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Binding energy of the free exciton in indium arsenide
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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 methp80163-18207)03707-7

I. INTRODUCTION centers in the band g&pThis is consistent with the well-
known pinning of the electron Fermi level high in the con-
The narrow band gap of InA®.35 eV at 300 Kand its  duction band at the InAs/vacuum interfat@here surface
high electron mobility have drawn considerable interest forstates can be regarded as extreme cases of point defects
many technological applications including high-speed elecleéading to a native electron accumulation layer. Thus even
tronic devices, saturable absorbers for gain-switching infrathough defect densities may be high here, their adverse in-
red laser$, and infrared detectors and emittérinAs is a  fluence on excitonic transitions appears to be negligible.
constituent of many important quantum-well structures, for We identify free excitons whose binding energy is much
example, InAs/GaSb superlattices which exhibit important€ss than previously reported valuesand we show that this
crossed gap properties. It has also recently been demoRinding-energy value agrees with theoretical predictions in
strated that strained-layer superlattices composed of alterndfi€ zero-field and high magnetic-field limits proposed by
ing InAs and InAs_,Sh, layers can produce room- Baldereschl and Lipafiand Altarelli and Liparf, respec-
temperature long-wavelength 4—Lin infrared emitters:*  tively.
Compared with wider-band-gap IlI-V semiconductors,
few spectroscopic stud|gs of_ InAs_ exist. The.nature of the Il. EXPERIMENTAL DETAILS
states introduced by various impurity species is not well un-
derstood, and this complicates the extraction of exciton bind- The 5um-thick InAs epilayer was grown by molecular
ing energy values from photoluminescen&) data, since beam epitaxy(MBE) on a(100-oriented GaAs substratg.
the spectra are likely to be dominated by transitions involv-Following desorption of the oxide passivation layer on the
ing impurity states of unknown energies. Here we determinaubstrate, a 0.psm GaAs buffer layer was grown at a sub-
the exciton binding energy from magnetoabsorption datastrate temperature 6¢550 °C. The InAs epilayer was grown
These are effectively density-of-states measurements, andhder As-rich conditions with an As to In flux ratio of 2.4,
impurity-related transitions have a negligible influence. Thisand a growth rate of 0.54m h™!. These values were cali-
contrasts with PL measurements, which strongly emphasizerated by the reflection high-energy electron-diffraction os-
the lowest-energy statéasually impurity relatef] since the cillation technique. X-ray-diffraction measurements at room
thermalization time of electrons and holes to these states iemperature indicate that the InAs layer is strain relaxed to
much shorter than the recombination time of higher-energyetter than 3 in 10 On the basis of the known thermal-
band-to-band transitions. expansion coefficients of InAs and GaAs, this would result
The high exciton density of states gives strong freedn a 4.2-K band-gap shift of at most 52V, entirely negli-
exciton absorption transitions in InAs, provided the back-gible for our purposes. This is corroborated by the absence of
ground carrier concentration is low enough to preventstrain-split transitions for the InAs epilayers over all the field
electron-hole screening of the exciton state. The sample studtrengths studied. Moreover, electron and hole masses of
ied here was grown on GaAs which is transparent over th€.023n, and 0.4n,, respectively, have been extracted from
required wavelength range, but leads to high defect densitiethis epilayer, which are close to the literature valtieshese
(estimated to be-1x10° cm ) (Ref. 5 due to the large experimental mass values were obtained by fitting the
(7%) InAs/GaAs lattice mismatch. In most 1lI-V semicon- Pidgeon-Brown modédwithout strair) to high Landau levels
ductors this defect density would suppress free-exciton tranwhere the magnetoexciton perturbation is extremely small
sitions by generating localized charged defect states whichompared to the large cyclotron energiéghe masses were
give rise to random Coulomb fields, effectively field ionizing derived from accurate fits to over 10 different Landau levels.
the excitons and giving a featureless “Urbach tail” in the We are thus confident that the InAs epilayer of this study is
absorption spectrum. InAs, however, appears to be uniquentirely strain relaxed.
among the 1ll-V’s in that pointlike defects form energy states A simpleminded interpretation of the Hall data from this
in the conduction band as opposed to Shockley-Read defesample would suggest an overall Hall mobility of 81 000
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cn?V~1s 1 at 77 K19 but the pinning of the Fermi energy
by surface states=300 meV above the conduction-band
edg&'® is known to produce a low-mobility(~10*
cn? Vs 1) two-dimensional electron ga@DEG) at the
surface. Including this 2DEG in a two-carrier fit to the Hall
data yields a bulk 77-K mobility of 200 000 éi *s ! and

a bulk carrier concentration of210** cm 3,

This was corroborated by far-infrared magnetophotocon-
ductivity measurements, which showed a broad cyclotron-
resonanc€CR) line associated with the 2DEG which had the
expected 1/casresonance energy dependence as the sample
was tilted at angled to the magnetic field® On top of this
was an extremely sharp cyclotron-resonance lnith a
width comparable to high-quality GaAs epilayethat did
not shift with 6. Fitting its linewidth and absorption coeffi-
cient gave independent estimates of the 4.2-K bulk carrier
concentration and mobility o£5x 10 cm™2 and>300 000
cm?V1s7L respectively. .

Impurity-shifted cyclotron-resonan¢€R) lines were also -
seen, indicating the presence of shallow donors with a bind-
ing energy of~1 meV. These small impurity binding ener- .
gies resulted in incomplete freeze-out, leaving the small re- i
sidual carrier concentration even at 4.2(WhenkT=0.36 vf‘\

units)

Transmission (arb.

aT

eV) which allowed the observation of CR and ICR lines. The

77-K Hall mobilities and magnetoresistance of this sample S B S e
(measured without illuminationvere similar to a number of 0.405 0.41 0415 042 0.425 043  0.435
samples grown in the same MBE machine, all of which had Transition energy (meV)

bulk carrier concentration$*of the order of X10* cm™3,

It is difficult to identify the particular impurity species re-
sponsible for the small carrier concentration. A splitting of

the (1s-2p_) ICR line due to differences in central cell cor-
rections for two different impurity species does show thatfor the observation of free excitons. The lower-energy

more Fhan one type of donor is pr-es.ent, but it has yet to bBound-exciton transitions that appear in the PL spectrum of
identified with certainty whether this is due to carbon and/or,

. . AU MNhis samplé® are absent in the absorption spedffig. 1). In
the contaminants present in the MBE source materials like4qiion picosecond pump-probe measurements of the re-

sulfur or selenium. In any case the experimental evlder‘C‘ca:ombination dynamic§ show that dislocations in the bulk of

clearly shows that we have one of the purest InAs sampleﬁ]e layer have negligible effect on carrier recombination.

ever reported, and the fact that ICR lines can be observed On account of these and the considerations of Sec. | we
indicates that the Fermi energy is well below the CondUCtlon'Conclude that this absorption feature cannot be defect related.

bar_;_?] edge. | ted togeth ith dmi All the evidence is consistent with it being a free-exciton
€ sample was mounted together with a cadmium rnerétbsorption feature, and we model its magnetic-field depen-
cury telluride detecto(sensitive out to 14um) in a steel

. ¢ filled with He heat h The | A dence on this basis.
|n|serd red wi ed eta_1 excl angethgas. ne INSert was - preyious magneto-PL studies of InAs have been described
placed in a superconducting solengiith a maximum mag- in terms of electron—heavy-hole excitonic transitions, but

netic field strer)gth Of.5 Ywithin a quuid—He De.Waf- The without the effects of spin splitting of the conduction- and
sample was oriented in the Faraday configuration, and WaS,lence-band stafey being taken into account. In our

m(_)unted strain free. Tran_smlss_lon spectra were obtalnec_i b;§(resent study, the exciton absorption peak broadens with in-
using modulated unpolarized light from a Bomem Fourie

T f hich di d via highl Ircreasing field, suggesting that it could be composed of
Transiorm spectrometer which was directed via highly po "heavy-hole exciton states which are degenerate at zero field
ished light pipes to the sample.

but spin-split by the magnetic field. Previous studies have
revealed higher Landau transitions as a consequence of
higher magnetic fields usg@ T); the purpose of the present
magnetoabsorption study is partly to show the unique low
The 4.2-K magnetoabsorption spectra are shown in Fig. ffield shift of excitons in InAs(Fig. 2) compared to linear

There is a clear absorption featui@entered at 418.2 mgV shifts of free carrier transitions. Figure 1 does show a 431-
even at zero field. We note that the previous observation afeV light-hole transition 84 T which corresponds well to
several ICR lines in this epilayer with similar absorption previous higher field observations, but this transition is very
strengths to the CR lif&indicates that the Fermi energy is weak at lower fields, and the spectra are dominated by
well below the conduction-band edge at 4.2 K over the fieldheavy-hole exciton transitions. Figure 2 shows the magnetic
range of interest, and that the impurity concentration is beshift of the exciton together with the theoretical energy shifts
low the metal-insulator transition concentration as requiredcalculated as described belpwf the allowed heavy-hole

FIG. 1. Magnetoabsorption spectra of aubt InAs epilayer on
GaAs at various fields in the range 1-5 T.

Ill. RESULTS AND DISCUSSION
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436 TABLE |. Band parameters for InNA&Refs. 19 and 20
434 11=19.67
y,= 8.37
y5= 9.29
432 g= 14.7
k= 7.68
_ 40 q= 0.04
2 mj = 0.023n,
£ 428 = 15.15
& A= 0.38 eV
-]
£ 426
S
G 424 Hex=HstHqg, @
©
=

422 whereHg represents the interaction between the electron and

the isotropic part of the hole and, represents the anisot-
ropy in the valence band derived from the Luttinger-Kohn
Hamiltonian?® Their explicit expressions for a crystal with a
diamond structure have been derived by Baldereschi and
Lipari.’

H, is a 6<6 diagonal matrix. Four of the terms are

420

418

416 N 1 " i 2 Il " Il N Il

p2 eZ
B(T) P= Y E— 2

FIG. 2. ¢: Experimental magnetoabsorption peak positions.
Solid lines: theoretical curves for the various heavy-hole towith
conduction-band transitionga) hh|-e| band to band(b) hh1-e
band to band(c) hh|-e| magnetoexciton(d) hh-e magnetoexciton
transition with no spin splitting(e) hh7-eT magnetoexciton. i _ i + 71 A3)
m: mg’
transitions from the degenerate valence band to spin-up and
spin-down conduction-band states. wherem, is the electron effective mass angl is the usual

At low field B<1 T, where the cyclotron energy is much Luttinger parametefgiven in Table ). P represents the Cou-
less than the InAs band gap, and the parabolic approximatiolomb interaction between the electron and the isotropic part
holds, the Landau levels and hence the band-to-band transif the heavy- and light-hole bands with two different spin
tion energies shift linearly with field. The lack of shift in the orientations. The remaining two termskt, are the same as
experimental datdFig. 1) is characteristic of an excitonic in Eqg. (2), but with the addition of the spin-split-off energy
transitiot®*?in the low-field regime, i.e., where the cyclo- term. H, is much larger thaH, since the latter does not
tron energy is less than the binding energy of the free excitoontain the electron effective mass in the denominator of the
(the excitonic Rydberg the exciton Hamiltonian closely re- momentum matrix elements like E(R).
sembling that of a hydrogen atom in a magnetic field. Zee- P represents the hydrogenic Hamiltonian with a reduced
man splitting causes a fanning out of opposing spin statesffective massu, and dielectric constanf,e,, andH, can be
below and above the zero-field degenerate level. At highesolved exactly to give the familiar hydrogeniclike eigenval-
fields a quadratic diamagnetic shift is observed, due to thees and eigenfunctions. The eigenstatesdgfconsist of a
induced magnetic moment of the exciton interacting with thefourfold-degenerate series and a twofold-degenerate state se-
magnetic field. The sum of the diamagnetic and Zeeman shifiies separated by the spin-orbit splittiAgboth series having
terms is, however, rather less than the shifts of the freethe same effective Rydberg,
carrier Landau levels. In the following analysis we interpret
the data for both the zero- and high-field cases, and show 4
that they give mutually compatible values for the exciton Ro= Mo (4)
binding energy. O 2(4mege,)

which evaluates to 0.9387 meV for InAs using the band pa-
rameters of Table 1%

The zero-field exciton binding energy in a semiconductor The exact eigenstates ¢ can be used to solve the
with an anisotropic valence band can be derived from persmaller contributiorH in Eq. (1) by second-order perturba-
turbation theory using hydrogenic wave functions. The excition theory. The % ground-state exciton perturbation to the
ton Hamiltonian can be expressed as effective Rydberg of Eq(4) is given by

A. Zero-field exciton binding energy
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4 “o 2 “o 21/ = IRk wherey is the reduced mass of the electron and hole and the
AE4(1s)=—— (8| —| +|— other symbols have their usual meaning. Ferekcitons the
5 M1 %) (=3 1—1/n? orbital angular momentum is zero and the second term on the
2 o 2 left-hand sidgLHS) of Eq. (9) is therefore zero. In the high-
+ fw 1wl dk+ _ |1 field limit, Eq. (9) corresponds to the Hamiltonian for free-
0 1+k? =3 A+1—1/n? carrier Landau levels where the last term on the LHS can be
treated as a perturbation due to the magnetoexcitonic binding
= |12 energy. This is valid as long as the cyclotron energy is much
fo At 1+K2 ' ) larger than the free exciton binding energy, i.e.,
4mrege,)’h°B
- b y= %»1. (10
Ih= fo Rpo(r)(r+r9)e "dr, (6) poe

In this high-field regime, Eq9) becomes separable in cylin-
whereR,, are normalized hydrogenic radial functions, anddrical coordinates, with one equation representing the rapid
k? is the energy for continuum states, and u, are masses Ccyclotron motion perpendicular to the magnetic figihich
related to the Luttinger parameters, as defined by Baldersciias eigenstates corresponding to Landau lgvelsd a
and |_|par|7 The integra|s in Eq(S) represent the summation Hamiltonian inz representing the exciton motion pal’allel to
over continuum states. The spin_sp"t_off band energy |nthe f|9|d23 In the adiabatic method of Elliot and Louda?],
InAs is ~400 times larger than the effective Rydberg, so themagnetoexciton binding-energy eigenvalues are obtained by
last two terms in Eq(5) which represent the contributions to averaging the exciton potential alozgpver the wave func-
the perturbation from the spin-split band are negligible.  tions for the cyclotrorx-y motion?*2°

Since InAs has a zinc-blende structure, there is in prin_ Later calculations by Altarelli and Lipa?riextended the
ciple an additional contribution to the Hamiltonian for a dia- @diabatic scheme to include the degeneracy and anisotropy
mond lattice, Eq(1), of the valence band. Excellent agreement between Altarelli

and Lipari’s’ and Weiler'€® theory, and experimental mag-

o) 2 netoabsorption spectra of In8bwas found. The high-field
AEy(1s)=—7 (M_) , (7) myazlegnetoexciton binding energy can be described accurately
3
b
where y 8
L e N Eg(n)=1.6R il (12)
0 o
= — , 8 . . . . . f
M3=5 Amre, egh? \/H (8 wheren is the conduction-band Landau-level indé&is the

zero-field exciton binding energy, angis defined by Eq.

but, for InAs, i is extremely large and the effect of E) (10). Using this simple analytical expression in the case of
(~10"Y7 effective Rydbergsis quite negligible. InSbh gives excellent agreement between the theoretical en-

Using Luttinger parameters which fit very well with mag- €9Y of the magnetoexcito_n transitipdeduced by subtract-
netoabsorption data for InA2 we calculate the zero-field "9 EQ.(11) from the predicted band-to-band free Landau-
exciton binding energy from Eq$l), (4), and(5) to be 1.0 level transition energids and published magneto-PL
meV. This value is roughly half of previously published measuremerj@. . .
theoretical estimatég®based on early materials parameters. A theoretical description of the band-to-band transitions
For example, the older exciton binding-energy value of 1.8°€tween the free-carrier Landau levels in the absence of the
meV (Ref. 7) was based on a dielectric constant of 11.8,EXCitonic interaction was derivéd by modifying the
whereas our present calculation is based on the more recehttinger-Kohn Hamiltoniaff and treating the conduction
value of 15.1512L The older exciton binding-energy value band together with the deggnerate valence band, and adding
has recently been used successfully to interpret magnetophBl€ magnetic vector potential to the momentum operator to
toluminescence data of an InAs epilayéalthough, as dis- 9ive an 88 effective mass matrix. The resulting envelope

cussed below, this analysis alone is not a particularly sensfunctions are simple harmonic. For the Faraday configura-
tive measure of the free-exciton binding energy. tion, transition selection rules dictate that absorption transi-

tions fall into two sets: the &” set being spin-up valence

band to spin-up conduction band states of Landau imdex

or n—1; and the correspondingb™ set linking spin-down
In the parabolic-band approximation the effective-massstates, i.e.,

Hamiltonian in spherical coordinates for an exciton in a mag-

B. Shift of magnetoexciton at high magnetic field

netic field reads a(na‘(n+1), a(na‘(n—1),
(12
hZ ) et [ 1 e2 ) b(n)bc(n+ 1), b(n)bC(n—l).
2w 2 {mg my Brxv+ 8u (BXr) The zero-field band gap can be determined by extrapolating

the numerous Landau transitions to the single zero-field en-
U.(r)=E,U.(r) 9 ergy in the normal Fan diagrat,and this model has re-
n nEme e cently been used to successfully fit to the magneto-

2

4mege,r
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absorption data for a set of MBE Inps,Sh, samples to energy value, since it is this binding energy that is used to
extract the alloy dependence of the various bandletermine the zero-field band gap from the experimental ab-
parameter$? For narrow-gap materials, where the exciton sorption peak. This band-gap value is then used to calculate
binding energy is small, this Pidgeon-Brown model gives athe Landau-level energies and hence the magnetoexciton
good description of the Landau-level shifts with field, par-transitions at high field through E¢l1).

ticularly for the higher Landau levels where the excitonic The observed broadening of the absorption pdag. 1)
perturbation decreases like E@.1). The full 8x8 matrix  at high magnetic field is consistent with the calculated sepa-
Hamiltonian calculatiorfS are lengthy, but, in the limit ration of the two spin split states. The slope in the experi-
where Ey is much greater than the cyclotron energy, themental points can be approximated by

conduction-band shift can be well approximated®y

Eo heAB 1
E[a%(n)|=Eq+(n+ Hiwet t0,ueB, (13 BT 0
Applying this to the high-field portion of Fig. 1 yieldg*,
E[b%(n)]=Eg4+(n+ ).~ 39cusB, (14 the exciton reduced mass as 0.0%5 rather less than the

value of 0.03in, seen in magneto-PL measureméhiis.the
erivation of this latter value an infinite hole mass was ini-
ially assumed, but a later parabolic-band anafjseon-
cluded that the field shifts were still much less than would be
—%eB expected theoretically, i.e., that this electron mass value was
E[a(n)]=———[(N+3)y;— yo+ 3+ (3+f)q] anomalously high. The discrepancy was later treated by the
Mo inclusion of conduction-band nonparabolicityalthough the
free-floating nonparabolicity parameter resulting from the fit
was roughly twice the literature values obtained from

where w; is the cyclotron energyg. the electrong factor,
and ug the Bohr magneton. In the valence bands, the shift
of the spin-up and spin-down heavy-hole energie®are

+[(y1—(n+3)y1—k—3(3 - )Q)?

+3n(n+1)y3]"2 (15) cyclotron-resonanc¢é measurements.
The inclusion of spin-splitting effects, however, can re-
—%eB solve this remaining discrepancy since, as discussed in Sec.
E[b(n)]= o [(N+ )y +v,—3k+(3+F)q] lll, PL spectra are likely to be dominated by only the lowest
0 allowed transitions, in this case the spin-up electron to
INa, 1.9 2 heavy-hole exciton transition of Fig.(2urvee). We find, for
Lot nt2)y= k=2 -1)0) example, that differentiating Eq&lL3) and(15) and applying
+3n(n+1) yg]UZ, (16) (17) yields an apparent reduced mass of &ng¥or this tran-

sition, in good agreement with the 0.081 observed in Ref.

where the parametersy, v,, v3, q (see Table), andf are g
those originally defined by Luttinger and KoAhThe mag- It should also be remembered that impurity states are
netic shifts described by Eqfl3), (14), (15), and(16) agree |ikely to influence the excitonic recombination features ob-
very well with the predictions of the full Pidgeon-Brown served in PL measurements. PL lines initially assigned as
model calculations. We compare for example, the predictiongree-exciton transitions in InAE for example, have been
for thea™ (2)a.(1) transition(the second spin-up heavy hole recently reassigned as donor bound-exciton transifibfike
to second spin-up electron Landau lgvethich is much  pinding of excitons to impurities will cause an increase in the
higher in energy than the exciton transition of this presengpparent reduced effective mass extracted from the PL data
study, and where nonparabolicity effects are expected to bgsing Eq.(17), since impurity states have similar hydrogenic
more pronounced. At a field strengthf @ T for the gjgenstates to an exciton and hence also have lower field
a(2)ac(1) transition in InAs, we find only a 1.5-meV dis- shifts than band-to-band transitions. This, together with the
crepancy between the full Pidgeon-Brown matrix calculationneglect of spin splitting of conduction- and valence-band
and the calculation based on the simpler expressions of Edstates, may lead to an overestimate of the free-exciton bind-
(13) and(15). We also find that Eq13)—(16) give an ex-  ing energy if expressiofll) is applied to experimental PL
cellent fit to published magneto-PL speéfraf InSh, where  gata.
nonparabolicity effects are even greater than in InAs over the The quality of InAs epilayers has now reached the stage
field strengths investigated in this study. where PL of donor and acceptor bound excitons can be

The two lowest allowed heavy hole to conduction bandgpserved®3* as well as impurity-shifted  cyclotron-
transitions are plotted in Fig. @urvesa andb). These free- resonance line¥:**Clearer identification of these impurities
carrier Landau-level transitions extrapolate to a zero-fieldyould facilitate an understanding between the free- and
band-gap energy determined by the addition of the 1.0-meVyound-exciton binding energies in InAs, but the unknown
zero-field exciton binding energy to the experimentally meaxentral cell chemical shifts of these impurities have a crucial

sured zero-field exciton peak position of Fig. 1. Cud/& influence on the binding energy, and make such an analysis
Fig. 2 is the predicted s heavy-hole exciton transition using (ifficult at present.

Eqg. (11), assuming no spin splitting of the electron and
valence-band states: it represents the average of the Zeeman
spin-split curvesx ande, and lies very close to our experi-
mentally measured exciton peak position. This is a further A value of 1.0 meV for the exciton binding energy of
verification of the validity of our zero-field exciton binding InAs is reported. This value is consistent with the observed

V. CONCLUSIONS
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energy shift of the exciton at high magnetic field. even at low field in spite of large defect densities, further
From the predicted value of the zero-field exciton bindingsupports the thesis that InAs is unique among IlI-V semicon-
energy, the Landau transitions extrapolate to a zero-fieldluctors in that point defects are resonant with the conduction
value of 419.2 meV, in close agreement with previously re-band®® and have little effect on optical transitions.
ported band-gap values of 420 meV in high-purity InAs
epilayers® The carrier densities in our samples are very low,
certainly below 510 cm™3, and hence the influence of
impurities in our spectra are negligible. The close fit between We would like to thank lan Ferguson for the growth of
the experimental data and predicted free-exciton transition ahe sample, and Linda Hart for x-ray-diffraction measure-
high field also corroborates our value for the exciton bindingments and for valuable discussions of the InAs crystal struc-
energy. The clear observation of the free-exciton absorptioture.
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