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Band offsets and transitivity of In, _, Ga, As/In,_, Al, As/InP heterostructures
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In,_,Ga,As/In;_,Al,As quantum wells (QW’s) and In,_,Al, As layers slightly lattice mismatched to
InP substrates are grown by metalorganic chemical-vapor deposition and studied by calorimetric absorp-
tion spectroscopy (CAS), photoluminescence (PL), double-crystal x-ray diffractometry (DXD), and
Shubnikov—de Haas (SdH) measurements. The layer compositions and the strain are directly deter-
mined from DXD. The strain partly relaxes selection rules and forbidden transitions, which are more
sensitive to the relative conduction-band discontinuities AE. /AE, than the allowed ones, appear in the
CAS spectra of the QW’s. Comparing the energies of the transitions with detailed band-structure calcu-
lations the relative conduction-band discontinuity AE./AE, is determined to be (72+4)% for
Ing 540Gag 460AS8/Ing 531Alp 469As. PL spectra of the type-II heterostructure Ing 430Al, 5;;As/InP show
apart from the band-gap emissions two spatially indirect transitions across the In,_,Al,As/InP interface
at 1.240 eV (n =1) and at 1.271 eV (n =2). The conduction-band discontinuity is determined from the
energies of these transitions and SdH experiments in conjunction with self-consistent band-structure cal-
culations for lattice-matched Ing s;Alg4sAs to be AE =252 meV or AE.=2.86AE,. From these
results, the three conduction-band discontinuities In;_,Ga,As/InP, InP/In,_,Al,As, and
In;_,Al,As/In,_,Ga,As are found to be transitive.
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Ing 53Gag 47As/Ing 5,Al, 4gAs heterostructures lattice
matched to InP are particularly attractive for high-
performance electronic and photonic devices’? as well as
for future optoelectronic integrated circuits, because of
the large difference of band gaps (AE, =700 meV at 300
K). The conduction-band discontinuity is approximately
twice as large as for Inj s;Gag 47As/InP leading to im-
proved electron localization, e.g., in quantum-well de-
vices or two-dimensional (2D) field-effect transistors. In-
terpretation of optical and electrical experiments and
modeling of such devices requires precise knowledge of
the ratio of conduction-band AE, and valence-band AE,
discontinuities, since carrier transport both along and
across the interfaces is strongly dependent on its
magnitude. Presently, there are large discrepancies
between the published values of AE /AE, for the
Ing 53Gag 47As/Ing 5,Al; 4gAs  heterostructure; they
range from AE, =420 meV =AE /AE,=60% to AE,
=695 meV 2AE, /AE, =85%."'" For the
Ing 5,Aly 43As/InP type-II heterostructure, the values for
the conduction-band discontinuity AE_ vary between 380
and 448 meV. 12715

In this paper we report a precise determination of AE,
for both In,_,Ga,As/In,_,Al,As and In,_,Al,As/InP
heterostructures. Our results are based on a comparative
study by double-crystal x-ray diffractometry (DXD), pho-
toluminescence, and calorimetric absorption spectro-
scopy. Each transition energy is carefully compar-
ed to predictions of band-structure calculations.
The band-structure calculations wused for the
In, ,Ga,As/In;_,Al,As quantum wells (QW’s) are
based on a finite square-well model including effects due
to strain caused by lattice mismatch and due to the non-
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parabolicity of the conduction band, and recent exciton
binding-energy calculations.'® The band structure of the
In,_,Al,As/InP heterostructures is calculated in a self-
consistent way, solving the coupled Schrodinger and
Poisson equations.

The experiments are performed on samples grown by
low-pressure metalorganic chemical vapor deposition.
They consist of a In,_,Ga,As/In;_,Al,As multi-
quantum-well (MQW) structure with L,=5 nm, L, =20
nm repreated ten times. A 50-nm In;_,Al, As buffer lay-
er is grown first on the (100) semi-insulating Fe-doped
InP substrate. The In;_,Al,As/InP heterostructures
consisted of a 250-nm InP buffer and a 1-um-thick
In,_,Al As layer. Trimethylmetals (TMGa, TMAI, and
TMIn) and 100% arsine (AsH3) and phosphine (PH;) are
used as starting materials. The growth temperature is
640 °C and the growth rate is about 0.35 nm/s.

Precise knowledge of the strain induced by a slight lat-
tice mismatch and of the chemical composition of the
layers is mandatory for a correct interpretation of the op-
tical spectra. We have investigated the structural proper-
ties using DXD. In our DXD setup, an InP crystal is
used as a first crystal. Experiments are carried out non-
dispersively in the (+n, —n) mode with the Cu Ka, line.
The results are compared to simulated DXD rocking
curves using a kinematical step model as outlined by
Segmiiller and Blakeslee.!” In Fig. 1 the experimental
(dotted line) and the simulated (solid line) (400) x-ray
rocking curves of a In;_,Ga,As/In;_,Al,As MQW
structure are depicted. Because of the background noise
of the DXD setup, a background level of 80 counts are
added to the simulation. Using the symmetric (400)
reflection, we can monitor most sensitively the deviation
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FIG. 1. X-ray rocking curve of In,_,Ga,As/In,_,Al As
measured using DXD. Experimental results are shown as dots
and the theoretical line-shape fit derived from kinematical
theory as a solid line.

of the lattice constant Aa, perpendicular to the (100) in-
terface plane. The average lattice mismatch of the QW
structure as a whole to the InP substrate is obtained from
the angle separation between the substrate and the main
epilayer peak (zeroth-order peak). The average lattice

mismatch to the InP substrate in this sample is
J

app(1+Cy /[Cy +2C); ]Aa, /alnl,yAlyAs(lnl,yGayAs) )~ G1nas

Aa,/a =1.24X1073. In addition, higher-order satellite
peaks on one side are observed, which reflect the periodi-
city of the sample structure. The narrow linewidth of the
satellite peaks (n=—1, full width at half maximum
equals 42 in.) indicate that the layer compositions are
uniform and the periodicity is highly reproducible. To
determine the composition of the well and barrier layers
the following procedure was adopted. A thickness ratio
of well to barrier of ; was used as determined from the
growth rate. The variation in intensity of the positive
and negative satellite peaks turned out to be most sensi-
tive to the strain ratio of the barriers and wells. Only in a
small mismatch region a complete suppression of the pos-
itive satellites is observed. The lattice mismatch of the
In,_,Ga,As layers was varied to keep the mean
mismatch of the MQW at the measured value of
Aa,/a=1.24X10"%  We determined the lattice
mismatch of the individual In,_, Ga,As and In;_,Al, As
layer to be Aa, /a =1.46X 107 and 1.18 X 1073, respec-
tively. The small mismatch is accommodated by elastic
tetragonal deformation of the layers whose thickness is
far below the critical one. The change in interplanar
spacing Aa, /a perpendicular to the substrate is connect-
ed to the chemical composition via the Poisson relation'®
and the related Vegard’s law,

, (1)

Yarlxg,)= _
A AlAs(GaAs) ~ @InAs

where Cj; are the elastic stiffnesses of In,_,Al As and
In,_,Ga,As, respectively, and ay,as, @ajasr @Gans> and
aypp are the room-temperature lattice constants of the
binary semiconductor. !°

The Al and Ga concentrations are found to be
Ya1=0.467 and x5, =0.458. Apparently, the concentra-
tion of the In;_,Al,As layer is 1.3% and the
In,_,Ga,As layer 1.0% below for what we expect for
lattice-matched conditions.

Now the 2-K low-temperature band-gap energies can
be deduced for the Ing s33Al, 467As barrier layers from?°

E,(y)=1.511+2.22(y —0.48) eV (2)

to be Eg:1.482i0.002 eV, and for the In0.542Gao_458AS
layers from?!

E,(x)=0.4105+0.6337x +0.475x% eV (3)

to be E, =0.800+0.005 eV.

Crucial information on the subband energy positions is
obtained by means of calorimetric absorption spectrosco-
py (CAS). The CAS signal is the part of the absorbed
light power giving rise to phonon emission due to nonra-
diative recombination processes. Experimental details
have been described elsewhere.??2* The CAS spectrum is
shown in Fig. 2. We clearly observe four transitions at
947, 999, 1132, and 1298 meV. The peaks at 947 and 999
meV are attributed to the excitonic transition of the

heavy and light holes X (e,hh),_, and X(e,h),—, be-
tween the n =1 sublevel in the valence band and the
m =1 sublevel in the conduction band. The steplike be-
havior at 1298 meV is attributed to excitonic transition
between the second n =m =2 sublevels X (e,hh), _,. In
order to compare these excitonic peak positions with pre-
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FIG. 2. CAS spectrum of the In,_,Ga,As/In,_,Al,As
L,=10X5 nm MQW structure; arrows indicate calculated tran-
stion energies. Experimental results are shown as dots and the
theoretical line-shape fit as the solid line. X(e,hh), -,
X (e,1h), =, and X (e,hh), —, are the excitonic transitions, which
fulfill the selection rule An =0, and An =2 (e,m =1;hh,n =3)
is the parity-allowed transition.
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dictions of band-structure calculations, the following in-
put parameters are used: E;(Ing s33Al, 467A8)=1.482 eV
and E,(Ing 54,Gag 453As)=0.800 eV. The nonparabolici-
ty of the conduction bands of In,_,Ga,As is described
by an energy-dependent effective mass. We use the ex-
pression m, (E)=my(1+2aE), where m, is the zone-
center effective mass and a is 1.135 eV ™!, according to
Welch, Wicks, and Eastman.’

The two-dimensional excitonic transition energy is
given by

fio=E, +E&L,)+Ep (L,)—E}(L,) @
(i=hh,h, n=1,2,...,)

where E, is the 3D band gap of In,_,Ga,As, E¢ and
E' are the confinement energies of the electrons and the
holes, respectively, and E }, is the two-dimensional exciton
binding energy. The exciton binding energies are calcu-
lated by a variational calculation using an anisotropic
wave function and taking into account the effect of image
charges. The details are described in Ref. 16.
Furthermore, we consider strain effects on the band
structure caused by the lattice mismatch. In our case,
the unstrained lattice constant of the In,_,Ga,As layers
is larger than that of the InP substrate, causing a
compressive strain. This strain leads to a symmetry
lowering from cubic to tetragonal, which induces a
band-gap shift and a change of the valence-band splitting.
In the case of biaxial strain parallel to the [010] and [001]
directions, the strain-induced band-gap change at the I'

point can be written to first order in the strain®* neglect-
ing the split-off band as
E,,=E,+AE+1/28E,, , (5)

with a “+ sign for heavy holes and a “— sign for light
holes,

AE=2aye (1—C,,/Cyy), (6)
8E ;= —2b,e,, (1+2C,/Cyy) , (7)

where ay is the hydrostatic deformation potential, b, is
the shear deformation potential, C; are the elastic
stiffnesses, and ¢,, is the strain in (001). The hydrostatic
stress component of the strain changes the energy gap by
AE, while the biaxial component shifts the heavy- and
light-hole levels in different directions depending on the
sign of the strain. For compressive strain (e,, <0), Eq.
(5) yields a larger heavy-hole—light-hole splitting as com-
pared to unstrained conditions. In our case this change
amounts to 4 meV.

The transitions with n =m are very prominent but
they are even less dependent on the band discontinuity
than the QW eigenenergies. For a variation of the band
discontinuity, the energy changes in the conduction- and
valence-band sublevels have the opposite signs. In a
strained layer system, the selection rule An =0 for opti-
cal transition is lifted and only the parity selection rule
remains.?® Mixing of the valence bands is induced.?¢
Depending on the amount of strain, the absorption spec-
trum is still dominated by n =m transitions but new tran-

sitions, for example, An =2(e,m =1;hh,n =3) become
allowed. This transition is observed in Fig. 2 at 1132
meV. The energy of this transition is very sensitive to the
change of the band discontinuity.

Now we have four experimental transition energies to
compare with our band-structure calculations. Only the
well width L, and the conduction-band discontinuity
AE /AE, remain as free parameters. The well width
determines substantially the absolute energy position
while the conduction-band discontinuity influences main-
ly the valence-band splitting. Therefore, both parameters
can be simultaneously and independently determined to
be AE./AE,=(72%4)% or AE =504%+28 meV and
L,=4.8+0.2 nm.

The Ing 5,Aly 43As/InP heterostructure exhibits a stag-
gered band lineup. The conduction- and the valence-
band edges of In;_,Al,As are shifted upward relative to
InP. The low-temperature PL spectrum of an
In,_,Al,As/InP heterostructure is shown in Fig. 3. In
addition to the near-band-gap emissions from
Ing 450Al; 51,As at 1.581 eV and InP at 1.423 eV a peak at
1.240 eV occurs. This emission is attributed to a spatially
indirect transition across the interface due to two-
dimensional confined electrons in InP recombining with
two-dimensional confined holes in In;_,Al As. 2128 The
shoulder at 1.271 eV is attributed to the transition be-
tween the n =m =2 sublevels of the confined carriers.
The potential wells for electrons and holes, respectively,
on the two sides of the interface are a consequence of the
staggered lineup band structure in the presence of band
bending caused by a transfer of electrons from the
In,_,Al,As layer, with a background doping level of
n =4.8X 10" cm 3 as determined by capacitance-voltage
measurements, to InP. Shubnikov—de Haas (SdH) mea-
surements directly demonstrate the presence of a two-
dimensional electron gas at the interface. The sheet elec-
tron density is determined to be 6X10'' cm ™2 at T =4
K. The inset of Fig. 3 depicts schematically the band
structure. To calculate the conduction-band discontinui-
ty from the band-gap energies of the In,_,Al, As and InP
layers and the indirect interface transition, it is necessary
to know the electron and hole confinement energies.
These energies are determined by a self-consistent calcu-
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FIG. 3. 7-K PL spectrum of an In,_,Al, As/InP heterostruc-
ture. The inset shows the transitions corresponding to the
peaks observed.
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lation solving the coupled Schrodinger and Poisson equa-
tions at the interface.?”> We determine the n =1 electron
energy E! to be 72 meV from the conduction-band
minimum and the n =1 hole energy E} to be 40 meV
from the valence-band maximum. For the second sublev-
els we get 102 and 49 meV, respectively. The energy sep-
aration between the n =1 and 2 sublevels is 39 meV in
good agreement with the observed energy separation of
31 meV. From the observed emission energy of the inter-
face transition, the calculated electron and hole eigenen-
ergies, and the band gap of the In,_,Al As layer derived
from the emission spectrum, the conduction-band discon-
tinuity of this sample is found to be 453%£8 meV or
AE. =2. 86AEg according to Eq. (8),

AE,=E,(In,_,Al,As)— E(interface) + E; + E; . (8)

For Ing 5,Al, 4sAs perfectly lattice matched to InP the
conduction-band discontinuity can be determined to be
AE. =2524+8 MeV  using the  proportionality
AE,=2.86AE, and the low-temperature band gap
E, (15 55Alp 45As)=1.511¢€V.

One of the most fundamental properties of linear
heterojunction models®® 3% is the transitivity. If the
conduction-band  discontinuity AE. (A4 —B) and
AE (B —C) are known, AE_(C — A4) can be calculated.
The resulting equation

AE,(A —B)+AE,.(B—C)—AE,(C— 4)=0 9

can be used to test our experimental results. Figure 4
shows the flatband energy band diagram for lattice-
|
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FIG. 4. The low-temperature flatband energy-band diagram
of lattice-matched In,_,Ga,As-In;_,Al,As-InP-In,_,Ga,As
with the corresponding conduction-band discontinuities and the
band-gap energies.

matched In, ,Ga,As-In; ,Al As-InP-In; _,Ga As.
Transitivity is satisfied when the band offsets are deter-
mined only by the bulk properties of the semiconductors.
Failure of transitivity suggests that specific inter-
face effects, such as interface dipole formation,
are significantly contributing to the observed band
offset.  Using our In;_,Ga,As/In;_,Al,As and
In,;_,Al,As/InP conduction-band discontinuities in con-
junction with AE /AE, =40%5% or AE,=245%+20 meV
for In, _,Ga, As/InP, a value hardly disputed in litera-
ture,>* 37 we get

AEC(Inl_yAlyAs/InPH-AEC(InP/InthGaXAs)—AEC(In1~xGaxAs/In1_yAlyAs)=(252i8) meV +(245+20) meV

Consequently, within the experimental uncertainty, the
band structures at the interfaces of the various samples
we have grown are transitive, in agreement with self-
congisstent tight-binding calculations of Foulon and Pries-
ter.

In conclusion, DXD and CAS measurements of
In, ,Ga,As/In;_,Al,As quantum wells are performed
to derive the conduction-band discontinuity. Experimen-
tal x-ray rocking curves are compared to theoretical ones.
This allows a determination of both the lattice mismatch
and the corresponding ternary compositions thus
providing the necessary input parameters for the
interpretation of the optical experiments. The excitonic
transition energies including the parity-allowed
An =2(e,m =1;hh,n =3) transition in the CAS spec-
trum are carefully compared to predictions of band-
structure calculations. The conduction-band discontinui-

—(504+28) meV
=—74+56 meV . (10)

ty AE, is determined by this analysis to be
AE, =(0.72+0.04)AE,. Photoluminescence spectra of
In,_,Al,As/InP heterostructures show a spatially in-
direct transition across the interface. The conduction-
band discontinuity is derived from a comparison of the
energy of this transition with self-consistent band-
structure  calculations based on results from
Shubnikov-de Haas oscillations for lattice-matched
Ing 5,Alj 43As to be AE, =252+8 meV. The experimen-
tally determined conduction-band discontinuities fulfill
the transitivity rule of the linear heterojunction models.
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