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Morphology of GaAs-quantum-well interfaces grown by liquid-phase epitaxy
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A quasicolumnar structure of GaAs quantum wells with mean column diameters of d =1—10 pm is
observed in narrow Alo 4Ga06As/GaAs quantum wells prepared by liquid-phase epitaxy. The hetero-
structures are grown from a Ga solution at T=650 C in a slider boat. Chemical lattice images confirm
the presence of narrow quantum wells. The well width, however, can vary by one to two atomic layers
over distances of order 9—16 nm. Photoluminescence measurements at T=2 K reveal a multiplet of
lines for the excitonic [X{e-hh)„,] transition originating from different columns within each of which

0

the mean well width averaged over the exciton diameter changes by much less than a step height (2.8 A).
The luminescence measurements show that the thickness L, of the quantum wells varies between 2 and 6
monolayers, with microscopic roughness causing local thickness variations appreciably smaller than one
monolayer. Line-shape analysis of the luminescence spectra quantifies the interfacial roughness in terms
of a standard deviation o.l, =0.2—0.4 monolayer. Time-resolved photoluminescence measurements re-
veal the same luminescence lifetime of ~=270 ps at T =4 K for all spectral lines, with direct or indirect
excitation of the quantum well. No significant carrier transfer is observed between the different columns.
Cathodoluminescence is used to image the micrometer-scale variations in the quantum-well morphology.

I. INTRODUCTION

Interfaces between adjacent semiconductors, each with
different chemical composition and physical properties,
are essential constituents of microstructured devices, and
provide well-defined samples for basic research. ' A fun-
damental characteristic of such heterointerfaces is their
morphology. Interface roughness causes inhomogeneous
line-shape broadening, which usually dominates the low-
temperature luminescence, and contributes appreciably
to the room-temperature spontaneous emission of quan-
turn wells. This roughness can be reduced during epi-
taxy by the interruption of growth at each heterointer-
face ' or by reduced growth rates. ' Adsorbed atoms
diffuse across the surface during the growth interruption,
until they are incorporated into a step edge, or are immo-
bilized by the arrival of other atoms. " This mechanism
can result in the creation of large islands, within which
the quantum-well thickness appears almost constant to
recombining excitons. ' For liquid-phase epitaxy (LPE),
growth occurs close to equilibrium and at low supersa-
turation. In combination with dislocated and patterned
substrates, ' ' this technique can produce smooth or reg-

ularly stepped surfaces. '

In this paper, we describe the growth of extremely nar-
row GaAs/Al„Ga, As quantum wells (QW's) by
liquid-phase epitaxy. The resulting interfaces are charac-
terized by high-resolution transmission electron micros-
copy (TEM), by line-shape analysis (LSA) of time-
resolved photoluminescence (PL), and by catho-
doluminescence imaging. We directly visualize that lo-
cally, the thickness variations and the interface morphol-
ogy in LPE grown quantum-well samples are comparable
to those reported by molecular-beam epitaxy (MBE) and
metal-organic chemical-vapor deposition grown
q~~ 12, 16

II. CRYSTAL GROWTH

The quantum wells were grown from a Ga solution in a
slider boat. Hydrogen (purified by a Pd-diffusion cell)
was passed continuously through the system. A three-
zone furnace provided uniform temperature in its 260-
mm-long central zone. The 2IIO-mm graphite boat was
positioned within this zone to minimize undesirable tem-
perature gradients.
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The epitaxial layers were grown on undoped, semi-
insulating GaAs substrates with a misorientation less
than 0.1' from exact (100). The substrate size was 13
mmX14 mm. The substrate was degreased with acetone
and trichlorethylen, followed by a HC1 and a polishing
etch in HzSo&(80%):H202(70%) =3:1 for 30 s at 50'C.

Two separate boxes of the slider boat, each containing
solution for GaAs for Al„Ga, As growth were used.
The solution were composed of Ga metal (99.9999% pur-
ity), and pure undoped GaAs and Al metal (99.9999%
purity) for the GaAs and Al-Ga-As layers, respectively.
The liquidus temperature was deduced from the phase di-
agrams of Hsieh' and Teramoto, Kazumura, and Yama-
naka. "

The Ga and As solutions were baked at 800'C for 3 h
for purification and outgassing. Al metal was then added
to one of the solutions, the substrate placed in the boat,
and the system reheated. Equilibrium was reached by an-
nealing at a few degrees above the liquidus temperature
(which is nearly the same for both the GaAs and the Al-
Ga-As solutions) and the system cooled to room tempera-
ture at the rate of 0.1 K/min.

A schematic cross section of a typical sample is shown
in Fig. 1. The =400-nm-thick Al Ga& As barrier layer
(x =0.4) was grown directly on the substrate in approxi-
mately 180 s. The GaAs QW (L, = 1 —2 nm) was then de-
posited on the Al-Ga-As surface in 1 s. Finally, a =200-
nm-thick Al„Gai As barrier layer (x =0.4) was grown
on the GaAs layers. The growth temperature for all sam-
ples was 640'C. A supersaturation of 2 K was used for
growth solutions to achieve good nucleation and to inhib-
it etch-back of the substrate or of the previously grown
layers. The system was cooled to room temperature in
about 30 min by removing the furnace immediately after
growth.

Approximately 30 samples, grown at various tempera-
tures, cooling rate, supersaturations of the growth solu-
tions, and growth rates were characterized as described
below. We restrict our discussion here to a few typical
samples. It should be emphasized that we obtained
reproducible results concerning thickness and interface
roughness of the QW's for samples grown under identical
conditions.

III. RESULTS AND DISCUSSION
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FIG. 2. High resolution TEM image of sample No. 1. The
thickness of the GaAs QW, sandwiched between two
Al„Ga& As layers (x =0.4), is about 3 ML. The spacing be-
tween the white dots is given by the spacing of atomic columns
(2.8 A) in Al„Ga& „As.

of the interfaces is deduced by chemical lattice imaging, '

over fields of view of about 1000 A. Luminescence tech-
niques' were used to probe the interfacial configuration
with excitons (diameter —150 A) over large fields of view
( —100 pm).

A. High-resolution TEM

Figure 2 is a chemical lattice image' of sample No. 1,
showing a small segment of the quantum well. The local
thickness of the quantum well is —3 monolayers (ML).
However, the quantum-well thickness can vary
significantly over the field of view depending on the actu-
al position being inspected. Locally, the interfaces ap-
pear abrupt, although the interfacial roughness was not
quantified by pattern recognition methods. ' There is no
evidence of significant intermixing or melt-back during
LPE growth. Indeed, we believe the quantum well shown
here to be the narrowest grown by LPE.

B. Photoluminescenee and line-shape analysis
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FIG. 1. Layer sequence of the QW samples.

We have examined these LPE grown samples by a set
of complementary techniques. The atomic configuration

Photoluminescence was excited by the 476-nm line of a
Kr+-ion laser with an excitation density of 0.15 W/cm .
The luminescence light was dispersed in a 0.5-m mono-
chromator and detected by a photomultiplier. Figure 3
shows linear and semilogarithmic plots of the photo-
luminescence spectrum of sample No. 2 at 2 K. The
luminescence of the Al Ga& „Asbarrier layers is also
evident in the semilogarithmic plot. The Al content x,
deduced from the energy position of 2.0552 eV of the
bound exciton is 42.8%.

A set of five emission lines (dotted line in Fig. 3),
caused by excitonic X(e,hh)„, recombination in the
QW dominates the spectrum. The temperature and exci-
tation intensity dependence of these lines prove their ex-
citonic origin. Such splitting of the excitonic lumines-
cence spectrum into distinct lines, observed in MBE
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finite square-well potential the thickness L,' of the
QW can be deduced from E, Additionally, the standard
deviation of the energies o.E, the standard deviation o.

L
Z

of the well width (i.e., the microscopic interface rough-
ness), and the average island diameter d,. can all be calcu-
lated from these fits . ' '

The results of the LSA are listed in Table I. The width
of the QW varies from =2.4 to 5.4 monolayers. (One
monolayer equals 0.283 nm in the [100] direction. ) The
variation in thickness hL, between adjacent columns is
smaller than one monolayer (-0.7—0.8 ML). The stan-
dard deviation of the energy oE increases from 10 to 15
meV with increasing well width. The corresponding
standard deviation of the interface roughness o.L ranges

z

from 0.2 to 0.4 monolayers (Table I). Similarly, we
deduce the diameter of the islands dk to be =9—16 nm.
This is in close agreement with the local thickness varia-
tions observed in our chemical lattice images.

Similar experimental results have been obtained on
many GaAs and Al„Ga, As LPE heterostructures.

C. Time-resolved luminescence

FIG. 3. Photoluminescence spectrum at 2 K of sample No. 2
in a linear and semilogarithmic display (solid lines) and in com-
parison to a theoretical fit (dotted).

QW's produced with growth interruption, ' ' has not
been previously reported for LPE QW's. The observation
of a multiplet of spectral lines is a strong indication that
radiative recombination of the excitons occurs within
columns, within each of which the mean square root de-
viation of the quantum-well thickness, averaged over the
exciton diameter by a large number of excitons, varies by
much less than the difference between the difterent
columns.

As shown by the solid line in Fig. 3, the observed spec-
tral lines can be approximately fitted by a set of five sim-
ple Gaussians. This fit is further improved when the ex-
ponential energy dependence of the high-energy part of
the luminescence, induced by the Maxwellian distribution
of the excitons, is taken into account (see the logarithmic
plot in Fig. 3). This line-shape model, ' together with
the effect of the exciton binding energy can accurately
reproduce the energies E; of the subband edges. Using a

For time-resolved measurements, the samples were ex-
cited by 5-ps laser pulses at an average power of 10 mW,
with a repetition rate of 80 MHz. The emitted light was
dispersed in a 0.32-m monochromator, and the entire
spectrum detected by a two-dimensional Synchros an
streak camera with an S-1 cathode.

For sample No. 1, Fig. 4 shows a plot of the lumines-
cence decay at T=4 K, as a function of luminescence
photon energy. The excitation wavelength A,„,=615 nm
is slightly above the Al-Ga-As band gap. The lumines-
cence of the Al Ga, „Asbarriers rapidly decreases, indi-
cating the efficient carrier capture into the quantum
well.

The set of six excitonic luminescence lines, of lower en-
ergy than the Al-Ga-As luminescence, originates from
columns in the GaAs QW as discussed above. None of
the QW lines shows any peak wavelength shift with time.
In particular, the relative intensities of the lines do not
change with time. This absence of temporal variation in
the relative intensities excludes significant carrier transfer
between the different islands of the well. Thus, the mean
extent of a column must be larger than the diffusion
length of the carriers. ' (The lack of carrier transfer be-
tween the islands was already suggested by the mutiplet

TABLE I. Results of the line-shape analysis of the luminescence spectrum of Fig. 3. E is the ener-
getic position of the luminescence line, L, is the calculated QW width, o E and srL are the standard de-

Z

viations of the energy and of the well thickness, respectively, d; is the island diameter.

E (ev) L„(nm) L,,(a y2) a.E (meV) o.L (a/2) d; (nm)

1.9748
1.9420
1.9060
1.8735
1.8405

0.68
0.88
1.07
1.30
1.53

2.4
3.1

3.85
4.6
5.4

9.8
10.0
11.0
11.5
15.3

0.22
0.21
0.24
0.27
0.39

9
14
13
11
16
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FIG. 4. Time-delayed luminescence spectra at T=4 K of
sample No. 1. The fast decreasing Al„Ga, „As line is dis-
tinguished from a set of six exciton lines [X{e—hh)„,], origi-
nating from the columnar structure of the GaAs QW.

of lines in the low-temperature spectrum of Fig. 3, since
the intensity of the higher-energy lines did not decrease
with decreasing temperature. Such changes in intensity
ratios were reported, e.g., in Ref. 12.)

Figure 5 shows the decay of the most intense line at a
wavelength A, =654.3 nm. The decay is exponential over
approximately three orders of magnitude. The deduced
luminescence decay time is ~=270+10 ps, which is close-
ly similar to results obtained from MBE samples.
Our experiments do not reveal any significant variation of

FIG. 5. The decay time of the luminescence line at A, =654.3
nm. The luminescence decay is exponential, as can be seen from
comparison to the straight-line 6t, in the semilogarithmic plot.

the excitonic lifetime in the different column within the
QW's. This is also in agreement with time-delayed spec-
tra, and is expected from theory for this range of well
widths. The average luminescence lifetime for all lines
in Fig. 4 is also ~=270 ps. Identical lifetimes were ob-
tained for direct excitation of the well.

D. Cathodoluminescence imaging

Cathodoluminescence {CL) imaging of islands at
heterointerfaces of quantum wells was first introduced by
Bimberg et aI. ' We use a modified JEOL 840 scanning
electron microscope as described in Ref. 33. The energy
of the exciting electrons is 5 keV. Thus, the Bethe range
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FIG. 6. Comparison of CL peak wavelength image (d) and simultaneously recorded CL intensity images for the 2- 3-, and 4-ML is-
lands (a) —(c). Sample No. 2, temperature T =9 K. The features of the intensity images are complementary to each other and repro-
duce the characteristics of the wavelength image. The marker in (b) is 5 pm wide.
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of the secondary electrons limits the lateral resolution of
the present experiment to about 280 nm since the
diffusion length is smaller. Measurements were per-
formed at T = 5 —9 K. The luminescence light was
dispersed in a 0.3-m McPherson vacuum monochroma-
tor, and the entire spectrum detected simultaneously by a
reticon, covering a spectral range of 46.2 nm. An area of
128X100 pixels was scanned at the sample surface at
varying magnifications, and a full spectrum taken at each
of the 12 800 pixels.

Two experimental modes are available (see Refs. 27
and 33); in the peak-wavelength mode (CL wavelength
imaging) only the wavelength of the most intense peak at
each pixel is recorded. The data are presented either as a
two-dimensional pseudocolor picture in which the wave-
length is converted to a color, or as a three-dimensional
plot. Thus, the micrometer-scale morphology of the vari-
ous columns corresponding to the various peak wave-
lengths is revealed.

In the intensity mode (CL intensity imaging), for a
chosen set of fixed wavelengths, the intensities are record-
ed within a given spectral range at each of the 128X100
pixels. Again, the intensity at each pixel can be convert-
ed into a color or a z coordinate. Thus, by selecting a
particular luminescence line, the lateral distribution of a
given quantum-well column is monitored.

Figure 6 shows a T =9 K CL wavelength image (d)
and three CL intensity images (a)—(c) of sample No. 2.
The photoluminescence spectrum of this sample is shown
in Fig. 3. Figure 7 shows the three-dimensional represen-
tation of the wavelength image. The size of the area
shown here is about 8 pm X 16 pm. Three different
luminescence lines dominate in various areas of Figs.
6(d) and 7. The lines at 626.8 nm (1.9137 eV), 637.6 nm
(1.9440 eV), and 647.7 nm (1.9137 eV), approximately
correspond to local thickness L, of the QW column of 2,
3, and 4 ML, respectively. Since the thickness variations
observed in the chemical images and the island sizes de-
duced from PL line-shape analysis are too small to be
directly resolved by CL, the relatively abrupt
micrometer-scale variations shown in Figs. 6 and 7 are
most likely due to changes in the admixture of the
different column heights over the sample, presenting
changes of the mean quantum-well width on the order of
an atomic layer. The extension of each such "column"
ranges from 1 to 10 pm. This change of mean well width
(columnar structure) in turn is caused by monatomic
steps at the interfaces. The CL results thus directly
probe the quantum-well morphology in the micrometer
range, complementing the data obtained by chemical lat-
tice imaging and PL measurements.

IV. CQNCLUSIQN

In conclusion, we have shown that LPE can grow ex-
tremely narrow GaAs/Al Ga& „As quantum wells.
Chemical lattice images have directly revealed the pres-
ence and microscopic nature of these QW's. Low-
temperature photoluminescence yields distinct spectral

16 pm

FIG. 7. CL wavelength image of sample No. 2 at 9 K, con-
verted to a three-dimensional diagram. QW columns approxi-
mately 2, 3, and 4 ML thick are identified. The average island
size is a few micrometers.

lines originating from a columnar structure of the wells,
within each of which the well thickness, as averaged over
by many excitons, does not vary significantly. Line-shape
analysis has been used to quantify the thickness
(I.,=2—6 ML), an upper limit of the interface roughness
(crl -0.2—0.4 ML), and the island diameter (d; —10

z

nm). Time-resolved luminescence measurements reveal
almost identical luminescence decay times &=270 ps for
all observed luminescence lines. The cw and time-
resolved results rule out significant carrier transfer be-
tween the columns. Consequently, the mean column size
must be larger than the diffusion length of the carriers.
Cathodoluminescence data directly image this
micrometer-scale morphology of the quantum wells.

The interface morphology obtained here resembles
closely the morphology found for GaAs QW's grown by
MBE. Kohrbriick et al. report interface roughness
tl =0.2 ML for 2-nm QW's and 0.2 —0.3 ML for 5-nm
QW's in addition to a columnar structure upon growth
interruption at the GaAs surface of 100 s.
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