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Binding energy of the free exciton in indium arsenide
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~Received 26 April 1996!

We report the 0–5 T magnetoabsorption spectra of high-quality InAs epilayers grown by molecular-beam
epitaxy on GaAs. Excitonic absorption is observed at all fields, and, from the absolute energy of the magne-
toexciton absorption peak, the zero-field exciton binding energy is found to be in excellent agreement with the
theoretical prediction of 1.0 meV from calculations which take into account the anisotropy, degeneracy, and
spin splitting of the InAs band structure. The energy shift of the magnetoexciton at high fields is found to agree
with predicted shifts using the adiabatic method.@S0163-1829~97!03707-7#
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I. INTRODUCTION

The narrow band gap of InAs~0.35 eV at 300 K! and its
high electron mobility have drawn considerable interest
many technological applications including high-speed el
tronic devices, saturable absorbers for gain-switching in
red lasers,1 and infrared detectors and emitters.2 InAs is a
constituent of many important quantum-well structures,
example, InAs/GaSb superlattices which exhibit import
crossed gap properties. It has also recently been dem
strated that strained-layer superlattices composed of alte
ing InAs and InAs12xSbx layers can produce room
temperature long-wavelength 4–11mm infrared emitters.3,4

Compared with wider-band-gap III-V semiconducto
few spectroscopic studies of InAs exist. The nature of
states introduced by various impurity species is not well
derstood, and this complicates the extraction of exciton bi
ing energy values from photoluminescence~PL! data, since
the spectra are likely to be dominated by transitions invo
ing impurity states of unknown energies. Here we determ
the exciton binding energy from magnetoabsorption da
These are effectively density-of-states measurements,
impurity-related transitions have a negligible influence. T
contrasts with PL measurements, which strongly empha
the lowest-energy states~usually impurity related!, since the
thermalization time of electrons and holes to these state
much shorter than the recombination time of higher-ene
band-to-band transitions.

The high exciton density of states gives strong fre
exciton absorption transitions in InAs, provided the bac
ground carrier concentration is low enough to prev
electron-hole screening of the exciton state. The sample s
ied here was grown on GaAs which is transparent over
required wavelength range, but leads to high defect dens
~estimated to be;13109 cm22! ~Ref. 5! due to the large
~7%! InAs/GaAs lattice mismatch. In most III-V semicon
ductors this defect density would suppress free-exciton t
sitions by generating localized charged defect states w
give rise to random Coulomb fields, effectively field ionizin
the excitons and giving a featureless ‘‘Urbach tail’’ in th
absorption spectrum. InAs, however, appears to be un
among the III-V’s in that pointlike defects form energy stat
in the conduction band as opposed to Shockley-Read de
550163-1829/97/55~7!/4376~6!/$10.00
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centers in the band gap6 This is consistent with the well-
known pinning of the electron Fermi level high in the co
duction band at the InAs/vacuum interface~where surface
states can be regarded as extreme cases of point def!
leading to a native electron accumulation layer. Thus e
though defect densities may be high here, their adverse
fluence on excitonic transitions appears to be negligible.

We identify free excitons whose binding energy is mu
less than previously reported values,7,8 and we show that this
binding-energy value agrees with theoretical predictions
the zero-field and high magnetic-field limits proposed
Baldereschi and Lipari7 and Altarelli and Lipari,9 respec-
tively.

II. EXPERIMENTAL DETAILS

The 5-mm-thick InAs epilayer was grown by molecula
beam epitaxy~MBE! on a ~100!-oriented GaAs substrate.10

Following desorption of the oxide passivation layer on t
substrate, a 0.5-mm GaAs buffer layer was grown at a sub
strate temperature of'550 °C. The InAs epilayer was grow
under As-rich conditions with an As to In flux ratio of 2.4
and a growth rate of 0.57mm h21. These values were cali
brated by the reflection high-energy electron-diffraction o
cillation technique. X-ray-diffraction measurements at roo
temperature indicate that the InAs layer is strain relaxed
better than 3 in 106. On the basis of the known therma
expansion coefficients of InAs and GaAs, this would res
in a 4.2-K band-gap shift of at most 50meV, entirely negli-
gible for our purposes. This is corroborated by the absenc
strain-split transitions for the InAs epilayers over all the fie
strengths studied. Moreover, electron and hole masse
0.023m0 and 0.4m0, respectively, have been extracted fro
this epilayer, which are close to the literature values.11 These
experimental mass values were obtained by fitting
Pidgeon-Brown model~without strain! to high Landau levels
where the magnetoexciton perturbation is extremely sm
compared to the large cyclotron energies.12 The masses were
derived from accurate fits to over 10 different Landau leve
We are thus confident that the InAs epilayer of this study
entirely strain relaxed.

A simpleminded interpretation of the Hall data from th
sample would suggest an overall Hall mobility of 81 00
4376 © 1997 The American Physical Society
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55 4377BINDING ENERGY OF THE FREE EXCITON IN . . .
cm2 V21 s21 at 77 K,10 but the pinning of the Fermi energ
by surface states'300 meV above the conduction-ban
edge6,13 is known to produce a low-mobility~;104

cm2 V21 s21! two-dimensional electron gas~2DEG! at the
surface. Including this 2DEG in a two-carrier fit to the Ha
data yields a bulk 77-K mobility of 200 000 cm2 V21 s21 and
a bulk carrier concentration of 231014 cm23.

This was corroborated by far-infrared magnetophotoc
ductivity measurements, which showed a broad cyclotr
resonance~CR! line associated with the 2DEG which had th
expected 1/cosu resonance energy dependence as the sam
was tilted at angleu to the magnetic field.10 On top of this
was an extremely sharp cyclotron-resonance line~with a
width comparable to high-quality GaAs epilayers! that did
not shift with u. Fitting its linewidth and absorption coeffi
cient gave independent estimates of the 4.2-K bulk car
concentration and mobility of,531014 cm23 and.300 000
cm2 V21 s21, respectively.

Impurity-shifted cyclotron-resonance~CR! lines were also
seen, indicating the presence of shallow donors with a b
ing energy of;1 meV. These small impurity binding ene
gies resulted in incomplete freeze-out, leaving the small
sidual carrier concentration even at 4.2 K~when kT50.36
eV! which allowed the observation of CR and ICR lines. T
77-K Hall mobilities and magnetoresistance of this sam
~measured without illumination! were similar to a number o
samples grown in the same MBE machine, all of which h
bulk carrier concentrations10,14of the order of 231014 cm23.
It is difficult to identify the particular impurity species re
sponsible for the small carrier concentration. A splitting
the (1s-2p2) ICR line due to differences in central cell co
rections for two different impurity species does show th
more than one type of donor is present, but it has yet to
identified with certainty whether this is due to carbon and
the contaminants present in the MBE source materials
sulfur or selenium. In any case the experimental evide
clearly shows that we have one of the purest InAs sam
ever reported, and the fact that ICR lines can be obser
indicates that the Fermi energy is well below the conducti
band edge.

The sample was mounted together with a cadmium m
cury telluride detector~sensitive out to 14mm! in a steel
insert filled with He heat exchange gas. The insert w
placed in a superconducting solenoid~with a maximum mag-
netic field strength of 5 T! within a liquid-He Dewar. The
sample was oriented in the Faraday configuration, and
mounted strain free. Transmission spectra were obtaine
using modulated unpolarized light from a Bomem Four
Transform spectrometer which was directed via highly p
ished light pipes to the sample.

III. RESULTS AND DISCUSSION

The 4.2-K magnetoabsorption spectra are shown in Fig
There is a clear absorption feature~centered at 418.2 meV!
even at zero field. We note that the previous observation
several ICR lines in this epilayer with similar absorptio
strengths to the CR line14 indicates that the Fermi energy
well below the conduction-band edge at 4.2 K over the fi
range of interest, and that the impurity concentration is
low the metal-insulator transition concentration as requi
-
-

le

r

d-

-

e

d

f

t
e
r
e
e
s
ed
-

r-

s

as
by
r
-

1.

of

d
-
d

for the observation of free excitons. The lower-ener
bound-exciton transitions that appear in the PL spectrum
this sample15 are absent in the absorption spectra~Fig. 1!. In
addition, picosecond pump-probe measurements of the
combination dynamics16 show that dislocations in the bulk o
the layer have negligible effect on carrier recombination.

On account of these and the considerations of Sec. I,
conclude that this absorption feature cannot be defect rela
All the evidence is consistent with it being a free-excit
absorption feature, and we model its magnetic-field dep
dence on this basis.

Previous magneto-PL studies of InAs have been descr
in terms of electron–heavy-hole excitonic transitions, b
without the effects of spin splitting of the conduction- an
valence-band states8,17 being taken into account. In ou
present study, the exciton absorption peak broadens with
creasing field, suggesting that it could be composed
heavy-hole exciton states which are degenerate at zero
but spin-split by the magnetic field. Previous studies ha
revealed higher Landau transitions as a consequenc
higher magnetic fields used~8 T!; the purpose of the presen
magnetoabsorption study is partly to show the unique l
field shift of excitons in InAs~Fig. 2! compared to linear
shifts of free carrier transitions. Figure 1 does show a 4
meV light-hole transition at 4 T which corresponds well to
previous higher field observations, but this transition is ve
weak at lower fields, and the spectra are dominated
heavy-hole exciton transitions. Figure 2 shows the magn
shift of the exciton together with the theoretical energy sh
~calculated as described below! of the allowed heavy-hole

FIG. 1. Magnetoabsorption spectra of a 5-mm InAs epilayer on
GaAs at various fields in the range 1–5 T.
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4378 55P. J. P. TANG, M. J. PULLIN, AND C. C. PHILLIPS
transitions from the degenerate valence band to spin-up
spin-down conduction-band states.

At low field B,1 T, where the cyclotron energy is muc
less than the InAs band gap, and the parabolic approxima
holds, the Landau levels and hence the band-to-band tra
tion energies shift linearly with field. The lack of shift in th
experimental data~Fig. 1! is characteristic of an excitoni
transition18,19 in the low-field regime, i.e., where the cyclo
tron energy is less than the binding energy of the free exc
~the excitonic Rydberg!, the exciton Hamiltonian closely re
sembling that of a hydrogen atom in a magnetic field. Z
man splitting causes a fanning out of opposing spin sta
below and above the zero-field degenerate level. At hig
fields a quadratic diamagnetic shift is observed, due to
induced magnetic moment of the exciton interacting with
magnetic field. The sum of the diamagnetic and Zeeman s
terms is, however, rather less than the shifts of the fr
carrier Landau levels. In the following analysis we interp
the data for both the zero- and high-field cases, and s
that they give mutually compatible values for the excit
binding energy.

A. Zero-field exciton binding energy

The zero-field exciton binding energy in a semiconduc
with an anisotropic valence band can be derived from p
turbation theory using hydrogenic wave functions. The ex
ton Hamiltonian can be expressed as7

FIG. 2. l: Experimental magnetoabsorption peak positio
Solid lines: theoretical curves for the various heavy-hole
conduction-band transitions.~a! hh↓-e↓ band to band.~b! hh↑-e↑
band to band.~c! hh↓-e↓ magnetoexciton.~d! hh-e magnetoexciton
transition with no spin splitting.~e! hh↑-e↑ magnetoexciton.
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Hex5Hs1Hd , ~1!

whereHs represents the interaction between the electron
the isotropic part of the hole andHd represents the anisot
ropy in the valence band derived from the Luttinger-Ko
Hamiltonian.20 Their explicit expressions for a crystal with
diamond structure have been derived by Baldereschi
Lipari.7

Hs is a 636 diagonal matrix. Four of the terms are

P5
p2

2m0
2

e2

4p«0« r r
, ~2!

with

1

m0
5

1

m«*
1

g1

m0
, ~3!

whereme is the electron effective mass andg1 is the usual
Luttinger parameter~given in Table I!. P represents the Cou
lomb interaction between the electron and the isotropic p
of the heavy- and light-hole bands with two different sp
orientations. The remaining two terms inHs are the same as
in Eq. ~2!, but with the addition of the spin-split-off energ
term.Hs is much larger thanHd , since the latter does no
contain the electron effective mass in the denominator of
momentum matrix elements like Eq.~2!.

P represents the hydrogenic Hamiltonian with a reduc
effective massm0 and dielectric constant«0«r , andHs can be
solved exactly to give the familiar hydrogeniclike eigenva
ues and eigenfunctions. The eigenstates ofHs consist of a
fourfold-degenerate series and a twofold-degenerate stat
ries separated by the spin-orbit splittingD, both series having
the same effective Rydberg,

R05
m0e

4

2~4p«0« r !
2\2 , ~4!

which evaluates to 0.9387 meV for InAs using the band
rameters of Table I.11,21

The exact eigenstates ofHs can be used to solve th
smaller contributionHd in Eq. ~1! by second-order perturba
tion theory. The 1s ground-state exciton perturbation to th
effective Rydberg of Eq.~4! is given by

.

TABLE I. Band parameters for InAs~Refs. 19 and 20!.

g1519.67
g25 8.37
g35 9.29
g5 14.7
k5 7.68
q5 0.04
me*5 0.023m0

«r5 15.15
D5 0.38 eV
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DEd~1s!52
4

5
F8S m0

m1
D 21S m0

m2
D 2G S (

n53

` uI nu2

121/n2

1E
0

` uI ku2

11k2
dk1 (

n53

` uI nu2

D̄1121/n2

1E
0

` uI ku2

D̄111k2
dkD , ~5!

I n5E
0

`

Rn2~r !~r1r 2!e2rdr, ~6!

whereRn2 are normalized hydrogenic radial functions, a
k2 is the energy for continuum states.m1 andm2 are masses
related to the Luttinger parameters, as defined by Balder
and Lipari.7 The integrals in Eq.~5! represent the summatio
over continuum states. The spin-split-off band energy
InAs is;400 times larger than the effective Rydberg, so
last two terms in Eq.~5! which represent the contributions t
the perturbation from the spin-split band are negligible.

Since InAs has a zinc-blende structure, there is in p
ciple an additional contribution to the Hamiltonian for a di
mond lattice, Eq.~1!,

DEp~1s!52
9

4 S m0

m3
D 2, ~7!

where

m35
1

2

m0e
2

4p« r«0\
2

m0

Ag3
22g2

2
, ~8!

but, for InAs,m3 is extremely large and the effect of Eq.~7!
~;10217 effective Rydbergs! is quite negligible.

Using Luttinger parameters which fit very well with ma
netoabsorption data for InAs,12 we calculate the zero-field
exciton binding energy from Eqs.~1!, ~4!, and~5! to be 1.0
meV. This value is roughly half of previously publishe
theoretical estimates7,22 based on early materials paramete
For example, the older exciton binding-energy value of
meV ~Ref. 7! was based on a dielectric constant of 11
whereas our present calculation is based on the more re
value of 15.15.11,21 The older exciton binding-energy valu
has recently been used successfully to interpret magneto
toluminescence data of an InAs epilayer,17 although, as dis-
cussed below, this analysis alone is not a particularly se
tive measure of the free-exciton binding energy.

B. Shift of magnetoexciton at high magnetic field

In the parabolic-band approximation the effective-ma
Hamiltonian in spherical coordinates for an exciton in a m
netic field reads

F2
\2

2m
¹22

ie\

2 S 1

me
2

1

mh
DBr3¹1

e2

8m
~B3r !2

2
e2

4p«0« r r
GUn~r !5EnUn~r !, ~9!
hi

n
e

-

.
8
,
ent

o-

i-

s
-

wherem is the reduced mass of the electron and hole and
other symbols have their usual meaning. For 1s excitons the
orbital angular momentum is zero and the second term on
left-hand side~LHS! of Eq. ~9! is therefore zero. In the high
field limit, Eq. ~9! corresponds to the Hamiltonian for free
carrier Landau levels where the last term on the LHS can
treated as a perturbation due to the magnetoexcitonic bin
energy. This is valid as long as the cyclotron energy is mu
larger than the free exciton binding energy, i.e.,

g5
~4p«0« r !

2\3B

m2e3
@1. ~10!

In this high-field regime, Eq.~9! becomes separable in cylin
drical coordinates, with one equation representing the ra
cyclotron motion perpendicular to the magnetic field~which
has eigenstates corresponding to Landau levels! and a
Hamiltonian inz representing the exciton motion parallel
the field.23 In the adiabatic method of Elliot and Loudon,23

magnetoexciton binding-energy eigenvalues are obtained
averaging the exciton potential alongz over the wave func-
tions for the cyclotronx-y motion.24,25

Later calculations by Altarelli and Lipari9 extended the
adiabatic scheme to include the degeneracy and anisot
of the valence band. Excellent agreement between Alta
and Lipari’s9 and Weiler’s26 theory, and experimental mag
netoabsorption spectra of InSb,27 was found. The high-field
magnetoexciton binding energy can be described accura
by26

EB~n!>1.6RF g

2n11G1/3, ~11!

wheren is the conduction-band Landau-level index,R is the
zero-field exciton binding energy, andg is defined by Eq.
~10!. Using this simple analytical expression in the case
InSb gives excellent agreement between the theoretical
ergy of the magnetoexciton transition@deduced by subtract
ing Eq. ~11! from the predicted band-to-band free Landa
level transition energies# and published magneto-P
measurements.28

A theoretical description of the band-to-band transitio
between the free-carrier Landau levels in the absence of
excitonic interaction was derived29 by modifying the
Luttinger-Kohn Hamiltonian20 and treating the conduction
band together with the degenerate valence band, and ad
the magnetic vector potential to the momentum operato
give an 838 effective mass matrix. The resulting envelo
functions are simple harmonic. For the Faraday configu
tion, transition selection rules dictate that absorption tran
tions fall into two sets: the ‘‘a’’ set being spin-up valence
band to spin-up conduction band states of Landau indexn11
or n21; and the corresponding ‘‘b’’ set linking spin-down
states, i.e.,

a~n!ac~n11!, a~n!ac~n21!,
~12!

b~n!bc~n11!, b~n!bc~n21!.

The zero-field band gap can be determined by extrapola
the numerous Landau transitions to the single zero-field
ergy in the normal Fan diagram,12 and this model has re
cently been used to successfully fit to the magne
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absorption data for a set of MBE InAs12xSbx samples to
extract the alloy dependence of the various ba
parameters.12 For narrow-gap materials, where the excit
binding energy is small, this Pidgeon-Brown model give
good description of the Landau-level shifts with field, pa
ticularly for the higher Landau levels where the exciton
perturbation decreases like Eq.~11!. The full 838 matrix
Hamiltonian calculations29 are lengthy, but, in the limit
where Eg is much greater than the cyclotron energy, t
conduction-band shift can be well approximated by26

E@ac~n!#>Eg1~n1 1
2 !\vc1

1
2gcmBB, ~13!

E@bc~n!#>Eg1~n1 1
2 !\vc2

1
2gcmBB, ~14!

wherevc is the cyclotron energy,gc the electrong factor,
andmB the Bohr magneton. In the valence bands, the sh
of the spin-up and spin-down heavy-hole energies are26

E@a~n!#>
2\eB

m0
@~n1 1

2 !g12g21
1
2k1~ 5

81 f !q#

1@„g12~n1 1
2 !g12k2 1

2 ~ 9
22 f !q…2

13n~n11!g3
2#1/2, ~15!

E@b~n!#>
2\eB

m0
@~n1 1

2 !g11g22
1
2k1~ 5

81 f !q#

1@„g11~n1 1
2 !g12k2 1

2 ~ 9
22 f !q…2

13n~n11!g3
2#1/2, ~16!

where the parameters,g1, g2, g3, q ~see Table I!, and f are
those originally defined by Luttinger and Kohn.20 The mag-
netic shifts described by Eqs.~13!, ~14!, ~15!, and~16! agree
very well with the predictions of the full Pidgeon-Brow
model calculations. We compare for example, the predicti
for thea2(2)ac(1) transition~the second spin-up heavy ho
to second spin-up electron Landau level! which is much
higher in energy than the exciton transition of this pres
study, and where nonparabolicity effects are expected to
more pronounced. At a field strength of 8 T for the
a(2)ac(1) transition in InAs, we find only a 1.5-meV dis
crepancy between the full Pidgeon-Brown matrix calculat
and the calculation based on the simpler expressions of
~13! and ~15!. We also find that Eqs.~13!–~16! give an ex-
cellent fit to published magneto-PL spectra28 of InSb, where
nonparabolicity effects are even greater than in InAs over
field strengths investigated in this study.

The two lowest allowed heavy hole to conduction ba
transitions are plotted in Fig. 2~curvesa andb!. These free-
carrier Landau-level transitions extrapolate to a zero-fi
band-gap energy determined by the addition of the 1.0-m
zero-field exciton binding energy to the experimentally m
sured zero-field exciton peak position of Fig. 1. Curved in
Fig. 2 is the predicted 1s heavy-hole exciton transition usin
Eq. ~11!, assuming no spin splitting of the electron a
valence-band states: it represents the average of the Ze
spin-split curvesc ande, and lies very close to our exper
mentally measured exciton peak position. This is a furt
verification of the validity of our zero-field exciton bindin
d
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energy value, since it is this binding energy that is used
determine the zero-field band gap from the experimental
sorption peak. This band-gap value is then used to calcu
the Landau-level energies and hence the magnetoexc
transitions at high field through Eq.~11!.

The observed broadening of the absorption peak~Fig. 1!
at high magnetic field is consistent with the calculated se
ration of the two spin split states. The slope in the expe
mental points can be approximated by

DE5
\eDB

2m*
. ~17!

Applying this to the high-field portion of Fig. 1 yieldsm* ,
the exciton reduced mass as 0.025m0, rather less than the
value of 0.031m0 seen in magneto-PL measurements.

8 In the
derivation of this latter value an infinite hole mass was i
tially assumed, but a later parabolic-band analysis30 con-
cluded that the field shifts were still much less than would
expected theoretically, i.e., that this electron mass value
anomalously high. The discrepancy was later treated by
inclusion of conduction-band nonparabolicity,31 although the
free-floating nonparabolicity parameter resulting from the
was roughly twice the literature values obtained fro
cyclotron-resonance32 measurements.

The inclusion of spin-splitting effects, however, can r
solve this remaining discrepancy since, as discussed in
III, PL spectra are likely to be dominated by only the lowe
allowed transitions, in this case the spin-up electron
heavy-hole exciton transition of Fig. 2~curvee!. We find, for
example, that differentiating Eqs.~13! and~15! and applying
~17! yields an apparent reduced mass of 0.03m0 for this tran-
sition, in good agreement with the 0.031m0 observed in Ref.
8.

It should also be remembered that impurity states
likely to influence the excitonic recombination features o
served in PL measurements. PL lines initially assigned
free-exciton transitions in InAs,33 for example, have been
recently reassigned as donor bound-exciton transitions.34 The
binding of excitons to impurities will cause an increase in t
apparent reduced effective mass extracted from the PL
using Eq.~17!, since impurity states have similar hydrogen
eigenstates to an exciton and hence also have lower
shifts than band-to-band transitions. This, together with
neglect of spin splitting of conduction- and valence-ba
states, may lead to an overestimate of the free-exciton b
ing energy if expression~11! is applied to experimental PL
data.

The quality of InAs epilayers has now reached the sta
where PL of donor and acceptor bound excitons can
observed,33,34 as well as impurity-shifted cyclotron
resonance lines.10,14Clearer identification of these impuritie
would facilitate an understanding between the free- a
bound-exciton binding energies in InAs, but the unknow
central cell chemical shifts of these impurities have a cruc
influence on the binding energy, and make such an anal
difficult at present.

V. CONCLUSIONS

A value of 1.0 meV for the exciton binding energy o
InAs is reported. This value is consistent with the observ
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energy shift of the exciton at high magnetic field.
From the predicted value of the zero-field exciton bindi

energy, the Landau transitions extrapolate to a zero-fi
value of 419.2 meV, in close agreement with previously
ported band-gap values of 420 meV in high-purity InA
epilayers.35 The carrier densities in our samples are very lo
certainly below 531014 cm23, and hence the influence o
impurities in our spectra are negligible. The close fit betwe
the experimental data and predicted free-exciton transitio
high field also corroborates our value for the exciton bind
energy. The clear observation of the free-exciton absorp
te
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even at low field in spite of large defect densities, furth
supports the thesis that InAs is unique among III-V semic
ductors in that point defects are resonant with the conduc
band,13 and have little effect on optical transitions.
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