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The optical properties of different atomic arrangements of Al, sGa, sAs, deposited by molecular-beam
epitaxy and having nominally identical average composition, have been compared. Markedly different
signatures are seen in steady-state, time-resolved, and microwave-modulated photoluminescence,
photoreflectance, and photoluminescence-excitation spectroscopies for a random pseudobinary alloy and
(AlAs), (GaAs),—, superlattices where n =2 (ordered) or n is randomly chosen (disordered) from the sets
[1,2,3] or [0,1,2,3,4]. When n=[0, 1, 2, 3, or 4] the optical properties are dominated by quantum
confinement effects due to the presence of layers with thicknesses up to 14 monolayers. When n =[1, 2,
or 3] the optical properties are consistently described by the presence of disorder-induced localized
states and a hopping-assisted recombination mechanism.

I. INTRODUCTION

In the past, increased degrees of freedom for device
design and successful use of semiconductor material
properties, such as band-gap energy and the lattice con-
stant, have been achieved primarily by altering the com-
position. Periodic crystalline structures such as superlat-
tices (SL’s) allow for an additional degree of freedom in
band-structure engineering through proper choice of lay-
er thicknesses and composition. Similar periodic changes
in composition also occur spontaneously in ternary al-
loys,! in which alternate isoatomic planes contain non-
random distributions of the component atomic species.
Spontaneous ordering, though relatively easily induced
during epitaxial growth,? is inhomogeneous and difficult
to reproduce in detail, adversely affecting transport prop-
erties.®> This inhomogeneity introduces ambiguity in the
interpretation of experimental findings for these systems,
so that it is unclear whether the observed behavior results
from the presence of ordering or of the random distribu-
tion (disorder) of domains of material with different
amounts of order."** Thus we have undertaken a study
of homogeneously ordered and disordered materials to
elucidate the distinguishable properties.

The observation of carrier localization in one-
dimensional random systems was first studied in purpose-
ly disordered GaAs/Al,Ga,_,As superlattices, where it
was demonstrated that vertical transport in superlattices
decreased with increasing disorder. 6 Additionally, it was
shown that the vertical transport is thermally activated
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from localized levels with trap energies of 5-66 meV, de-
pending on the degree of disorder, and that the transport
displays behavior characteristic of an Anderson transi-
tion as the disorder exceeds a value which leads to the lo-
calization of all eigenfunctions [disorder of two mono-
layers (ML’s) was sufficient for complete localization in
the SL’s studied of nominal width 30 A ].%7

As recently as 1989, severely disordered materials re-
quiring monolayer precision were proposed.® These ma-
terials, called disordered monolayer superlattices (d-
SL’s), are composed of randomly distributed layers with
thicknesses L, no greater than 6 A, and an average disor-
der of L, /2. A disordered monolayer superlattice, for ex-
ample, composed of an alternating sequence of 1 ML of
GaAs followed by 3 ML of AlAs, then 2 ML GaAs, 2
ML AlAs, 3 ML GaAs, 1 ML AlAs, etc., would produce
a random superlattice with an overall periodicity of 4 ML
and average composition of Al) ;Ga, sAs. This sequenc-
ing is in contrast to a normal, ordered superlattice of the
same dimension, where 2 ML of GaAs and 2 ML of AlAs
are repeatedly deposited in alternating sequence, or a
bulk alloy where both Ga and Al atoms impinge on the
growing surface at the same time (no intentional spatial
separation).

Initial monolayer d-SL studies concentrated on the
AlAs/GaAs system, where investigations have shown
that d-SL layers exhibit (1) increased photoluminescence
(PL) and electroluminescence intensity, especially near
300 K, compared to ordered and bulk alloy equivalent
materials; (2) reduced band-gap energies relative to com-
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positionally equivalent random alloys and ordered super-
lattices of the same, or even longer, periodicity; (3) a tem-
perature dependence of PL intensity similar to that
of amorphous materials, which is described by
I«[1+ A exp(T/T,)]" !, where T is absolute tempera-
ture, Ty is the characteristic temperature corresponding
to the energy depth of localized states from a mobility
edge, and A is a tunneling factor; and (4) a shorter PL de-
cay lifetime than equivalent indirect-gap alloys or or-
dered SL’s.® 13 The luminescent behavior was observed
to depend on the probability distribution of the layer
thicknesses, and was attributed to different localized
states created by the disordering in atomic arrange-
ment.!* Some experiments have also been performed on
GaP/AIP,'* and CdSe/ZnSe (Ref. 15) d-SL’s. The results
of these experiments and early theoretical treat-
ments'®~!® support the assignment of the observed prop-
erties to localization effects similar to those ascribed to
amorphous materials and Anderson localization. *°

In this paper, we have addressed two crucial issues
with respect to monolayer d-SL materials: the influence
of the (dis)ordering deposition sequence (randomization)
on the optical properties of d-SL materials, and the
reproducibility of sensitive optical properties of d-SL’s
when epitaxially deposited in different molecular-beam-
epitaxy (MBE) chambers using growth conditions
different from those previously reported.® We present ex-
tensive analysis, using a variety of techniques, of optical
properties of the random pseudobinary Alj sGa, sAs al-
loy and related artificially ordered and disordered [001]
superlattice structures deposited by MBE.

II. EXPERIMENT

In the present study, we focus on microstructures con-
sisting of stacks of four monolayer units along the
[001] direction, where each unit is composed of
(GaAs),(AlAs),_,. The following samples were grown
by solid source MBE on exact [001] GaAs substrates: (i)
a three-dimensional (3D) random binary alloy (RBA) of
Alj sGag sAs; (ii) a (GaAs),(AlAs), [001] ordered super-
lattice [to be denoted as o0-(2,2) SL]; (i) a
(GaAs),(AlAs),_, [001] disordered superlattice where
n=1,2, or 3 is a random number [d —(1,3)]; and (iv) a
(GaAs), (AlAs),_, [001] disordered superlattice where n
is varied randomly from the set [0,1,2,3,4], denoted as
d —(0,4), and the n =0 component indicates that the lay-
er is skipped. A significant variation in the sequencing of
the GaAs and AlAs layers, relative to those employed in
previous studies,® was used: we have maintained a
short-range period of 4 ML. That is, the layer sequences
we have employed are defined as (GaAs),(AlAs),_,,
whereas those previously studied® were formulated as
(GaAs), (AlAs),, (n,m =0-4 or n, m =1,2,3; n and m
are independently randomly determined). In each d-SL
we have studied, the probability of occurrence for each n
was equal.

Undoped samples were grown by MBE on semi-
insulating, 50-mm-diameter GaAs substrates, which were
mounted indium-free, under As,. Growth rates were cal-
culated from calibration growths employing both in situ

D.J. ARENT et al. 49

infrared interference measurements and ex situ
reflectometry.*»*! Following oxide desorption under As,
at ~640°C, a 500-A GaAs buffer was grown. Each sam-
ple included a 0.5-um-thick Al, sGa, sAs reference layer
grown at 640°C. The SL’s were grown without the use of
growth interrupts at a low growth rate of 0.25 ML/s and
a low growth temperature of 560 °C to maximize interface
abruptness and limit cation diffusion.?? These conditions
contrast those used in previous studies: 600°C and 3—5-s
growth interrupts with a growth rate of 0.5 ML/s.® The
d-SL layers were 0.3 um thick and capped by 100 A of
GaAs. Aluminum concentration, sample thickness, and
periodicity were confirmed by double-crystal x-ray
diffraction and transmission electron microscopy (TEM).

In order to structurally characterize the SL’s and to
verify their structure, TEM and transmission electron
diffraction (TED) experiments were performed on the
structures. All samples were prepared in a cross section
by mechanical thinning and final ion milling with Ar™
3.5 kV. All observations were done with the electron
beam parallel to a (110) zone axis, also enabling limited
high-resolution imaging.

Optical analysis included photoluminescence (PL),
photoreflectance  (PR), microwave-modulated PL
(MMPL),? photoluminescence excitation spectroscopy
(PLE), and time-resolved PL (TRPL).* Conventional PL
was performed with continuous 488-nm Ar* laser excita-
tion, and detected with either single-photon-counting
techniques or using an S-20 photomultiplier (PMT) and
conventional lock-in techniques at a chopping frequency
of 100 Hz. Both modifications of the PL technique gave
similar results. Selectively excited PL and PLE were ex-
cited with the focused monochromatic light from a 150-
W tungsten lamp or a dye laser using DCM dye,
dispersed with a 0.85-m double monochromator and
detected with a cooled GaAs PMT. In the latter case, the
dc output from the GaAs PMT was recorded directly.
The lamp excitation was 1-5-mW/cm?; the intensity of
the focused dye laser was much higher, typically 240
W/cm?. The excitation intensity varied throughout the
PLE scans, and the spectra were corrected for this varia-
tion. Data were collected from 5 to 300 K and over a
range of excitation intensities from 0.03 mW/cm? to 230
W/cm?. We obtained PR spectra at 5 K using the 6328- A
line of a 1-mW He-Ne laser, chopped at 100 Hz, as the
pump beam. The probe beam was generated with a 150-
W tungsten lamp and monochromator. Critical-point en-
ergies were extracted from PR spectra by least-squares
fitting the spectra to the Aspnes third derivative func-
tional form.?’

Microwave-modulated PL (MMPL) is a spectroscopy
in which a sample is placed in the electric field maximum
of a TE{,;, 16-GHz microwave cavity and subjected
simultaneously to continuous optical excitation (typically
on the order of 1 W/cm? at 488 nm), and pulsed mi-
crowaves at a power on the order of 5 mW. Changes in
luminescence intensity that result from applying the mi-
crowave electric field are detected with standard phase-
sensitive techniques at the microwave chopping frequen-
cy and phase. Interpretation of the results of these exper-
iments is discussed below.
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III. RESULTS
A. Transmission electron microscopy

1. The 0-(2,2) SL

Figure 1(a) shows an experimental {110} diffraction
pattern of the 0-(2,2) SL. The extra spots at 1(001) posi-
tions are clearly visible and sharp, attesting to the high
quality of the sample.

2. Thed-(1,3) SL

Figure 1(b) shows a diffraction pattern from the d-(1,3)
SL. This image was recorded with the electron beam
parallel to a [100] zone axis, while the diffraction patterns
of Figs. 1(a) and 1(c) were taken with the electron beam
parallel to a [110] zone axis. In all cases, extra spots at
3(001) positions are present. This d-SL sample also ex-
hibits extra spots at the (2/n)(001) positions, with
n=5,6,7,... . These spots are accompanied by streak-
ing in the (001) direction, which is associated with the
random layer thicknesses.

3. Thed-(0,4) SL

This random sequence of GaAs and AlAs layers also
introduces a periodicity into the crystal which is identical
to that of the 0-(2,2) SL. In addition, larger periodicities
(5,6, etc.) may be present due to the incorporation of the
n =0 subunit. For example, the GaAs layer thickness
could exceed n =4 by growing a 4-0-3-1 sequence, which
would result in an n =7 layer of GaAs. The diffraction
pattern will display these additional periodicities as extra
spots at (2/n)(001) positions, with n =5,6,7,.... Fig-
ure 1(c) shows the experimental diffraction pattern of the
sample. The spots at the predicted positions are clearly
visible. Spots with n >7 are spaced too closely to the
matrix spots to be distinguished, and thus appear as in-
tensity spikes in the (001) direction. Double diffraction
effects lead to further streaking of the individual extra
spots.

Figure 2 shows a (004) dark-field image of the same
sample. The random sequencing of AlAs and GaAs lay-

FIG. 1. Transmission electron diffraction image of (a) 0-(2,2)
SL, (b) d-(1,3) SL, and (c) d-(0,4) SL. The extra spots near the
+(001) positions confirm the long-range order of the SL sam-
ples. The additional spotty streaks in (b) and (c) are associated
with the random sequencing employed, which effectively pro-
duces sections of the SL with longer periodicity. Note that
Figs. (a) and (c) were taken with the electron beam parallel to a
[110] zone axis, while Fig. (b) was recorded with the electron
beam parallel to a [100] zone axis.
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FIG. 2. A (004) dark-field transmission electron micrograph
of the d-(0,4) SL displaying periodic variations associated with
the random sequencing of the GaAs and AlAs layers. The rela-
tively wide dark band located in the upper portion of the image
is produced with the sequence (AlAs),(GaAs), followed by two
(GaAs),(AlAs), subunits, effectively producing a (GaAs),, layer.

ers is clearly visible as bands with low and high intensi-
ties of varying widths. The relatively wide dark band lo-
cated in the upper section of the image is formed by
growth of a (GaAs),(AlAs), subunit followed by two
(GaAs),(AlAs), sequences, which effectively leads to a
(GaAs),, layer. The interfaces between GaAs and AlAs
appear very abrupt and smooth. A quantitative analysis
of the interfacial quality, however, requires the applica-
tion of advanced high-resolution methods, like chemical
mapping, which will be presented in another publication.

B. PL and PLE

PL and PLE spectra from the four samples are plotted
in Figs. 3—5. By varying the deposition sequence of the
group-III atoms (Ga and Al) in structures having identi-
cal average composition, we have been able to change the
peak emission energy by more than 0.2 eV, as well as
numerous other spectral details.

The PL and PLE spectra obtained from the RBA and
0-(2,2) SL (Fig. 3) show relatively weak PL emission asso-
ciated with the lowest-energy indirect transition Ey_r at
~2.05 eV and phonon replicas similar to earlier
findings.?® For the RBA sample, the PL is a broad mani-
fold upon which sharp peaks are superimposed, with a
full width at half maximum (FWHM) as small as 5.1
meV. The PLE spectrum [detected at 2.066 eV; arrow in
Fig. 3(a)] shows a well-resolved free excitonic absorption
at 2.148 eV, giving a Stokes shift of 82 meV. Separate
PLE spectra were obtained with the detection energy set
to each of the four peak energies. All PLE spectra
showed free excitonic absorption. The maximum emis-
sion intensity is at 2.037 eV; the peak separations [see la-
bels, Fig. 1(a)] are consistent with the LO-phonon ener-
gies of GaAs (X) (31 meV) and AlAs (X,T) (48 meV).2¢
These PL and PLE spectra are in agreement with those
previously published, and serve as a benchmark against
which to contrast other spectra.

In comparison, the optical signature of the 0-(2,2) SL
[Fig. 3(b)] is dominated by a single emission at 2.052 eV,
15 meV lower than the high-energy PL emission from the
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RBA, and phonon replicas. PLE detected at the PL peak
energy indicates a weak excitonic absorption with a
band-gap energy of 2.150 eV. Reduction of the PL emis-
sion energy relative to the RBA without a significant
change in the absorption characteristics is consistent with
the predicted type-II pseudoindirect nature of the
lowest-energy transition?’ and earlier observations. 2
The PL intensity from the RBA and 0-(2,2) samples de-
cays rapidly and rather uniformly (i.e., independent of en-
ergy) with increasing temperature to ~40 K (not shown),
in agreement with earlier findings.'>?® Additionally, the

12000 [
 RBA (a)
42K

10000 | G3AS %
L H |
’ Ly
AlAs (X.I) |

_. 8000 H

2 I I

z (1 ‘

=} | |

e . P i

S 6000 | i ‘ Loy Kl

> ‘ | Y ey

E= ) W

% I ;' 'N/WNW

2 400 0 e

AR ||
/ 1|
Ly
2000  /
v //// /'"‘
e
0 _ |
190 2,00 210 220 230 240 2.50
Energy (eV)
20000
0-(2,2) SL (b)
42K
15000

@2

z

3

£

< 10000 PL PLE

>

k7]

C

(9]

E

5000
A
O e e — - -
1.90 2.00 2.10 2.20 2.30
Energy (eV)

FIG. 3. Photoluminescence and photoluminescence excita-
tion emission as a function of photon energy taken at 4.2 K for
(a) Aly sGag sAs RBA, and (b) (GaAs),(AlAs), ordered SL. Ex-
citation intensity was 5 mW/cm? at 5400 A. The arrows indi-
cate the detection energies used to collect the PLE spectra.
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PL peak shape is relatively independent of excitation in-
tensity.

As seen in Figs. 4(a) and 5(a), the PL and PLE spectra
from the d-SL samples are remarkably different from
those of the RBA and the 0-(2,2) SL. The 4-K PL spec-
trum of the d-(1,3) SL excited at 2.3 eV [Fig. 4(a)] exhibits
a strong peak at 1.926 eV with up to five shoulders. Also,
PL excited at 1.941 eV is nearly half as intense as that ex-
cited at higher energy (2.032 eV), indicating that a
significant density of states exists at the lower energies.
In all cases the peak at 1.926 eV (with FWHM=9.4
meV) dominates the spectrum. Introducing the d-(1,3)
randomization sequencing has redshifted the dominant
emission by more than 120 meV, similar to previous ob-
servations for d-SL’s formulated as (GaAs),(AlAs),, .

As shown in Fig. 4(a), the PLE spectra for the d-(1,3)
SL display absolutely no indication of the presence of free
excitonic absorption. PLE was performed with the detec-
tion energy set at each of the discernible peaks.
Representative spectra from the two most intense peaks
(1.926 and 1.936 eV) and the highest-energy shoulder
(1.964 €V) are shown in Fig. 4(a) and labeled curves (ii),
(iii), and (iv), respectively. In contrast to the sharp ab-
sorption edges seen in the PLE spectra of the RBA and
0-(2,2) SL, these PLE spectra show broad absorption tails
extending down to at least 2.03 eV. Detecting at the peak
energy of 1.926 eV, trace (ii), the absorption edge is red-
shifted to 1.986 eV, 186 meV from the pseudobinary alloy
absorption edge energy. Under intense 200-W/cm? exci-
tation, further decreasing the PLE detection energy
moves the absorption edge even farther to the red, with
the lowest detectable absorption edge at 1.925 eV, 225
mV below the band-edge energy of the pseudobinary al-
loy. We ascribe the observed optical properties to the
presence of tail states extending to low energy, well below
the highest emission energy. Such a description is con-
sistent with strong localization, where the required non-
periodic potential has been synthetically produced by us-
ing a random deposition sequence for the group-III
atoms.®?® Also indicative of the existence of a large den-
sity of states at lower energy is the fact that emission
from the three lowest-energy bands could be excited at an
energy of 2.032 eV (not shown). All PLE spectra show a
very ill-defined band edge and absorption tails to very low
energy, particularly compared to the sharp edges of the
RBA and 0-(2,2) samples.

We observed additional evidence for the complex na-
ture of the d-(1,3) SL sample in the changes in peak ener-
gy and spectral line shape of PL with temperature and
excitation intensity [Figs. 4(b) and 4(c), respectively]. For
PL obtained with unfocused 514-nm Ar* excitation at
approximately 1.2 W/cm?, the emission from the higher-
energy 1.926-eV transition decreases in intensity much
more rapidly than that from the lower-energy transition
at 1.905 eV as the sample temperature increases. Since
the band-gap energies of the component materials GaAs
and AlAs and the RBA change only slightly over the
temperature range of interest, and since both emissions
are observed at 5 K, the observed changes in spectral line
shape are most probably due to a strong competition
among recombination pathways rather than simple tem-
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perature dependence of the band gap. These observations
are consistent with carrier trapping in shallow potential
wells®?® where moderate increases in temperature pro-
vide the carriers with sufficient excess energy to escape
and cascade to lower energy minima. It is worth men-
tioning that this is true only if the structure is composed
of many shallow wells, with only a few deeper PL emis-
sion states. If this were not the case, the low-energy tran-
sition would remain dominant as T—0 K.
Photoluminescence spectra taken over four orders of
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magnitude in excitation intensity are presented in Fig.
4(c) for the d-(1,3) SL. The low excitation intensity PL
spectrum of the d-(1,3) SL shows emission at 1.925 eV.
As the incident intensity increases, processes at higher
and lower energy dominate. Such behavior may result
from energy levels with a low density of states and/or
long lifetime becoming saturated. Stronger emission will
be observed from states with shorter lifetimes or higher
densities. As higher-energy states become populated,
new recombination paths become available (for example,
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FIG. 4. (a) PL and PLE emission as a function of photon energy for the d-(1,3) SL. The sample temperature was 4.2 K, and the ex-
citation intensity was 5 mW/cm? at 540 nm. The arrows indicate the detection energy used to collect the PLE spectra with increas-
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The sample temperature was 5 K, and spectra are enlarged and offset for comparison.
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electrons may spatially diffuse to nearby lower-energy
states) and new emission processes at lower energies may
turn on. In marked contrast, the profile of PL spectra of
the RBA and 0-(2,2) (not shown) and d-(0,4) SL’s [see Fig.
5(c)] change very little with increasing excitation intensi-
ty.
The PL spectrum of the d-(0,4) SL is qualitatively
different from those described previously in that the spec-
tral features are individually resolved, as shown in Fig.
5(a). Seven reasonably well-defined PL peaks are ob-
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served between 1.625 and 1.898 eV. The two highest-
energy peaks at 1.880 and 1.898 eV are clearly detected
with near-gap, deeply penetrating excitation energies
greater than 2.2 eV (i.e., larger than the band-gap energy
of the Aly ;Gag sAs RBA layer). Their intensity is com-
paratively weak for the shallow-penetrating 488-nm Ar*
excitation used in Figs. 5(b) and 5(c). Additionally, PLE
detected on these two highest-energy emissions show
essentially the same sharp, well-defined band edge at
~2.17 eV [Fig. 5(a), curve (iv)], with no evidence of a
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free excitonic absorption. These properties are consistent
with emission processes from regions of the d-(0,4) SL
that are physically close to the RBA buffer layer and
separated from the ‘“bulk” of the d-SL by a thin,
minimally absorbing AlAs layer.

The PLE spectra detected on the five lower-energy
peaks of the d-(0,4) SL, [representative spectra are shown
in Figs. 5(a), curves (i) and (iii)] exhibited extremely
broad absorption tails without a well-defined band edge.
The PLE spectrum detected at 1.826 eV from the highest
intensity PL emission shows [Fig. 5(a), curve (iii)] an on-
set at ~1.85 eV as well as one at ~2.05 eV. For the next
two lower-energy PL peaks at 1.767 and 1.735 eV, emis-
sion can be detected for excitation down to about 1.82
eV. The PL emission at 1.642 eV can be excited down to
about 1.66 eV Fig. 5(a), curve (ii)]. Note that for the
two highest-ene 'gy PL peaks, the PLE spectra are essen-
tially energy in« ependent above the band gap. The same
is not true of th : lower-energy emissions; the PLE spectra
decay more or less monotonically over all energy ranges
surveyed. One interesting general feature of the d-SL
samples is the 1act that the two highest-energy emissions
are very deep stites of a very high-energy absorption pro-
cess, and yet all others are associated with a broad spec-
trum of absorption processes, each with a distinctive
Stokes shift, spectral line shape, and band-gap energy.

Temperature- and intensity-dependent PL spectra for
the d-(0,4) SL are shown in Figs. 5(b) and 5(c), respective-
ly. In contrast to the previous three samples, there is
very little spectral dependence on either temperature or
excitation intensity. These observations suggest that the
radiative recombination transitions may be fundamental-
ly different from those of the d-(1,3) SL; they also suggest
that increased carrier localization inhibits migration to
nonradiative recombination sites. As previously report-
ed? and confirmed by our measurements, the PL emis-
sion intensity of the RBA and 0-(2,2) SL decrease much
faster with increasing temperature than either d-SL. The
PL emission intensity of the d-(0,4) SL decreases more
slowly than that of the d-(1,3) SL. In many respects, the
spectra of the d-(0,4) SL resembles a collection of isolated
“mini”-SL’s, each with a unique band gap and absorption
profile. In the extreme, these would be considered isolat-
ed single quantum wells with relatively ill-defined inter-
faces, as evidenced by FWHM values > 19 meV in the
4.2-K PL spectra. Due to the finite probability of layers
having zero thickness, the d-(0,4) SL includes GaAs or
AlAs regions with thicknesses greater than 4 ML. In
fact, inspection of the actual computer-generated layer
sequence reveals GaAs and AlAs layers with thicknesses
up to 11 and 14 ML, respectively. AlAs layers with
thicknesses greater than 30 A (11 ML) are effective
confining barriers®® that inhibit miniband formation, sug-
gesting that the d-(0,4) SL may have regions that are iso-
lated from strong wave-function overlap with next-
nearest-neighboring regions.

C. MMPL

As mentioned above, MMPL is a spectroscopy in
which a sample is placed in the electric-field maximum of
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a microwave cavity and subjected simultaneously to con-
tinuous optical excitation and pulsed microwaves. Al-
though not definitive on its own, MMPL is useful in help-
ing to identify specific optical processes and in estimating
the relative strengths of electron-lattice coupling in
different materials.’! The immediate effect of the mi-
crowave electric field is to heat photogenerated free car-
riers. The luminescence spectrum may then change as a
result of the microwave-field-accelerated free carriers
simply raising the lattice temperature, by impact ionizing
shallow bound carriers, or by redistributing carriers
among the various competing radiative and nonradiative
recombination channels in accordance with the energy
dependencies of those channels.>! Hence shallow donors
may be ionized, leading to a negative MMPL peak at the
donor-acceptor pair energy. The liberated electrons may
enhance the associated band-acceptor recombination pro-
cess, leading to a positive MMPL peak at an energy
higher by the donor binding energy. The ratio of the
areas of these peaks gives a crude estimate of the impor-
tance of nonradiative processes: nearly equal areas indi-
cate that nonradiative processes are unimportant; the ab-
sence of positive peaks suggests that nonradiative pro-
cesses compete efficiently for band carriers. A similar
analysis applies to the competition between localized and
free excitons, whose signatures are negative and positive
(at higher energy) MMPL peaks, respectively. An exam-
ple of the latter situation is included in Fig. 6, where
we show the MMPL spectrum of a conventional
GaAs/Al,Ga,_,)As multiple single quantum well
(MSQW) with four isolated GaAs quantum wells having
nominal widths of 50, 90, 150, and 780 A. Associated
with the PL for each well is a negative peak at lower en-
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FIG. 6. MMPL as a function of photon energy at 10 Hz for
Aly sGag sAs (RBA), 0-(2,2) SL, d-(0,4) SL, d-(1,3) SL, and an in-
tentionally grown GaAs/Al, Ga,_,,As MSQW with four GaAs
QW’s. Sample temperatures were ~5 K in all cases; the excita-
tion intensity was ~ 1.2 W/cm?.
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ergy (bound exciton) and a positive peak at higher energy
(free exciton). A negative peak is also seen corresponding
to the ionization of donors from the donor-acceptor pair
process in the bulk (buffer layer). For this system, the in-
teraction between the microwave-heated free carriers and
PL is completely nonthermal, i.e., mediated by impact
ionization or the energy dependence of the capture cross
sections.

Figure 6 also shows representative MMPL spectra of
the four Al, sGa, sAs samples taken at 5 K at a chopping
frequency of 10 Hz, where thermal microwave-PL in-
teractions, if present, are important. In this case, the
MMPL spectrum exhibits a strong thermal component.
The MMPL signature of the RBA consists of a negative
peak at high energy (2.06 eV) and positive peaks at lower
energy (2.03 and 1.98 eV). The signs of the thermal com-
ponents of the MMPL are consistent with the tempera-
ture dependence of the PL (not shown) wherein the high-
energy peak decays rapidly with increasing temperature
while the lower-energy processes decay more slowly or
may even increase. The spectrum is consistent with a
weakly localized exciton (2.06 eV) being thermally ion-
ized, and some of the resulting electrons and holes con-
tributing to impurity-related processes at lower energy.
Two aspects of the MMPL of the RBA are unusual and
not at all understood: (1) the strong thermal component
of the microwave-PL interaction, which is indicative of
strong electron-lattice coupling and usually seen only in
conventional naturally ordered materials;”> and (2) the
fact that the thermal and nonthermal components of the
MMPL have very different spectral dependences. The
latter observation suggests that the nonthermal com-
ponent of the microwave-PL interaction is mediated by
the energy dependence of capture cross sections rather
than impact ionization. Such behavior, although rare,
has been observed previously in weakly ordered
Gag sIny sP.3! The net positive integral also argues for
the importance of the energy dependence of the capture
cross section as the mediating mechanism.

The MMPL spectrum of the 0-(2,2) SL sample shows
only strong negative signals, indicating that the primary
effect of the microwaves is to channel free carriers to
nonradiative processes. The interaction is again thermal,
characteristic of a strong electron-lattice coupling. In
contrast, the near-zero integral from the d-(1,3) SL im-
plies that the majority of photoexcited carriers are in
disorder-induced localized states and unable to channel
to nonradiative processes. However, the fact that the
positive signals are at lower energy than the negative
ones also indicates that the processes do not have the
simple relations seen in high-quality quantum wells (lo-
calized and free excitons) or homogeneous bulk materials
(donor- and band-acceptor recombination). Specifically,
the presence of a negative peak at high energy and a posi-
tive peak at lower energy indicates that carriers tend to
be ionized from the high-energy emission process and are
preferentially captured into the low-energy processes,
which is similar to the temperature- and intensity-
dependent PL behavior described earlier.

For the d-(0,4) SL, the earlier discussion of PL suggest-
ed that the structure more closely resembled a series of
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discrete regions than a single SL with continuous mini-
banding and a large presence of low-energy states.
Significant qualitative differences between MMPL spectra
of the d-(0,4) SL and real MSQW suggest, at the very
least, the presence of a high density of nonradiative
centers.

The MMPL results indicate that the optical processes
occurring in all of these samples (with the partial excep-
tion of the RBA) are not the conventionally related ones
seen in homogeneous bulk materials or quantum wells;
rather they more closely resemble three-dimensionally in-
homogeneous, multidomain “ordered” materials. 3!

D. Photoreflectance spectroscopy

We obtained PR spectra at 5 and 300 K (not shown) to
investigate the critical points in the joint density of states.
We have employed PR, as well as PLE, to probe upward
(absorption) electron transitions that are sensitive to the
density of states of the band structure. This contrasts
with emission measurements, such as PL, that probe
downward (recombination) electron transitions where the
Boltzmann factor tends to favor lower-energy states.
Complementary measurements are necessary to obtain an
accurate description of the dominant optical processes.
Representative PR spectra taken at 5 K are shown in Fig.
7. As is common among all PR spectra, transitions from
the GaAs cap or buffer layer are observed at 1.516 eV
from the direct band gap, and 1.85 eV from the spin-
orbit-split band. Although each of the signatures in the
PR spectra for the d-SL samples is reproducible, we have
extracted transition energies only for the well-separated
transitions because of the complexity and potential ambi-
guity of the fitting procedure when it is applied to a large
number of peaks.
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FIG. 7. Photoreflectance as a function of photon energy at 5
K for the Aly sGa, sAs RBA, (GaAs),(AlAs), ordered SL, d-(0,4)

SL, and d-(1,3) SL. Each feature in the spectra of the d-SL sam-
ples is reproducible.
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The PR spectra of the RBA and 0-(2,2) SL reveal the
alloy band-gap energy at 2.166 eV, in excellent agreement
with the PLE-determined band-gap energy. We observe
the crystal-field-split transitions at 2.031 and 2.054 eV
(300 K, not shown) [2.166 eV (5 K), unresolved] for the
0-(2,2) SL. At 5 K, PR of the d-(0,4) sample shows a
minimum of five lower-energy transitions over the range
1.6-1.9 eV, whereas the PR spectra from the d-(1,3) SL is
featureless over this range of energy. These observations,
combined with data obtained from PL, suggest, on the
one hand, that the lower-energy transitions in the d-(0,4)
SL are from regions of the d-SL matrix that are separated
by relatively wide AlAs barriers formed by multiple oc-
currences of the (AlAs),(GaAs), subunit and are strongly
localized. On the other hand, the d-(1,3) SL does not ex-
hibit a broad spectrum of low-energy transitions in either
PR or PL, suggesting that the lower-energy PL peak and
PR signature (relative to the RBA) may be associated
with a large density of band-tail states below the funda-
mental gap, as suggested by the PL and PLE observations
described above. At 300 K (data not shown), both d-SL
structures show a high-energy signature at ~2.005 eV;
its magnitude and line shape suggest that it is associated
with the buried Al ;Ga, sAs layer. At energies below 2.0
eV, reproducible features are observed from 1.55 to 1.9
eV and from 1.8 to 2.0 eV for the d-(0,4) SL and d-(1,3)
SL, respectively. These features, although weak, suggest
a relatively substantial density of states at energies well
below the fundamental gap of the pseudobinary alloy,
again consistent with PLE results.

E. Time-resolved photoluminescence

Time-resolved PL spectra from the d-(0,4) SL were tak-
en as a function of temperature from 15 to 300 K, and are
displayed in Fig. 8. The decay profiles exhibit multiex-
ponential behavior with time constants in the range of
1-100 ns. These data are summarized in Fig. 9 for 77 K
as a function of the energy of the emission peak, and
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FIG. 8. TRPL intensity detected at 1.82 eV as a function of
time for the d-(0,4) SL at various temperatures. The profiles ob-
served exhibit pure single or double exponential decays. The
symbols are for labeling purposes only. See text for details.
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FIG. 9. PL lifetime as a function of emission energy for d-
(0,4) and d-(1,3) SL samples at 77 K. Some data (* ) from Ref.
29 have also been included for comparison.

compared to other d-SL data in the literature.!! The
long lifetime component measured from the d-(0,4) SL
decreases with increasing temperature, which is indica-
tive of effective carrier trapping of spatially separated
carriers in the strongly disordered structure. These car-
riers must thermalize from their localized state to the ex-
tended states in order to diffuse and meet a recombina-
tion partner. The short lifetime component remains at
~0.8 to 2 ns from 15 to 300 K, consistent with the
behavior of localized photogenerated electrons and holes
with large spatial overlap in the random low-dimensional
matrix.'> We analyzed the temperature dependence of
the PL longer lifetime component with a simplified
quantum-well (QW) model®? describing the thermal es-
cape of carriers from localized wells, and we estimate
scattering times for the photogenerated carriers of 14-30
ps and effective barrier heights of 10 meV. These results,
consistent with our estimate from PL temperature depen-
dence and the above calculations, give an order of magni-
tude estimate of the effective localization barrier for car-
riers in the d-(0,4) SL.

At 50 K, TRPL profiles from the d-(1,3) SL differ
markedly from any of the spectra obtained from the d-
(0,4) SL. As shown in Fig. 10, we observe highly nonex-
ponential decays, displaying a continuously changing
slope of PL intensity vs time. The continually increasing
PL lifetimes observed in these structures may be ex-
plained in terms of carrier localization. The short life-
times (0.8-2.0 ns) measured at early times are consistent
with recombination of electrons and holes localized
within the same potential minimum. As time passes,
these localized carrier populations are depleted and the
bimolecular, intrawell recombination rates become slower
due to the necessity of carrier transport. At relatively



11182
10° ¢ , , . 3
: q':(='g%)SKL 1 " T30 K i 1
1 ]
1
105 ¢ wl | 1 ;
g 1
4 | I 102 ,
’UT 10 % 10° ‘ 1

£ ' |

g 10"} [
S10% :
= [ e
% 10° ~L _J ]
- 0 05 1 15 2 25 3 35 |
£ 102+ 4

0 Time (ns)
b
10' 1 4
!
1
10° L . f . . J
0 1000 2000 3000 4000 5000
Time (ns)

FIG. 10. TRPL intensity detected at 1.919 eV as a function
of time for the d-(1,3) SL sample at 50 K. The observed profile
can be fitted (dashed line) by a stretched exponential of the form
I=I,exp[ —(t/7)P], with 7=1.4 ps and B=0.2. At 300 K, the
disorder-induced localization barriers are easily overcome by
the thermal energy of the carriers, and hence the decay profile is
single exponential, depicted in the inset, with a characteristic
lifetime of 350 ps.

long times, carriers are unlikely to find a recombination
partner in the same local minimum. Under these condi-
tions, recombination becomes spatially indirect, and vert-
ical (parallel to the growth direction) transport must take
place for recombination to occur. Vertical transport can
take place via tunneling or hopping conduction. Interest-
ingly, it has been pointed out that, at low temperatures,
the most frequent hopping process would not be to a
nearest-neighbor site.?® Thus it is likely that carriers in
the d-(1,3) SL diffuse across more than one localized
minimum, effectively increasing the PL lifetime and
enhancing the long-time PL intensity.

The decays fit the functional form I =Iexp[ —(t/7)?]
that describes long-tailed relaxation of free carriers,
where I is the initial intensity, ¢ is time, 7 is the charac-
teristic lifetime of free carriers, and B is a scaling factor
related to the fractal dimension of the disorder and can
be correlated to the ratio T /T, where T is the absolute
temperature and T, is related to the width of the distri-
bution of barriers. !>3%3%34 This “stretched exponential”
description has previously been established to describe
hopping-assisted recombination present in many disor-
dered physical systems includin§ porous and amorphous
Si and CdSe/ZnSe d-SL’s.'>3%3 The best-fit values of B
for the d-(1,3) SL are ~0.2, indicating that the distribu-
tion of barriers is relatively small (as expected from the
growth design) and that at higher temperatures where the
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carriers have more energy, the barriers should appear
more uniform and hence the time distribution nar-
rower.3? For the d-(1,3) SL, the 300-K TRPL decay
profile should be a single exponential. This prediction is
unambiguously observable in the inset of Fig. 10, with a
best-fit lifetime of 350 ps.

For comparison to other data in the literature,'' we
have extracted best-fit multiexponential decay times for
the d-(1,3) SL at 77 K, with three estimable components
at ~3 ns, 30 ns, and 1 pus, as summarized in Fig. 9. The
short-time component of our d-(1,3) SL is an order of
magnitude longer than that previously reported for sam-
ples without the intentional long-range order, and com-
parable to lifetimes reported for the indirect type-II
(GaAs),(AlAs), SL at 77 K.!! We note for comparison
that ~20-us lifetimes and nonexponential decay kinetics
are observed at 1.8 K for AlAs/GaAs type-II SL’s.3¢
However, the decay behavior becomes exponential above
22 K, and the lifetime reduces dramatically to 23 ns at 24
K due to the increased thermally activated hopping. 3¢
Furthermore, stretched exponentials on the order of a
few us have not previously been reported for Al1As/GaAs
d-SL’s. This comparison suggests that the intentionally
maintained 4-ML period may influence the band struc-
ture of the d-SL in a way that enhances the depth and
density of localized states in the band tail. In comparison
to the PL intensity from the RBA or 0-(2,2) SL, the PL
emission at long time from both d-SL’s is orders of mag-
nitude more intense, further supporting the description
that the long-lived recombination process is associated
with localized carriers in a random potential and not a
long-lived indirect process.

IV. DISCUSSION

A number of previously reported observations® '3 of
general properties of disordered superlattices have been
repeated. Although not normally noteworthy, this
confirmation is significant because of the variations in-
herent in any random system and also due to the different
constraints on the disordering scheme employed. These
properties were also confirmed using other techniques.
Specifically, both PLE and PR show a redshift in the
band gap as well as the generation of a high density of
states at energies below the band gap in the d-(1,3) SL
compared to either the RBA or the 0-(2,2) SL having the
same overall compositions. Both the redshift and the
large number of band-tail states are also commonly seen
in ordered alloys,*’ where they are believed to result from
a broad distribution of band gaps.> The observed redshift
and band-tail states are independent of whether the con-
straint on the disordering scheme is (a) m, n in
(GaAs),, (AlAs), d-SL’s with equal probabilities;’ (b) the
probability of the 2 ML layers is twice that of 1- and 3-
ML layers;? or (c) n,4—n in (GaAs),(AlAs),_, d-SL’s
(this work) where n =[0,1,2,3,4] or [1,2,3]. Equivalence
of the optical properties also suggests that the heteroin-
terfaces obtained under the growth conditions we have
employed are similar to those obtained with 3-5-s
growth interrupts used during deposition at a higher tem-
perature and at twice the growth rate. Time-résolved PL
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measurements at S0 K, which show a stretched exponen-
tial decay of the luminescence, give definitive
confirmation that disorder-induced carrier localization is
dominating the optical properties of d-SL’s.

In the d-(0,4) SL, the constraints on layer thickness
were chosen to allow the possibility of zero ML of either
component, leading to wells and barriers as thick as 11
and 14 ML, respectively. The appearance of these wider
regions led to a structure with properties intermediate be-
tween the those of the d-(1,3) SL with narrower con-
straints and true multiple single quantum wells
(MSQW’s). Specifically, intense low-energy emission
from the d-(0,4) SL is more pronounced than that from
the d-(1,3) SL. However, the PL has only very weak
spectral dependence on either temperature or excitation
intensity, characteristic of MSQW?’s and very different
from the dependences of the d-(1,3) SL. Furthermore,
the TRPL of the d-(0,4) SL shows a temperature-
dependent short lifetime component characteristic of QW
structures and the existence of a long-lived component
characteristic of localized carriers.

Insights into the properties of d-SL’s were gained by
use of MMPL, which indicates that carriers ionized by
the microwaves are able to migrate to nearby (spatially)
potential minima lower in energy than those which dom-
inate the PL. In the case of the d-(1,3) SL, this behavior
is consistent with the more rapid disappearance of the
higher-energy PL emissions with increasing temperature.
Both observations indicate the dominant PL processes in-
volve metastable states. Similar MMPL spectra are also
seen for ordered III-V alloys,*! which exhibit a similar
broad spectral and spatial distribution of band gaps. In
both disordered superlattices and natural, inhomogene-
ously ordered alloys, the dominant PL processes involve
metastable states, high densities of states below an ill-
defined band gap and thermally coupled MMPL spectra
in which carriers ionized from the dominant processes
reappear at lower energy. Several optical characteristics
of the ordered alloys, most notably emission energies and
lifetimes which are strong functions of excitation intensi-
ty, are not observed in these d-SL’s. Hence we report
some similarities but also some differences among the op-
tical properties of inhomogeneously ordered alloys and
one-dimensional disordered superlattices. Moreover, we
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can generally state that the physics of inhomogeneously
spontaneously ordered alloys is governed by zone folding
and level repulsion, and is well characterized by long-
range order.! In contrast, the physics of d-SL systems,
including those with long-range order that we have
defined as (GaAs), (AlAs),_,, is governed by short-range
disorder and is well described by carrier localization.

V. CONCLUSIONS

We have reported the optical properties of different
atomic arrangements of Al,sGagsAs, deposited by
molecular-beam epitaxy and having nominally identical
average composition. We observe wunique optical
signatures for a random pseudobinary alloy and
(AlAs),(GaAs),_, superlattices where n =2 (ordered) or
n is randomly chosen (disordered) from the sets [1,2,3] or
[0,1,2,3,4]. When n =[O, 1, 2, 3, or 4] the optical proper-
ties are dominated by quantum confinement effects due to
the presence of layers with thicknesses up to 14 mono-
layers. When n =[1, 2, or 3] the optical properties are
consistently described by the presence of disorder-
induced localized states and a hopping-assisted recom-
bination mechanism. We have also reported observation
of stretched exponentials in low-temperature TRPL from
a monolayer AlAs/GaAs d-SL. This observation
confirms that disorder-induced carrier localization is
dominating the observed properties. Further investiga-
tions and theoretical considerations will elucidate the im-
portance of the layer purity, thicknesses, and overall de-
gree of disorder on the electro-optical properties and po-
tential applicability of our materials.
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FIG. 1. Transmission electron diffraction image of (a) 0-(2,2)
SL, (b) d-(1,3) SL, and (c) d-(0,4) SL. The extra spots near the
%(001) positions confirm the long-range order of the SL sam-
ples. The additional spotty streaks in (b) and (c) are associated
with the random sequencing employed, which effectively pro-
duces sections of the SL with longer periodicity. Note that
Figs. (a) and (c) were taken with the electron beam parallel to a
[110] zone axis, while Fig. (b) was recorded with the electron
beam parallel to a [100] zone axis.



FIG. 2. A (004) dark-field transmission electron micrograph
of the d-(0,4) SL displaying periodic variations associated with
the random sequencing of the GaAs and AlAs layers. The rela-
tively wide dark band located in the upper portion of the image
is produced with the sequence (AlAs),(GaAs), followed by two
(GaAs)4(AlAs), subunits, effectively producing a (GaAs),, layer.



