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Abstract. Numerical and experimental results on the effect of randomness in
GaAs/Alg3Gag 7As superlattices having a small number of randomly distributed well
widths are reported. The numerical results indicate the splitting of the extended
state miniband into sub-minibands of localized states having a disorder-induced
fine structure. The comparison between the experimental results for
low-temperature absorption spectra and the computed joint density of states of the
investigated samples confirms the predicted features. The high-temperature
photoluminescence intensity of random superlattices is observed to be enhanced
with respect to the ordered case.

1. Introduction The technological interest in the study of d-SLs
stimulated new theoretical efforts [12-16] devoted to
Disordered superlattices (d-SLs) are considered to bepredict electronic and optical properties of d-SLs. A
one of the most powerful tools to investigate Anderson significant dependence of the localization degree on the
localization [1] and transitions between localized and random sequence of the d-SL was evidenced [14]. The
extended states [2]. Theoretical calculations on the effectsstudy of one-dimensional (1D) d-SLs within the framework
of disorder on superlattice (SL) properties [3, 4] strongly of the effective mass approximation in the Wannier—Bloch
stimulated experimental investigations on d-SLs [5-8], mixing representation [12, 13] accounted for the observed
and, in particular, d-SLs with Gaussian distributed well redshift of the absorption edge [9] and predicted that
widths were widely used to investigate the disorder- the features of optical absorption spectra of d-SLs should
induced localization of carriers [5-8]. Furthermore, the become richer as the disorder is increased [12]. It indicated
localization of carriers in semiconductor materials has also that the mixing of the heavy-hole (HH) and light-hole
attracted a growing interest in recent years [9, 10]. It was (LH) subbands results in a large nonparabolicity, which will
reported that the disorder-induced localization of carriers produce some weak structures corresponding to forbidden
enhances the electron-hole transition rate [9], similarly transitions in SQWSs [13]. Furthermore, the study of d-
to the confinement of carriers in a single quantum well SLs using realistic pseudopotentials [15, 16] evidenced the
(SQW) [11], where the recombination efficiency increases formation of disorder-induced impurity-like states, as well
as the well width is lowered. In consequence, the as the transition from indirect to direct bandgap material of
photoluminescence (PL) and the electroluminescence (EL)short-period d-SLs.
efficiency of d-SLs are larger than those of the bulk material In this work we discuss numerical and experimental
and of ordered SLs (0-SLs) [9, 10]. Such a result indicated results on the effect of randomness in GaAsGd,_,As
that the study of d-SLs with tailored properties could SLs (x = 0.3) having randomly distributed well widths.
be usefully exploited in the fabrication of optoelectronic A wider disorder range with respect to previous studies is
devices [9] and could contribute to the understanding of investigated. In section 2 we describe how the disorder
guantum-confinement-induced effects. is introduced in the SLs. The numerical methods [17—-20]
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are summarized in section 3.1, and the numerical results

for the density of states (DOS) and for the joint density SAMPLE A (AL,,=0)

of states (JDOS) of the investigated samples are discussed A A A TR A
in section 3.2. The experimental methods are reported in R A A A AL
section 4.1, and in section 4.2 we discuss the experimental

results of the low-temperature absorption spectra and the SAMPLE B (AL,,=5)
temperature dependence of the PL intensity. Section 5 MU U

contains the concluding remarks. I ——

2. The model for disordered superlattices G SAMPLE C (AL,=18)
A 01 T T 1
o
In the d-SLs considered here the thicknéssf every layer e I T e T e
is a random variable with probability distributioR(L). Ll
In particular, we investigate d-SLs having constant barrier SAMPLE D (AL, =20)
thicknessLg. Lw; (i € {1,..., Ny}) are the possible
values of the well thickness in the d-SLsNy is the LT VT T T i o T o s T o
number of different well widths present in the d-SLs and
i is an integer stochastic variableLy; is measured in SAMPLE E (AL,=23)
atomic monolayer (ML) units. The degree of disorder in 1 1 O
the SLs can be varied as follows. We considered a class (i T 1T T [ T T T T o
of d-SLs where the well thicknessésy; are expressed by
the following relationships: GROWTH AXIS
Lwi = Lwmin + (i — DALy ie{l,....,Ny}) (L Figure 1. A portion of a schematic potential profile of the

five investigated samples. The disorder increases from

Here, Ly, is the minimum well width in the d-SLs Sample A to sample E.

and ALy is a parameter permitting us to change the

degree of disorder in the SL. In this work we investigate a which is proportional to the reciprocal of the mean
simple class of d-SLs having four different well thicknesses |ocalization lengthA(E) of states [21]. In the case of
(Nw = 4) and different degrees of disorder, as shown in |ocalized states the amplitude of the wavefunction near
figure 1. WhenALy — 0O, an ordered sequence of layers some pointz, in which it has a maximum will on average

is achieved, and the degree of disorder is zero. Whegy, decay as [21]
is increased, the difference between the minimum and the
maximum well thickness in the d-SLs is increased and the W (|z — 20|, E)| ~ exp[—|z — zo|Y (E)]. 3

width of the distribution of the energy in the SL sites is

larger, thus increasing the degree of disorder according theHere the overline indicates the average behaviour of the
Anderson definition [1]. probability amplitude in the SL. Furthermore, the transfer
matrix method permits the calculation of the integrated
density of statesD(E), which is related to the 1D DOS

3. Numerical analysis
y p(E) by [17]

3.1. Numerical methods

E
The matrix propagation technique [17-20] has been used D(E) :_/0 p(ED dE. “)

in order to calculate the electron (e), light hole (LH) and

heavy hole (HH) densities of states and Lyapunov exponent 1€ integrated DOSD(E) is proportional to the three-
in d-SLs. The carrier wavefunctiogy in the /th layer dimensional (3D) DOS in the material. In our calculations

will depend on the coefficients; and B;, representing the ~ We used the following material parameters [22]: bandgap
amplitudes of the waves propagating in opposite directions. £z = (1.5194 + 1.48x) eV, electron effective mass
The transfer matrixZ;_.;;1 which joins the wavefunction e = (0.06654-0.0835c)mo, HH effective massnyy =
coefficients of théth layer with those of thel + 1)th layer (051 + 0.20x)mo and LH effective massm,y =

is defined by (0.082 + 0.078x)mo, where mo is the free electron
mass. A band-offset ratio oAE./AE, = 0.65/0.35

A _T Ay ’ is used, corresponding to a conduction (valence) band

Bii1 =1\ B |- ) discontinuity of 288 meV (155 meV) between GaAs and

Alp3Gay7As [23].
7,141 can be obtained by using the particle current-
conserving boundary conditions, i.e. by requiring thatnd
(1/m(z))(dy/dz) are continuous at each interface. Here
m(z) is the carrier effective mass. The transfer matrix The integrated electron densities of staf@&r) predicted
method allows us to get information on the localization by the transfer matrix method for electrons in a d-SL and
of the states by computing the Lyapunov expong(kE), in an o-SL are compared in figure 2. Similar behaviour

3.2. Numerical results
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Figure 3. The disorder-induced fine structure of one of the
sub-minibands of localized states shown in figure 2. The
symbols indicate eigenenergies of single (v), double (A)
and triple (OJ) QWSs. The resolution is 0.05 meV.

Figure 2. The integrated electron density of states D(E) of
a d-SL with randomly distributed well widths and of an
0-SL. The disorder causes the splitting of the nth miniband
into sub-minibands centred on the SQW eigenenergies e?,
corresponding to the different well thicknesses Ly; present
in the d-SL. The resolution is 0.5 meV. The evolution of the electron miniband of states as a
function of the disorder parametarL, for the investigated
was observed for HHs and LHs. The d-SL investigated class of d-SLs is reported in figure 4. As already observed
in figure 2 hasALy = 5, with four different kinds of in figures 2 and 3, the main effects of the disorder are:
well (Nw = 4) having the same probability of occurrence (i) the splitting of the extended state miniband into sub-
(P(Lwi) = 711 Vie{l, ..., 4}), and withLy,,;, = Lp =9 minibands, and (ii) the disorder-induced fine structure of
ML. The o-SL hasLy = Lz = 9 ML. The splitting of the sub-minibands. These two effects are quite general,
the electron miniband into four different sub-minibands of i.e. they were not found to be related to the particular
states is evident in thB(E) of the d-SLs. This splitting has  kind of disorder investigated here. Furthermore, a sub-
already been observed [7] for the HH miniband only, but miniband narrowing withALy is observed because the
not yet for the LH and e minibands. The sub-minibands are coupling between the fundamental levels of wells is reduced
centred on the eigenvalues of enexfy of SQWs of widths  with increasing well widths. In consequence, the disorder-
Lw; (triangles in figure 2). The eigenenergie$ have induced fine structure is better evidenced for small values of
been computed by means of the transfer matrix method. the disorder parametex Ly, for which the sub-minibands
Furthermore, the computed Lyapunov exponents indicatedof |ocalized states can be easily resolved.
that the states in the d-SL sub-minibands are more or less  Quantitative information about the absorption spectra
localized ¢/ (E) > 0), while the states in the 0-SL miniband  of the investigated d-SLs can be obtained by computing
are extendedy((E) = 0). Itis then quite natural to assume the JDOS. The localization of the sub-miniband states
that the carriers with energy)” are essentially localized  mentioned above indicates that the optical transitions in d-
in the wells of widthLy;. The Lyapunov exponents also g| s will mainly occur between energetic states of the same
indicated that the localization of the carriers near the band \ye||, thus suggesting that a multiple quantum well (MQW)
edge increases as the disorder parametey; is increased.  model of recombination in d-SLs should account for the
Figure 3 shows the 1D electron DOSE) of one main features of the optical absorption spectra: transitions
of the sub-minibands present in figure 2. The d-SL petween electron and hole states localized in different wells
sub-miniband of localized states shows a considerable i then be considered as improbable in the following.

amount of fine structure, indicated by the presence of statesthg gpsorption coefficient for interband transitions can be
at lower and higher energies with respect to the SQW written, neglecting excitonic effects, as [12]
eigenvalue. This is a novel result in the investigation

of d-SLs, although similar disorder-induced fine structures a(hw) = (rw) ™t Z | Pyt 12Dy, (). (5)
have been reported in numerical works on 1D disordered nomt ' '

systems [24] and in experimental results on layered

disordered semiconductors [25]. Our simulations indicated As before,i € {1,..., Ny} denotes the sub-minibands

that the disorder-induced fine structure is mainly related to belonging toLy;. P, , denotes the momentum matrix
the coupling between wells having the same width, which element andD, ,, is the JDOS between the eigenstate of
causes new allowed states at lower and higher energies wittthe n;th conduction sub-miniband with energy, and the
respect to the SQW case. In fact, the eigenenergies ofeigenstate of the:jth valence sub-miniband with energy
single, double and triple QW calculated by means of the E,. Only the contributions from electron—hole pair states
transfer matrix method (symbols in figure 3) correspond with a total wavevectok;, = 0 andAn = 0 are taken into

to the main features of the disorder-induced fine structure. account [12].

An even more accurate agreement can be obtained by also  The 1D JDOSp,, ,,(hw) o dD,, , (hw)/d(hw) for
considering the coupling between wells having different the four investigated samples are shown in figure 5,
well widths. which shows a redshift of the JDOS absorption edge as
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Figure 4. The evolution of the electron miniband of states as a function of the disorder parameter ALy, for the investigated
class of d-SLs. The grey scale indicates the 1D DOS. The splitting into sub-minibands as well as the disorder-induced fine
structure are clearly evident. The resolution is 1 meV.

the disorder parametenLy is increased. Furthermore, cap-layer (20 nm). The growth rates were Qufn h™?.

the disorder-induced fine structure is most evident in the The ordered SL nominally contains 9/9 monolayers of
sample having the smaller values ofLy (sample B). GaAs/Ab3Ga7As and has 200 periods. The error on the
We remark that 1D JDOS are reported in order to have layer thickness is about 1 ML. The samples were prepared
an easier comparison with experimental results, where for transmission electron microscopy (TEM) by means of
excitonic peaks are present. In fact, in our theoretical a wedge cleaving technique. TEM was carried out at
calculations excitonic effects have been neglected. Thus300 keV, with a resolution of 0.2 nm. In figure 6 we show
the 3D JDOS obtained in this approximation is expected to a TEM micrograph of a d-SL. The complete TEM analysis
be a series of steps. To make a comparison between ourconsists of eight partially overlapping TEM micrographs for
approximate theoretical results and the measured opticaleach sample. The Al concentratianof the barriers was
transmission spectra easier, we report the 1D JDOS, i.e. adeduced from the PL spectral position of the HH exciton
series of peaks whose amplitudes are proportional to theline of the AlGaAs cladding layert® K and was found
step heights, and thus approximate the exciton oscillatorto be x = 0.30+ 0.01 [26]. In order to perform optical
strengths. Therefore, we compare here only the calculatedtransmission measurements, the GaAs substrate was etched
spectral positions of the peaks, and their relative heights,away using a selective etching solution [27] on a region
with those observed in the absorption spectra. We do nothaving a diameter of about 0.5 mm. The etched samples

pretend to compare lineshapes, which would be completelywere anodized to avoid multiple reflections of light [28].
inadequate. The samples were immersed in superfluid H2 & and

illuminated by means of a tungsten filament lamp. The
light propagated along the growth axis of the samples and
the illuminated spot was of about 50m diameter. The
transmitted light was analysed with a double spectrometer
(resolution of about 1 meV) and detected by means of
The SL structures were grown by means of molecular beama cooled GaAs photomultiplier tube. The spectra were
epitaxy (MBE) at a temperatur& of 620 °C on (001)- recorded by using standard lock-in techniques. For the
oriented GaAs substrates. They consist of a GaAs substratePL measurements, the samples were put in an He closed-
upon which there are a buffer layer of GaAs (.8 thick), cycle cryostat, whose temperature could be varied from 8
the GaAs/A}3Gay7As SL (1 um thick) cladded between to 300 K within 0.5 K of uncertainty. The samples were
two Alg3Gay7As layers (each lum thick) and a GaAs photoexcited atr/4 using the 514 nm line of an Ar-ion

4. Experimental analysis

4.1. Experimental methods
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Figure 5. The computed 1D JDOS for the four investigated
d-SLs. A redshift of the absorption edge is evident as the
disorder is increased and the disorder-induced fine
structure is more pronounced in the sample with the smaller
values of ALy (arrows). The meanings of the labels are:
a=e—HH; (4), b=e-LH;(4), c=e—HH1(3), d=e—-LH;(3),
e=e—-HH,(4), f=e-HH;(2), g=e—-LH;(2), h=e—-HH,(3) and
i=e—HH,(2). Here e-HH, (/) and e-LH, (/) indicate
respectively the transition between the e sub-miniband and
the HH or LH sub-miniband with the same n in the same
well of width Ly;. The resolution is 0.1 meV.

Figure 6. Transmission electron micrograph of a
disordered superlattice (sample E). The arrow indicates the
growth axis. The resolution is 0.2 nm.

the absorption spectra of d-SLs, thus confirming the validity
of the MQW model of recombination in d-SLs, used in
the calculation of the JDOS. Furthermore, the approximate
numerical results reported in figure 5 permit us to identify
most of the structures present in the experimental absorption

spectra (labels in figure 7), thus giving a deeper insight

into the optical properties of d-SLs. A few weak structures
laser, whose light beam was focused on a spot of aboutthat are not predicted by our 1D MQW model (pulses in
100 um diameter. The emission light was collectedra2 figure 7) could be ascribed to predicted HH-LH subband
with respect to the incident beam and was analysed by amixing [13] or to enhancement of the oscillator strength of
double-grating spectrometer. The signal was detected byinterwell transitions related to Coulomb attraction.
means of a cooled GaAs photomultiplier and was recorded In addition, the absorption spectra confirm the
using photon counting techniques. prediction of the numerical analysis on disorder-induced
fine structure: in the limit of small disorder parameter
ALw, where the lines are relatively wide, several predicted
shoulders and additional peaks appear (arrows in figure 7),
In figure 7 we show the absorption spectra for the o- while as the disorder parameter is increased the observed
SL (sample A) and for the four d-SLs (samples B-E). structures are quite narrow and the disorder-induced fine
In the ordered case, the absorption spectrum showsstructure cannot be resolved. The disorder-induced fine
the well known features [23]. the two resolved peaks structure was found to be in agreement with its numerical
correspond to the ground state of the HH and LH ground prediction (figure 5).
state excitonic transitions, indicated as’” and X{* We note that the energies of the experimental absorption
respectively. The shoulder between the two peaks canpeaks are a few meV below the numerical predictions.
be ascribed to the entire sequences of 2s,.3spf HH This fact indicates that the observed optical features are
excitonic transitions, superimposed on the absorption by excitonic transitions, and excitonic binding energies must
excitonic scattering states; this is a further confirmation of be accounted for. An estimation of the excitonic binding
the good sample quality. The absorption spectra of d-SLs energy in the investigated d-SLs is given by the difference
show the redshift of the absorption edge evidenced by thebetween the predicted interband transition (figure 5) and the
numerical calculations. Moreover, the absorption spectra experimental excitonic recombination energies (figure 7).
become richer in structures by increasing the disorder, asFor smallALy (sample B), the excitonic binding energies
predicted [12]. The numerical results for the JDOS of d-SLs were found to be quite small with respect to the excitonic
(figure 5) agree fairly well with the experimental features of binding energies in MQWs [29], thus indicating a weak

4.2. Experimental results and discussion
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Figure 7. Absorption spectra for an o-SL (sample A) and
d-SLs (samples B—E). The absorption spectra of d-SLs
show the expected redshift of the absorption edge and the
disorder-induced fine structure (arrows). The labels X
and X} indicate respectively HH and LH ground-state
excitons. The labels from a to i have the same meaning as
in figure 5. The resolution is about 1 meV.

localization of the carriers in this limit. In contrast, in
the limit of large ALy, the excitonic binding energies
practically correspond to the Rydberg value in the MQW.
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Figure 8. Temperature dependence of the integrated PL
intensity for the o-SL (filled symbols) and d-SLs (open
symbols). The high-temperature PL intensity of d-SLs is
enhanced with respect to that of the o-SL.

pairs through the samples and reduces the non-radiative
recombination probability. These PL results are promising
for a possible device application of d-SLs.

5. Conclusion

In conclusion, our numerical and experimental results
evidence the splitting of the miniband of extended states
into sub-minibands of localized states having a disorder-
induced fine structure. The numerical results permit us to
identify most of the observed features in the experimental
absorption spectra. The high-PL intensity of the d-
SLs was found to be enhanced with respect to the ordered
case, thus confirming the attractive features of d-SLs for
technological purposes.

Thus, the excitonic binding energies in a d-SL become more acknowledgments

and more similar to the excitonic binding energy in MQWs
as the disorder parameterLy is increased, as expected

because of the increasing of the localization effects with
ALy.
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The temperature dependence of the integrated intensity

of PL spectra of the 0-SL and of the four discussed d-SLs

are reported in figure 8. The PL-intensity of the o-SL is
larger than those of the d-SLs at very loly but it is
strongly quenched ag increases. Atl' = 100 K the
PL intensity of the o-SL is reduced by four orders of
magnitude. The highi- PL intensity of the investigated
d-SLs is much stronger than that of the o-SL: the PL
intensity of d-SLs at room temperature is comparable to
that of the o-SL at 100 K. This effect can be attributed to
disorder-induced localization of excitons along the growth
axis of samples. It prevents the motion of electron—hole
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