H. Akiyama, and H. Sakaki, Phys. Rev. L#681.2965(1996.
to the narrow well width® Since theT-wire state is a mix- 8¥!hé-;”9bei”' H. Gislason, and J. M. Hvam, Phys. Rewtdbe pub-
ture of the(001) and (110 well states, the linewidth is ex- 9s. Adéchi,Properties of Aluminum Gallium ArsenideNSPEC, London,
pected to be in-between the linewidths of these wells. In fact, 1993.
the 20 meVT-wire PL linewidth of ASW1 is in good agree- '°H. Gislason, C. B. S@nsen, and J. M. Hvam, Appl. Phys. Le§8, 800
ment with the calculated 75% of the linewidth of thELQ) 11(T195S;c?rheya H. Akiyama, and H. Sakaki, J. Appl. Ph¥8, 2522(1996
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