PHYSICAL REVIEW B

VOLUME 52, NUMBER 16

15 OCTOBER 1995-11

Band structure and electro-optical properties of mixed type-I/type-II
In,Ga;_,As/In,Ga;_,As superlattices

R. Schwedler,* A. Ziebell, F. Briiggemann, B. Opitz, A. Kohl, and H. Kurz
Institut fiir Halbleitertechnik, Rheinisch- Westfilische Technische Hochschule Aachen, Sommerfeldstrasse 24,
52074 Aachen, Germany
(Received 2 May 1995)

We investigate strain-induced band-structure modifications of shallow In; —.GazAs/In;_,GayAs
(z ~ 0.47, 0.51 < y < 0.63) Wannier-Stark superlattices grown by metal-organic vapor phase
epitaxy. The strain-induced splitting between light-hole and heavy-hole bands is directly evidenced
in photoluminescence experiments. The formation of minibands is investigated by photocurrent
spectroscopy. With applied electric field, Wannier-Stark localization, Franz-Keldysh oscillations,
and the quantum confined Stark effect are identified. Both type-I transitions between electrons
and heavy holes and type-II transitions involving light holes are observed. We present a formalism
to calculate the excitonic spectra of shallow strained superlattices. Excitonic binding energies are
comparable to those found in InGaAs/InP quantum wells (type-I transitions) and bulk InGaAs
(type-II transitions), respectively. The light-hole localization is shown to depend sensitively on both

the strain and the superlattice layer thicknesses.

I. INTRODUCTION

Electro-optic modulators based on the Wannier-Stark
effect (WSE) in semiconductor superlattices have found
great interest in both basic and application-oriented
research.’1% The WSE leads to significant modifications
of the fundamental absorption in the presence of an elec-
tric field: (i) at the onset of the WSE, the absorption
edge is blueshifted by about half the miniband (MB)
width due to the localization of carrier wave functions!:?
and (ii) optical absorption spectra reveal a series of dis-
crete, equally spaced steps in the WSE regime, with an
energy splitting of the steps AE = eFd, where F de-
notes the electric field in the layer direction and d is the
period length. Recently, the time-domain equivalent of
the WSE, Bloch oscillations, has also been detected.!? 13
The WSE appears to be interesting for electro-optic
modulators? and bistable devices.*'4716 Particularly,
high frequencies are expected when the concept of shal-
low superlattices is introduced.%17:18

Most experimental investigations on the WSE have
been performed on AlGaAs/GaAs super-
lattices (SL’s).376:9:15,19,20 There is, however, great
technological interest in InP-based material sys-
tems for the wavelength range between 1300 and
1550 nm. AlGalnAs/GalnAs,? InGaAs/InP,?1:22 and
InGaAs/InAlAs (Ref. 10) WSE modulators grown on InP
have been reported. Little work has been done on WSE
modulators grown by techniques other than molecular-
beam epitaxy (MBE) and its variants. Growth of super-
lattice structures by metal-organic vapor phase epitaxy
(MOVPE) appears particularly attractive for integration
of modulator devices with laser emitters, which are rou-
tinely produced by MOVPE processes.

The major drawback of MOVPE growth is its apparent
inability to produce short-period superlattices. This fail-
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ure occurs (i) because of the incorporation of unwanted
layers at the heterointerfaces during the gas switching
sequences2? 25 and (ii) because of the increased interface
roughness with respect to MBE-grown material. For InP-
based material systems, the interface layers are mainly
formed by intermixing of the group-V compounds.?628
They can be reduced by designing devices without any
group-V gradient in the active region.2®

Our approach to WSE devices in the 1550-nm
range is based on shallow In;_,GayAs/In;_,GayAs
superlattices,3° 3¢ which do not exhibit any group-V
gradients within the active layers. A peculiar fea-
ture to be expected for this class of materials is the
mixed type-I/type-II valence band lineup. The highest
valence-band maximum in tensile strained In,_,Ga,As
(x > 0.47) is formed by the light-hole valence band.
For the light holes, the strain-induced splitting of
the light-hole and heavy-hole valence bands tends to
compensate the composition-induced change of the
In;_,Ga,As band gap.3343% For x > 0.47, the light-
hole band edge may be raised above the light-hole
band edge of lattice-matched Ing 53Gag 47As. Therefore,
in Ing 53Gag.47As/In;_,GayAs heterostructures, carrier-
type-dependent confinement may occur, as illustrated in
Fig. 1: The light holes are confined to the Ga-rich lay-
ers while electrons and heavy holes are confined to the
lattice matched layers. This mixed type-I/type-II band
structure implies, to a certain extent, separate tunability
of the electron and light-hole MB’s by variation of the
appropriate layer widths and/or compositions.

There is, however, an ongoing debate about the band
lineup proposed in Fig. 1 and its impact on the opti-
cal spectra. Magari et al.3® and Okamoto et al.3* have
demonstrated polarization-insensitive tensile-strained
Ing 53Gag.47As/In;_,GayAs waveguide amplifiers and
lasers and interpreted the device performance by the
strain-induced splitting of the valence bands. The band
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FIG. 1. Schematic representation of the band-edge profiles
for a strained Ino.s3Gao.47As/Ini_y,GayAs (y > 0.47) super-
lattice in the presence of an electric field. The solid (dashed)
lines depict the conduction-band edge and the heavy-hole
(light-hole) valence-band edge, respectively. The arrows indi-
cate several possible type-I electron-heavy-hole (n = 0,+1),
and electron-light-hole transitions (n = +1/2,+3/2) result-
ing from the type-II band alignment.

structure proposed by them implies that the light holes
are essentially unconfined.?* A similar result was also ob-
tained by Ishikawa and Bowers in their calculation of
the In;_,Ga,As/InP band lineup.3” Zucker et al.3% in-
vestigated comparable multiple-quantum-well samples by
room-temperature photoluminescence spectroscopy. In
marked contrast to Refs. 34 and 37, they argue that a
small electron-light-hole overlap resulting from substan-
tial type-II confinement is the reason for their failure to
observe any light-hole-related features in the photolumi-
nescence spectra.

The obvious discrepancy between these models of the
Ing 53Gag.47As/In;_,Ga,As band lineup can be clarified
by experiments that are predominantly sensitive for the
type-1I configuration, such as analysis of the WSE: the
type-I/type-II configuration manifests itself by the for-
mation of two sets of Wannier-Stark ladders. The type-
II ladders are unambiguously characterized by fractional
Wannier-Stark indices (+1/2,+3/2,...) and by the lack
of a field-independent transition.”-8

We have recently reported growth and characterization
of high-quality shallow Ing 53Gag.47As/In;_,GayAs mul-
tiple quantum wells,>® by MOVPE and the observation of
the WSE in Ing 53Gag.47As/In;_,GayAs superlattices.®
In this work, we analyze in detail the band struc-
ture and the electro-optical properties of a set of
In; _.GazAs/In;_,GayAs (z =~ 0.47, 0.54 < y < 0.61)
SL’s with varying well and barrier widths by means of
photocurrent (PC) and photoluminescence (PL) spec-
troscopy.

The paper is organized as follows. After a short de-
scription of the samples used for this work (Sec. II),
we analyze the strain-induced splitting of light-hole
and heavy-hole valence bands by temperature- and
polarization-resolved PL. In Sec. IIIB, the WSE in
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InGaAs/InGaAs SL’s is studied in PC experiments. In
Sec. IV, we describe a model for the electronic states and
optical transitions in shallow strained superlattices and
compare it with our experimental observations. Our re-
sults are discussed and compared to previous results from
the literature in Sec. V.

II. EXPERIMENT

The samples are grown by low-pressure MOVPE in a
horizontal reactor with a total gas pressure of 20 hPa.
The growth temperature is 604 °C. Trimethyl indium
(TMI), trimethyl gallium (TMG), phosphine, and arsine
(AsHj3) are used as precursors in Hy carrier gas. The
gas flow velocity is kept constant at 1.3 m/s. Two se-
ries of In;_,Ga,yAs/In;_,Ga,As samples were grown for
this work. Samples A and B are designed to investigate
the band alignment of Ga-rich In;_,GayAs coherently
strained to InP. After growth of a nominally undoped
InP buffer layer on top of the n-InP (100) substrate,
a 100-nm reference layer of Ing s3Gag.47As is deposited
and separated from the superlattice by 100-nm i-InP.
The SL consists of 10 layers of nominally lattice-matched
Ing.53Gag.47As and 11 layers of Ga-rich In; _,GayAs. The
compositional changes within the SL are obtained by
switching two TMI lines while the TMG and AsHj3 fluxes
are kept constant. A growth interruption of 3 s under
continuing AsHj3 flow is employed after each InGaAs layer
to allow for smoothening of the interfaces. The samples
are capped by 30 nm of undoped InP. The layer thick-
nesses and compositions are determined by x-ray diffrac-
trometry as described elsewhere.® They are summarized
in Table I. For all samples, the total thickness of the
strained layers is below the critical layer thickness.41744

The second series of samples (samples C, D, and F)
is used for electro-optic characterization. In all cases,
the SL consists of 10.5 periods. The SL is embedded
in the intrinsic zone of a InGaAsP p-i-n diode. For
this purpose, a n-InP buffer layer (100 nm) is grown on
top of the n-InP substrate, followed by 100-nm lattice-
matched n-InGaAsP [band gap E; (2 K) ~ 1 eV]. A nom-
inally undoped 350-nm InGaAsP spacer layer is grown
next. The SL consists of nominally lattice-matched wells
and Ga-rich barriers. The barrier composition and layer
thicknesses are varied as shown in Table I. The SL is
topped by layers of i-InGaAsP (270 nm), p-InGaAsP
(200 nm), and p**-Ing 53Gag 47As (30 nm) acting as a
contact layer. The thickness of the depletion zone (Lg)
differs from the total thickness of the nominally intrinsic
zone (780+10 nm for all p-i-n diodes investigated) due
to diffusion of dopants during growth. We obtain Ly =
750 nm by CV etch profiling. Built-in voltages Ug; =
0.35-0.5 V (T = 10 K), depending on the sample, are
estimated from a CV etch profile and from IV curves.

For PC spectroscopy, p-i-n diodes with ring-shaped
Pd/Au Ohmic contacts (100 pm opening) are fabricated
by liftoff. The contacts are not alloyed in order to avoid
additional diffusion of dopants during this process. The
top ptT-Ing 53Gag 47As contact layer is selectively re-
moved. Mesas (300 ym diameter) are defined by wet
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TABLE 1. Sample parameters determined from fitting x-ray data. Samples A and B are SL’s
embedded in undoped InP. In samples C—F, the SL is embedded in the intrinsic zone of an InGaAsP
p-i-n diode. Also shown are the calculated confinement energies for electrons, light holes (LH’s),

and heavy holes (HH’s).

Note that the light holes are confined to the Ga-rich layers, whereas

electrons and heavy holes are confined to the lattice-matched layers.

Barrier Well Confinement
Sample  qap Ly (nm) TGa,w L, Electrons (meV) LH’s (meV) HH’s (meV)
A 0.55 9.9 0.46 12.4 55 20 21
B 0.52 10.4 0.47 8.0 29 11 11
C 0.61 7.2 0.47 7.5 96 32 33
D 0.58 6.7 0.47 9.0 73 25 26
E 0.54 8.3 0.47 7.1 45 17 17

chemical etching. Substrate contact is made by silver
glue.

PL and PC experiments are performed at tempera-
tures between 10 K and 300 K. PL is excited by 5 mW of
632-nm HeNe laser radiation incident in the growth di-
rection and observed either in the growth direction or in
the direction of the quantum-well layers (edge emission).
In the latter geometry, the emitted luminescence is led
through a broadband polarizer for analysis of its polar-
ization state. The luminescence is spectrally dispersed
by a 0.5-m monochromator and detected with a Ge p-
i-n diode cooled by liquid nitrogen. All PL spectra are
corrected for the spectral sensitivity of the entire setup
by means of a reference spectrum obtained from a cali-
brated tungsten lamp. The spectral resolution is better
than 1 meV.

PC is excited by light from a 150-W tungsten lamp
dispersed by a 0.25-m monochromator. The p-i-n diodes
are biased using a computer-controlled low-noise ref-
erence voltage source. PC is recorded using a dc-
picoamperemeter. Again, the spectral resolution is better
than 1 meV.

III. RESULTS
A. Band lineup

PL spectroscopy is used to analyze the band lineup
in the Ing,53Ga0_47As/In1_yGayAs SL’s A and B. The
temperature-dependent PL emission in the growth direc-
tion of sample A is presented in Fig. 2. PL linewidths as
low as 2.2 meV full width at half maximum at T = 10
K are observed. This linewidth is close to the theoreti-
cal lower limit of inhomogeneous line broadening of bulk
Ing.47Gag.s3As imposed by alloy fluctuations.*®> We find
no evidence for line broadening due to interface rough-
ness or layer-width fluctuations.

The spectrum taken at 77 = 10 K exhibits two PL
lines. The one at 803 meV is due to the reference layer
of slightly In-rich (z =~ 0.465) In;_,Ga,As, while the
higher-energy line at 811 meV is attributed to emission
from the SL. On increase of the temperature, the low-
energy peak decreases rapidly. This is characteristic for
excitonic recombination from bulklike InGaAs layers.4®
At 70 K, the PL emission is substantially broadened due

to the thermal distribution of photogenerated carriers.
An additional PL transition 17 meV above the PL peak
energy is observed. With increasing temperature, the
emission intensity from this transition increases with re-
spect to the peak intensity. At room temperature, the
high-energy line dominates the PL spectrum.

We further investigate the PL emission by analyzing
its polarization state. Figure 3 shows typical room-
temperature PL spectra of sample B emitted in the layer
direction for TE and TM polarization, respectively. In
addition to the main peak at 770 meV, both spectra show

PL Intensity [ arb.units ]

Superlattice

1 n i n n

0.80 0.85
Energy [ eV ]

0.75

FIG. 2. PL spectra of sample A at various temperatures.
The dashed lines are guides to the eye, visualizing the tem-
perature dependence of the reference layer, electron-light-hole
luminescence, and electron—heavy-hole luminescence, respec-
tively.
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3 T T T T 2.0 sity at higher energies due to the Boltzmann distribution
™ of photogenerated carriers compensated. As light-hole
_ 118 transitions are expected to be weaker than heavy-hole
P transitions, the lower-energy emission in Fig. 2 is likely
2| _ to be associated with light holes. (ii) The polarized PL
-g 1 F results confirm this model: the PL emission is expected
= 1 ,E to be essentially unpolarized for the electron-light-hole
£ TE 414 m transition, but polarized in the TE mode for transitions
CRNE involving heavy holes.%” This agrees well with our obser-
Y [ IR vation of a lower TM to TE emission ratio at 770 meV
’ with respect to 756 meV.
0 - — : 10
0.70 0.75 0.80 0.85 0.90 0.95

Energy [eV ]

FIG. 3. Room temperature PL of sample B emitted in the
direction of QW layers for TE and TM polarization. Also
shown is the ratio of both spectra visualizing the strong energy
dependence of the PL polarization.

a steplike feature at 756 meV. The intensity ratio of both
spectra (Fig. 3) exhibits a maximum at 754 meV, which
coincides with the position of the lower PL line read di-
rectly from the spectra.

Both temperature- and polarization-resolved PL spec-
tra of Figs. 2 and 3 give evidence for the proposed band
structure, with the uppermost valence band being at-
tributed to light holes. This conclusion is based on two
observations. (i) In the room-temperature PL spectra,
a high-energy transition can dominate the PL only if
the associated radiative transition matrix element is large
compared to the matrix element of the lower transitions.
Only for this case is the rapid decrease of carrier den-
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B. Type-I and type-II1 Wannier-Stark effect

The p-i-n diode samples C—F are characterized by PC
spectroscopy at T = 10 K. We first discuss in detail the
prototype PC spectra from sample C [Fig. 4(a)], followed
by a description of the major differences in the spec-
tra of the more shallow samples D and E. The spec-
tra in Fig. 4(a) cover the bias range between 0.35 V and
—3 V, corresponding to electric fields from flatband to
45 kV/cm. The strong absorption edge of the InGaAsP
layers at 1 €V is not shown.

The spectrum at the highest forward bias (U, =
+0.35 V) exhibits two steps near 830 meV and 855 meV.
The absence of any significant excitonic enhancement in
the spectra indicates the MB regime in this bias range.
As the bias changes towards U, = 0 V, the relative in-
tensity of the 855-meV signature increases and remains
dominant for all reverse biases. At a bias around U, =
0 V, excitonic enhancement of these two main struc-
tures indicates the onset of electron and light-hole wave-
function localization. With a further increase of the

I

FIG. 4. (a) Low temper-
ature PC spectra of the
1 Ino.39Gao.61As/Ing.53Gag.47As
SL C taken at various bias volt-
ages and (b) PC peak positions
obtained directly from the spec-
tra (Q) and after a derivation
procedure (+). Solid lines are
guides to the eye and are fur-
ther explained in the text. The
PC spectra at the highest for-
ward biases (Us > 0.1 V) have
been re¢scaled for clarity.

n i
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reverse bias, the appearance of excitonic features and
their field-induced splitting indicate the field localization
regime. The bias dependence of the 830-meV transition
and the 855-meV feature in this regime is very different.
The step observed at 830 meV splits into two separate
structures. Both structures strongly shift to lower ener-
gies, while their intensities rapidly decrease. They are
observed for bias voltages up to —2 V. The 855-meV
structure splits into a main line and several weak satel-
lite features. The main line is blueshifted by 5 meV at
bias around —0.5 V. The satellites originating from the
855-meV line vanish at bias voltages around —1 V.

The bias-dependent peak positions are plotted in
Fig. 4(b). Several weak peaks are located by calculating
the bias derivative of the spectra at bias voltages where
the PC spectra themselves do not allow for precise deter-
mination of peak positions. The figure clearly shows the
blueshift of the main spectral features around —0.2 to
—0.4 V. Also, the 10-meV blueshift of the 830-meV ab-
sorption edge, which is hardly visible in the spectra due
to multiple overlapping spectral features in this energy
range, is clearly visible in Fig. 4(b).

Assuming that the blueshifts AE}, of each line originate
from wave-function localization, they should be related to
the zero-field MB widths Ag and Aggn) of electrons
and heavy (light) holes, respectively, by AE, = (A +
AnunLy))/2 - AEI?H(LH). Here AEI?H(LH) is the change
in exciton binding energy for heavy- (light-) hole-related
excitons by applying a bias. Taking into account the large
effective mass of the heavy holes, the corresponding MB
width Agg is expected to be negligible compared to the
MB widths of both electrons and light holes. This leads
us to assign the strongly blueshifting 830-meV structure
to the first electron MB to first light-hole MB transition
(E1LH1), while the main absorption edge at 855 meV is
attributed to the transition from the first electron MB to
the first heavy-hole MB (E1HH1).

In the energy-voltage chart in Fig. 4(b), a linear shift
of four peaks with increasing reverse biases is evident for
Uy < —0.5 V. The main absorption edge, at 860 meV,
exhibits only a very weak redshift even at the highest
reverse biases. This particular behavior is attributed to
the quantum-confined stark effect (QCSE) of a transi-
tion between electrons and heavy holes confined to the
same layer. In terms of Wannier-Stark ladders, this is the
spatially direct EIHH1(0) transition. The linear slopes
in the energy-voltage chart in Fig. 4(b) for reverse bias
Uy < —0.3 V indicate the formation of WSL’s origi-
nating from oblique transitions between electrons and
holes in adjacent confining layers. The slopes of the
lines drawn in Fig. 4(b) are, within £ 10%, multiples
of edAF/AUy=21 meV/V, as indicated in the figure.
They agree well with the change in the electric field esti-
mated from the applied bias and the measured thickness
of the intrinsic zone (19.6 mV /period per AU, = 1 V
bias change).

For the Wannier-Stark ladders originating from the
E1HH]1 edge at 855 meV, the slopes are integer multiples
of edAF /AUy, as expected for the WSE in type-I SL’s.
In contrast, the two lines originating from the E1LH1
MB clearly exhibit two different slopes corresponding
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to fractions of the calculated field per SL period. The
fractions are found to be —1/2 and —3/2, respectively.
No corresponding positively indexed +1/2,+3/2 ladders
are observed. These ladders would overlap with the

“main absorption edge and are therefore harder to de-

tect than the background-free —1/2 and —3/2 ladders.
In the Wannier-Stark regime, no bias-independent light-
hole-related spectral structure is observed. It can be
deduced from Fig. 1 that such a behavior is expected
for transitions between electrons confined to the lattice-
matched layer and light holes confined in the Ga-rich
layer: The possible spatial separations d,, between a lo-
calized electron and the light-hole wave functions are
given by d, = +(n +1/2)d (n = 0,1,2,...). For this
reason, only odd multiples of edAF/(2AU}) are expected
for the slopes of Stark ladder transitions in a type-II su-
perlattice. Our measurements therefore directly prove
the mixed type-I/type-II nature of the superlattice band
structure.

C. Variation of the confinement potential

We compare the results from sample C to those from
the more shallow samples D and E, with barrier Ga mole
fractions of 0.58 and 0.54, respectively. The PC spec-
tra and transition energies from sample D are shown in
Fig. 5. Compared to sample C, the main E1IHH1 MB
absorption edge is redshifted by 25 meV due to both the
smaller barrier band gap and the larger well width (see
Table I). No strong absorption edge comparable to the
E1LH1 MB absorption in sample C is observed at biases
near flatband. This is a consequence of the reduction of
confinement energy in the more shallow SL of sample D:
the E1LH1 MB transition is expected to be very close to
the strong E1IHH1 MB absorption edge, which therefore
partially masks the light-hole-related transition. Several
series of field-dependent peaks are observed as the re-
verse bias is increased to —1.0 V. Two WSL’s with linear
slopes of —19 and 20 meV /V, respectively, are attributed
to type-I EIHH1(+£1) transitions. No clear evidence for
a light-hole-related WSL is found. Only a weak 825-meV
spectral feature observed at reverse biases may be due to
the EILH1(—1/2) transition. This assignment implies an
anticrossing of heavy-hole- and light-hole-related states
in the 825-meV range around zero bias, which may ex-
plain the lack of light-hole-related features in the forward
bias regime.

Two blueshifting absorption structures are observed in
the energy range between 840 meV and 880 meV. These
transitions correspond to electronic states close to the
SL barrier, where confinement occurs mainly due to the
InGaAsP outer barriers above and below the SL. These
states therefore form a quasicontinuum. The energy-
voltage characteristics of the high-energy structures does
not resemble those expected for either the WSE (linear)
or the QCSE (quadratic decrease). We attribute them to
Franz-Keldysh oscillations (FKO’s), which are character-
ized by sublinear (AErko x F 2/ 3) field-induced shifts.*8
The solid lines in Fig. 5(b) are fits according to this re-
lation.



BAND STRUCTURE AND ELECTRO-OPTICAL PROPERTIES OF . . .

12 113

a) ] b) os7 T
0.86 ]
PN |
—_ e '
) — 085 |/ _ FIG. 5. (a) PC spectra taken
= | w;; . .. at 10 K from sample D for
2 ;/ —_ . . various bias voltages and (b)
= g s 0.84 - / E1H1+1 1 PC peak positions for various
et — bi 1t . id li
= ] = . E1H1 0 ias voltages The solid ‘hne‘s
c — ——] o Voo are guides to the eye, indi-
g ] o 0.83 - eoo0e® . ° | cating (i) the Wannier-Stark
g — ‘\/_//M/ w 690099000, o| tranmsitions from superlattice
g / 082 | oo | confined states and (ii) the
£ // /___//’"”—M R Franz-Keldysh oscillations ob-
— o served in the superlattice con-
081 | ° 4 tinuum.
E1H1-1
0.80 ]
0.8 0.82 0.84 0.86 0.88 0.9 0.5 00 -05 -1.0 -1.5 -2.0
Energy [eV ] Bias [V ]

Sample E is the most shallow SL investigated in this
study (zp = 0.54). The well thickness is similar to that
of sample C' (L, = 7.1 nm), but the barrier thickness is
larger than in samples C and D. Field-dependent low-
temperature PC spectra and PC peak positions from
sample E are displayed in Fig. 6. In addition to the
E1HH1(+1) Wannier-Stark ladders, the E1LH1(—3/2)
ladder, but no E1LH1(—1/2) light-hole ladder, is ob-
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served. The expected spectral position of the latter
transition is close to the EIHH1(—1) transition for a
large bias range and may therefore be obscured by the
stronger heavy-hole absorption. The EILH1 MB absorp-
tion edge at 818 meV is well resolved in the forward-
bias range. Compared to sample D, the smaller strain-
induced valence-band splitting appears to be overcom-
pensated by quantum-size effects due to the larger barrier
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FIG. 6. (a) PC spectra
(T 10 K) and (b) PC
peak positions from sample
E for various bias voltages.
The solid lines indicate various
Wannier-Stark transitions.
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width. Therefore, these measurements illustrate the sep-
arate tunability of heavy- and light-hole states in mixed
type-I/type-II SL’s.

IV. MODEL CALCULATION

In this section, we describe calculations of the elec-
tronic states and optical absorption spectra of shallow
strained Ings3Gag.47As/In;_,Ga,As SL’s. The calcu-
lated absorption spectra are then compared to our ex-
perimental data. To allow for comparison with differing
results reported in the literature,34:49:41:50 we document
in detail the interpolation of material parameters and
band lineups used in this work.

A. Band lineup

Band gaps and band offsets of the strained InGaAs
layers are determined from the material parameters of
the binaries InAs and GaAs and of lattice-matched
Ing 53Gag 47As summarized in Table II. We use effec-
tive masses interpolated from those tabulated by Foulon
et al.5! for In;_,GazAs on InP. ,

The band lineup of strained In;_,Ga,As is calculated
in two steps. First, the band gap E4(z) and the band
offsets E,(z) and E.(z) for the valence band and the
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conduction band of unstrained In;_,Ga,As material are
interpolated from the binary values. The band offsets
within the InGaAs/InGaAs SL’s are calculated from the
band offsets of In; _,Ga, As to InP, i.e., their associativity
is assumed.

In a second step, strain contributions to the band
edge energies are taken into account using the strain
tensor components ey.(z) = [ao(InP) — a(z)]/ao(InP)
and e,.(z) = —[2C12(z)/C11(x)]ez=(z), where a(z) de-
notes the lattice constant of unstrained In;_,Ga,As and
C;;(x) are the components of the elastic stiffness tensor.
The strain-induced changes in the band positions of con-
duction and valence bands due to the hydrostatic strain
are obtained from AF.(z) = ac(z)[2ez.(z) + €..(z)] and
AE,(z) = a,(z)[2ezz(z) + e,.(z)], respectively. They
depend on the hydrostatic pressure coefficients a.(z) and
a,(x) for the conduction and valence band, respectively.
Experimental data exist only for a(z) = a.(z) — a,(z).
We obtain the hydrostatic pressure coefficients given in
Table II using the partitioning |a.(z)|/|a,(z)| = 85:15,
which is consistent with recent calculations by Van de
Walle for GaAs and InAs.%? Finally, the lack of valence-
band degeneracy in the uniaxial strained material leads
to the splitting of the light-hole (% + %) and heavy-hole
(g + %) valence bands given by eg(xz) = b,(z)[e..(z) —
€z ()], where b,(z) is the valence-band shear strain
coefficient.? _

The resulting band-edge energies of coherently strained

TABLE II. Material parameters used for calculations of band structure and optical transitions
of the InGaAs/InGaAs superlattices. Material parameters for unstrained In; _.GaAs are linearly
interpolated from the binary values, with the exceptions of lattice constants and band gaps, where
quadratic interpolation including the lattice-matched ternary is used. Calculation of the material
parameters of coherently strained In;_.Ga,As is described in the text. The parameters for GaP
are used to calculate the parameters of the InGaAsP barrier material by linear interpolation from

the binaries.

InP GaAs InAs GaP Ing.53Gag.qa7As Unit

a0 (4 K) 5.860° 5.642° 6.050° 5.450° 5.860° A

E, (4K) 1.424° 1.519¢ 0.418° 2.895° 0.812¢ eV

Ao 0.11° 0.34° 0.37° 0.08° 0.355° eV

m 0.079° 0.067° 0.023° 0.130° 0.041° mo

min 0.121° 0.094¢ 0.027° 0.17° 0.056° mo

My 0.606° 0.341° 0.4° 0.67° 0.377¢ mo

E, 0 0.34° 0.41° 0.11° 0.38% eV

Cn 10.22f 12.11° 8.541° 14.39° 10** dyn/cm?
Ci2 5.76f 5.48° 4.66° 6.52° 10*! dyn/cm?
b -2.0f -1.7f -1.8f -1.5¢ eV

a -6.68 -6.7° -6.0¢8 -9.3° eV

a, 0.99% 1.005" 0.9" 1.395% eV

a. -5.61% -5.695" -5.10 -7.9052 eV

®Interpolated from the binary constituents.
PReference 66.
°“References 67 and 68.

dSlightly varying experimental values for the band gap of InGaAs lattice matched to InP are

reported in the literature (Ref. 46).
°*Estimated after Ref. 69.
fReference 70.

8Reference 71.

hEstimated after Ref. 52 using a partitioning ratio |a.|/|a,| = 85:15.
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FIG. 7. Band edges of coherently strained In;_.Ga,As de-
pending on the composition calculated using the material pa-
rameters summarized in Table II. The energy scale is aligned
to the InP valence-band edge.

In;_,Ga;As on InP are summarized in Fig. 7, which also
has been used to derive the schematic band lineup de-
picted in Fig. 1. The conduction band edge increases
monotonically with Ga content of the strained layer. As
mentioned above, the behavior of the valence-band edges
is more complex due to the band splitting: the highest
valence subband is formed by the heavy holes for com-
pressively strained material (zga < 0.47), but by the
light holes for the tensile strained case. The light-hole
and heavy-hole band offsets in In;_,Ga,As/In;_,GayAs
SL’s are found to be nearly equal, but opposite in sign,
leading to the mixed type-I/type-II band alignment. The
valence-band offsets in Ing 53Gag.47As/In;_,Ga,As SL’s
turn out to be smaller than the conduction-band offset,
making this material attractive for electro-optical modu-
lator devices, where hole sweep-out times limit the device
speed.®*

B. Electronic states and optical transitions

Based on the material parameters and on the band
lineup, the electronic states are calculated by solving nu-
merically the one-dimensional Schrédinger equation

o 1
8z m;(z)

for fields ranging from 0 to 35 kV/cm. Here the index
7 denotes electrons, heavy holes, or light holes and the
potentials V;(z) account for both the spatial band-gap
variations and for the electric field.

The numerical solution of Eq. (1) is performed for the
complete SL (21 layers), limited by InGaAsP barriers,

o 2
5, Vii(2) + 53 [Bi = Vi(2)]4i(2) =0 (1)
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as described above. For the numerical calculation, we
use Numerov’s algorithm, modified to take into account
the effective-mass discontinuities.?3:°¢ This algorithm is
faster, and numerically more stable, than the usual ap-
proach using the transfer matrix method.5” We note that
we do not impose any a priori assumptions about the
shape or localization of the wave functions. No special
treatment for the spatially indirect electron-light-hole
transitions is necessary.

Excitonic effects are treated in the framework of the
model proposed by Leavitt and Little.5%:5° The excitonic
binding energy is calculated from

B Hij e

oo oo 2
B = s |02 [ dbaste + 2 tons o)

xw(Zp;je? [ereoh?), (2)

where w(z) is the excitonic binding energy for the sim-
plified two-dimensional excitonic problem tabulated in
Ref. 58 and p;; is the averaged optical density of states
effective mass.®®

Based on the complete sets of transition energies, car-
rier wave functions, and exciton binding energies, ex-
citonic absorption spectra for electron-light-hole and
electron—-heavy-hole transitions are calculated from a
simplified version of Elliott’s formula®9:6°

r (hw — Ey; — EB)?
a(hw) = ZMEJ [ﬁ exp (—— 622 2 (3)
%)

+l f M +1
2er 5 2.

Here M;; are the single-particle wave-function overlap
matrix elements, § is a broadening parameter, and r
allows us to adjust the relative strength of the dis-
crete excitonic transitions with respect to the contin-
uum. Throughout this work, we use § = 8 meV and
r = 25 meV, which yield good agreement with experi-
mental data. The PC signal is assumed to be propor-
tional to the calculated absorption coefficient a(%w); this
assumption is justified provided (i) the total absorption
is small and (ii) the photocurrent is saturated.® For our
samples, these conditions are met in all cases except for
the spectra taken at the highest forward biases, where
the SL’s are not completely depleted.

C. Comparison to experimental results

We compare our experimental observations to results
from the calculation of overlap matrix elements and ex-
citonic absorption spectra. The field and spectral de-
pendence of the single-particle wave-function overlap ma-
trix elements M;; calculated for sample C is depicted in
Fig. 8, where energies of electron-heavy-hole [Fig. 8(a)]
and electron-light-hole [Fig. 8(b)] transitions are plotted
versus electric field. The widths of the markers indicate
the magnitude of the corresponding electron-hole over-
lap integral, giving a measure of the oscillator strengths.
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FIG. 8. Calculated transition energies (T' = 10 K) for (a)
electron—heavy-hole and (b) electron-light-hole transitions of
sample C. Measured material parameters for sample C as
given in Table I are used. The widths of the markers indicate
the magnitude of the corresponding electron-hole overlap in-
tegral.

Because we calculate overlap matrix elements for all pos-
sible combinations of electron and hole wave functions, a
great number of transitions is obtained.

Already at very low electric fields (1 kV /cm) the heavy
holes are localized in the lattice-matched confining layers
and a single-electron MB of 20 meV width is obtained.
With increasing field, this broad miniband narrows due
to the localization of the electron wave functions and
forms the three Wannier-Stark transitions E1IHH1(0) and
E1HH1(+1). However, the MB’s do not collapse com-
pletely, as would be expected for an infinite SL. Due to
the finite-size effect, side lobes corresponding to transi-
tions occurring close to the limits of the SL appear in the
vicinity of the main transitions.

For the electron-light-hole transitions [Fig. 8(b)], the
low confinement energy and small effective mass of the
light holes implies fully delocalized light holes (LH1) at
zero field. As a matter of fact, the light-hole wave func-
tions turn out to be even more spread out than those
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of the electrons. The zero-field light-hole MB width al-
most equals the light-hole confinement. A very broad
band (50 meV) of E1LH1 transitions is predicted. Above
5 kV/cm, the light holes localize partially and the for-
mation of discrete transition bands indicates the forma-
tion of Wannier-Stark ladders. The type-II behavior of
the light-hole transitions manifests itself through frac-
tional Wannier-Stark indices in Fig. 8(b). The light-
hole transition bands are rather broad. ~This broaden-
ing by 5-10 meV is caused by the large influence of
the sample’s boundaries on the transition energies of the
weakly confined light holes. The broadening is strongest
for the light-hole Wannier-Stark transitions with posi-
tive indices. This broadening due to the finite-size ef-
fect explains our failure to observe experimentally the
E1LH1(+1/2) transition in any sample.

In Fig. 9, the calculated excitonic absorption spectra
for samples C and FE for electric fields of 0 kV/cm (MB
regime), 10 kV/cm, and 15 kV/cm (WSE regime) are
depicted. The spectra can be directly compared to the
experimental ones in Figs. 4 and 6, taking into account
a change of electric field of 13.3 kV/cm per 1 V bias
change. The general shape of the simulated spectra of
the absorption coefficient agrees well with the experimen-
tal PC spectra. For sample C, the theoretical transition
energies agree with the experimental ones within a few
meV. For sample FE, however, the values deviate by as
much as 10 meV. These deviations may arise from the
determination of the layer parameters by x-ray diffrac-
trometry, where only the average SL composition and
the SL period length are obtained with high precision.
A reasonable error of Azg, = 1% in the determination
of the individual layer compositions, corresponding to an
In;_,Ga,As band-gap change of 10 meV, may explain
the observed discrepancy.

The calculated excitonic binding energies of the
E1HH1(0) transitions, of 6-10 meV at maximum, turn
out to be similar to those observed in InGaAs/InP
QW?’s.%2 The binding energies of the EILH(—1/2) ex-
citons (3—-5 meV) are found to be lower and similar to
the binding energies of bulk InGaAs light-hole excitons®?
due to the large spatial extension of the wave functions
involved. Exciton binding energies of similar magni-
tude have been observed in In;_,Ga,As/GaAs superlat-

L a)Sample C

F =15 kV/em I F=15kV/cm

-3/2

- b)Sample E

T

FIG. 9. Simulated absorp-

| F=10 kV/em

tion spectra for samples C and
D and electric fields of 0 kV /cm
(MB regime), 10 kV/cm, and
15 kV/cm (WSE regime). The

F=0kV/ecm

Absorption Coeff. [ arb. units ]
Absorption Coeff. [ arb. units ]

dashed lines depict results from
a calculation using a slightly
different set of parameters, as
described in the text.
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tices with comparable, very small confinement energies.®3

This leads to a large excitonic enhancement of the
E1HH1(0) transitions and to an almost undetectable ex-
citonic enhancement of the EILH1(—1/2) transition. All
other Wannier-Stark transitions exhibit negligible exci-
ton binding energies.

V. DISCUSSION

In this section, we summarize our results and com-
pare them with the literature. We found that
the lowest valence band in shallow tensile strained
Ing.53Gag.47As/In;_,Ga,As SL’s is formed by the light
holes. The Wannier-Stark effect is observed for both
electron-light-hole and electron—heavy-hole transitions
even in the most shallow Ing s3Gag 47As/Ing.46Gao 54As
sample. The observation of Wannier-Stark ladders with
fractional indices unambiguously proves the type-II con-
figuration of the light holes. Despite the type-II config-
uration, strong luminescence and absorption structures
from the electron-light-hole transitions are observed.

These findings are in contrast to some common as-
sumptions about type-II superlattices in general and
about strained Ing s3Gag.47As/In;_,Ga,As heterostruc-
tures in particular. Type-II transitions are commonly
associated with small oscillator strengths due to small
electron-hole overlap integrals, which limit their useful-
ness in device applications.47:35:64:65 This assumption is
not applicable to shallow superlattices. As a matter of
fact, our model calculations indicate, for a large range of
electric fields, type-II overlap integrals larger than those
calculated for the type-I electron-heavy-hole transitions.
The overlap is determined by the wave-function local-
ization rather than by the band alignment. The experi-
mentally observed lower absorption strengths and room-
temperature PL intensities of the light-hole transitions
are solely determined by the different densities of states
for both hole species. This result is in contradiction to
the observations of Zucker et al.,3® who explained their
failure to observe light-hole related PL room-temperature
emission from Ing s3Gag 47As/In;_,GayAs by the type-
II alignment. The authors of Ref. 35, however, do not
report any polarization-sensitive characterization, which
could reveal light-hole-related signatures.

We do not claim verification of the complete band-
structure parameter set (Table II) and of our interpo-
lation procedure. Our results, however, impose strong
restrictions on several band-structure parameters of
Ing.53Gag.47As/In;_,GayAs. The observation of type-
IT Wannier-Stark ladders directly proves that substantial
confinement acts on the light holes even in very shallow
Ing 53Gag.47As/In;_,GayAs SL’s. The band-structure
models of Okamoto et al.®* and Ishikawa and Bowers,37
which predict negligible valence-band offsets for the light
holes, are clearly in disagreement with our experimental
findings. Our calculations yield a valence-band alignment
that is almost completely determined by the shear-strain-
induced splitting between light-hole and heavy-hole band
edges. The valence-band changes caused by composi-
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tional variation and by hydrostatic strain nearly cancel
each other. We checked this property of the band lineup
by repeating our model calculations for a |a.|/|a,| par-
titioning ratio of 2:1 instead of 85:15, 2:1 being the low-
est value reported in literature.4941:50 Results from this
calculation are displayed in Fig. 9 (dashed lines). A sim-
ilar effect on the proposed band lineup may also be ob-
tained by using different values for the band offsets of
unstrained In;_,Ga,As. The resulting light-hole-heavy-
hole splitting is generally smaller by about 10 meV than
that obtained with the original set of parameters and
therefore leads to poor agreement between experimental
and theoretical spectra.

Our analysis of Ing53Gag.47As/In;_,GayAs modula-
tor devices, as well as recent works on lasers3¢ and
light amplifiers,3?:33 indicates that MOVPE-grown shal-
low strained SL’s are suitable for electro-optical devices
in the 1550-nm range. Such devices are particularly in-
teresting where polarization-independent operation is re-
quired. However, the excitonic linewidth of such WSE
devices still needs to be improved. We have demon-
strated that the main reason of inhomogeneous line
broadening in our SL’s is the finite-size effect. We there-
fore expect that increasing the number of superlattice
periods will lead to a decrease of linewidth. This, how-
ever, requires use of strain balanced heterostructures3!
to increase the critical layer thickness.

VI. CONCLUSION

We have reported optical and electro-optical char-
acterization of shallow tensile-strained Ing s3Gag.47As/
In;_,GayAs Wannier-Stark effect superlattices. Due
to strain splitting of the valence-band edges, the low-
est band gap in this material system corresponds to
electron-light-hole transitions. The type-II light-hole
band alignment is directly deduced from photocurrent
spectra for 0.54 < y < 0.61. The unusual valence-
band alignment of the light holes leads to Wannier-Stark
transitions with fractional indices. Light-hole-related
Wannier-Stark ladders are observed only if the splitting
between light-hole- and heavy-hole-related transitions is
sufficiently large and generally not observed for positive
Wannier-Stark indices. Strong excitonic enhancement
of the low-temperature electron—heavy-hole absorption
edge is found, corresponding to exciton binding energies
similar to those observed in Ings53Gag.47As/InP multi-
ple quantum wells. In contrast, the electron-light-hole
absorption edge exhibits negligible excitonic enhance-
ment. A detailed model of the field-dependent exci-
tonic absorption spectra agrees quantitatively with ex-
perimental photocurrent data. The large bias sensitiv-
ity of the fundamental absorption edges implies that
In;_,GayAs/In;_,GayAs and related superlattice ma-
terials are attractive for the realization by MOVPE of
highly effective modulator devices in the 1550-nm range.
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