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l. fntroduction

Quantum well wires (QWW's) and quantum well
boxes (QV/B's) are attractive future materials
beyond quantum well (QW) layer'structures. l-3)

Hence, quantum confinement in the lateral direction in
a wafer plane in addition to the vertical is one of the
hottest issues in the heterostructure physics and

6".,0i."r. l-11)

Fine sub-monolayer epitaxy on vicinal substrates,
5) as shown in Fig. 1, offers possibilities of making

QWW's. Using molecular beam epitaxy 12,13) (MBE)

or metal-organic chemical vapor deposition,l4,l51
periodic lateral structures named tilted superlattices
(TSL's), indeed, have been successfully
demonstrated. In comparison with the fine
lithography techniques, the TSl-growth has several
significant advantages: (a) the lateral dimensions are,

in principle, in the low nm range which is suitable for
obtaining sufficient quantum size effect and for making
the QWW devices, (b) QWW arrays are free from
damage, surface, and carrier depletion which are

supposed to be problems in actual devices, and (c)
this.is presently the only processing-free method for
fabricating QWW's

D-5-1

(AlAs)n on a (100) GaAs vicinal substrates as

shown in Fig. l. The tilt parameter p (p - m+n)
should be unity. Since large atom mobility on step

ledges and nucleation only at step risers are required,

the sub-monolayer superlattices are deposited by
alternate beams of (Ga or Al)/As (migration
enhanced epitaxy MEE). t6,r7) The direction of the
wafer tilt is usually t01U. The substrate temperature

is around 600oC, where the step flow mode takes
place even in a conventional MBE growth. Al
composition modulation has been clearly observed by
transmission electron microscopy (TEM) cross
section in the TSL's thus grown.

In comparison with conventional QW layers,
however, the structural quality of TSL's in the present

stage still requires the following improvements:
(a) Step Uniformity:

The size of the lateral structure is equal to the
ledge size L, of steps with one monolayer height (=

ag), which is determined by

Fig. 1 Schematic of TSL'S. The numbers in the rectangles show
the order of the sub-monolayer dqnsitions.
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Fine sub-monolayer epitaxy on vicinal substrates offers possibility of fabricating well wires
(QWW's). Using molecular beam epitaxy (MBE), periodic lateral heterostmctures of nm

dimensions named tilted superlattices (TSL's) have been successfully demonstrated. The

TSl-growth has several significant advantages for making QWW structures and devices; (a)

the low nm dimensions, (b) absence of damage, surface, and carrier depletion, and (c) no

processing. In this paper, the growth of the TSL's by MBE, the optical properties of the

QWW arrays, and the first lasers with QWW array active regions are described.

2. Tilted Superlattices
2.1 MBE Growth of TSL's

GaAs-AlGaAs TSL's can be achieved by
alternating sub-monolayer deposition of (GaAs)-/-
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L, = as (tanft (1),

where o is the vicinal surface misorientation angle.

(See Fig. 1.). Hence, the fluctuation in cr will affect

severely the size of lateral heterostructures, leading

to quantum energy fluctuations. For example, a

variation Aa of 0.1o around cr = 1o gives AL, = 15 A.

Careful preparation of vicinal surfaces and suitable
buffer layers are necessary.

(b) Tilt Angle Control:

The tilt angle p of a TSL with respect to the

vertical is a function of p (monolayerlcycle) with

F=tanrffi) (2).

As shown in Fig. 2, the smaller o is, the more difficult
it is to obtain a vertical TSL (F = 0"). For instance, in

order to achieve p within 30o on Lo off surfaces, the

error in p is required to be less than 0.01 monolayer/-

cycle. This could be beyond the controllability of the

present MBE machines.
(c) Interface Abruptness:

Abrupt heterointerfaces are necessary for the

control of electronic and optical properties in TSL's.

To obtain abrupt interfaces, nucleation only at step

risers and straight line step edges are required.
These features are supposed to be dominated by the

kinetics and nucleation mechanism during the MBE
growth.
(d) Interface Smoothness:

The conditions mentioned above in (b) and (c)

have to be maintained during the whole TSL growth.

Typical periods of the growth cycle are 10 - 100.

Stable beam fluxes and precise and reproducibld
action of effusion cell shutters are necessary.

All the subjects in (a) - (d) might require the next
generation of MBE machines as well as a better

understanding of the MBE growth mechanism and

optimization of the growth conditions.

2.2 Coherent TSL's
Recently, we have observed a novel phenomenon:

the formation of coherent TSL's (C-TSL's), 18) which
is an evidence that kinetics and nucleation of atoms
actually play very important roles during the TSL
growth.

Periodic Al composition modulations named C-
TSL (Fig. 3) have been observed to occur
spontaneously during MBE growth of Al*Ga1_*As (x

= 4.2 - 0.3) on vicinal (100) subsrrates. The C-TSL is
formed in the coherent MEE mode for which one
monolayer of Al and Ga atoms are simultaneously
deposited. Through a detailed TEM analysis of
samples grown on various conditions, the following
facts have been clarified; (a) the C-TSL formation is
independent of Al composition in underlayers, (b) the
C-TSL is formed before As flux is established, (c) Al
rich regions are formed at the bottom of the steps, and
(d) C-TSL's were observed in the layers grown at

550oC and 600oC while there is no TSL in the layer
grown at 650"C.

The C-TSL formation shows that the kinetic and

bonding behavior of Al atoms t9) is different from that
of Ga atoms on the TSL growth condition, suggesting
that in order to make high quality TSL's, an optimum
glowth condition have to be chosen for each element.
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Fig. 2 Tilt angle p in TSL's on various vicinal surfaces of off
angle cl are plotted as a function of tilt parameter p.
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Fig. 3 (a) Schematic of *re shutter opening and closing sequences

for the C-MEE mode and for the growth intemrption (GI) mode
where growth intemrption is innoduced after each one monolayer
MBE deposition of Al and Ga with As flux.
(b) Dark field TEM cross section micrograph of AlGaAs layers

grown on a lo off wafer by MBE, in the C-MEE modq and in the

GI mode. The Al rich regions correspond to the lighter areas in the
micrograph.
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3. Optical Properties of QWW arrays
We have succeeded in making QWW arrays using

TSL's. 9) In order to avoid the problems in the former

section, QWW arays shown in Fig. 4 was designed.

In this structure, 20,21) carriers are expected to be

pushed from the TSL region to the GaAs layer and be

confined laterally by the potential variation of the TSL
(- 4 nm GaAs/ 4 nm AlAs). Quantum level
broadening due to the step size fluctuation is

expected to be smaller because of the relatively weak

lateral confinement as compared to QWW's with fully
surrounding barriers.

In a single layer of the QWW array which was

fabricated on a vicinal (001) semi-insulating GaAs

substrate tilted 20 toward t1101, we measured
photoluminescence excitation (PLE) spectra at 1.4 K

as a function of the in-plane polarization angle 0 of the

excitation light. The average step size is 8 nm in this

sample. Strong anisotropy of the ratio of electron

light hole exciton peak (Ir"m) to electron heavy hole

exciton peak (Irrr,n) has been observed, whereas no

polarization dependence was found in a single
quantum well sample. The variation of It"tt[trr,5 with

0 is plotted in Fig. 5.

A first order theory 9) incorporating the optical

selection rule 22) for two dimensional quantum

confinement is found to agree very well with the

measured data as shown in FIg. 5. For a, one

dimensional exciton, a ratio of IlrlSAtehh is given by

the expression;

It was the first report of the in-plane anisotropy of
PLE from QWW's. The data show that such TSL-
QWW structures have great promise for use in novel
optical devices.

4. SCH Lasers with QWW arrays
High performance of electronic and optical devices

with QWW's have been expected. l'3,23-25) In the
present stage, the TSL growth is the only way to
introduce the dimensions required to realize the
predicted superior properties of such QWW devices.
We have made an attempt at fabricating lasers with
QWV/ array active regions in order to see how such
kind of QWW's work as laser materials.
4.1 Fabrication of QWW Lasers

Separate-confinement-heterostructure (SCH)
lasers having TSL-QWW's as active regions were
fabricated. The TSL-QWW's consisr of a 5 nm GaAs
layer and a 5 nm {AlGaAs (x = 0.25) - GaAs} TSL
layer which are sandwiched by AlGaAs (x = 0.25)
waveguide layers and AlGaAs (x = 0.5) cladding
layers. The half-confined QWW was used again to
avoid energy fluctuation due to the lateral size
fluctuations. An in-plane polarization dependence of
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Fig. 5. The ratio of PLE peak for electronJight hole exciton
(It"n) to ttrat for electron heavy hole exciton (It*ru,) is plotted as

a fiurction of the polarization angle 0 in the SQW sample (a) and in
the QWW sample (b). The solid lines show the calculated
prediction. The broken line in (b) is shifted from the theoretical

curve by an offset ofA0 = 25o.
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absorption was observed in the PLE spectra of the

sample, indicating a presence of two dimensional
quantum confinement in the QWW array.

4.2 Basic Performance of the Lasers

Threshold current density as low as 460 Alcm2

and differential quantum efficiency of 29 Vo per facet

were obtained in a laser thus fabricated with a long

cavity (1120 pm) at room temperature. The lasing

wavelength was 827 nm which corresponds to the

QWW state energy. Typical data are shown in Fig.

6. Measured modal gain spectra were as narrow as

those of typical single QW lasers. Characteristic

temperatures Tg were 80 - 130oK. Such a low values

could be attributed to the relatively low thermal

barriers in our QWW's. Although superior properties

of QWW lasers were not observed, due to both

nonoptimal device geometry and MBE growth

parameters, the quality of the QVIW array active

region is still high enough to demonstrate good

lasers.

5. Summary
We have described above an attempt at making

QWW's and QWW devices using TSL's. The quality

of the QWW's and the performance of the devices are
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Fig. 6. L-I curve of a laser with the QWW array active region (a).

Lasing spectra of the laser just above the threshold (b).

depending on the qualiry of TSL's, which still needs
several improvements at present. Hence, further
understanding of MBE, especially of MEE, and
realization of ultra fine MBE machines are key points
to upgrade the QWW's and devices with TSL's.
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