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Infrared absorption and photocurrent measurements have been applied to study the
photoresponse below the band gap of indium gallium arsenide (IngsyGag4,As) grown lattice
matched to Fe-doped semi-insulating indium phosphide (InP) substrates by various epitaxial
growth techniques, including molecular beam epitaxy, liquid phase epitaxy, and metalorganic
chemical vapor deposition. It is found that Fe at the InGaAs/InP interface is responsible for
exciton-like and polarization sensitive absorption peaks. Both electron and hole emission into
the conduction and valence bands, respectively, were observed, and a deep Fe level was identified
0.37 eV below the conduction band edge of bulk Fe:InGaAs. Lowering of the local crystal
symmetry due to the interface electric field is proposed to be the mechanism that describes the
dipole-allowed interband absorption of 3d transition metal impurities in narrow band gap I1I-V
compounds like the Fe’*:InGaAs used in this study. The ambiguity in distinguishing InGaAs
quantum well intersubband absorption signals from the Fe interband absorption signals is also

addressed.

I. INTRODUCTION

There has been a considerable effort during the past
decade to study defects and deep levels at heterojunctions
between III-V compound semiconductors.”? Developing
good control of these interface deep levels will govern the
ultimate device performance, as well as lead to a thorough
understanding of fundamental device physics. Two well
known illustrations of the importance of study of deep
levels are the observations of EL2 and of DX centers in the
GaAs/AlGaAs material system. Though a unified model
that can satisfactorily explain all of the experimental data
is still lacking, it is none the less agreed that it is nonstoi-
chiometric growth (e.g., Asg,), dopant impurities (e.g.,
Sig,), and their associated complexes that give rise to the
deep levels in the GaAs/AlGaAs system.’

InGaAs lattice matched to InP is another technologi-
cally important material system that has great potential in
high speed electronic and optoelectronic device applica-
tions. Although many novel device structures have been
proposed and great progress has been reported, there are
still unresolved issues in this system. In particular, detailed
analyses®™® of secondary ion mass spectroscopy (SIMS),
optical deep level transient spectroscopy (DLTS), and
capacitance-voltage (C-V) measurements indicate the ex-
istence of deep, localized states at the interface between
InGaAs epilayers and Fe:InP substrates and it has been
speculated that these states are due to Fe related defects.

The understanding of 3d transition metal impurities in
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the wide band gap II-VI and III-V binary compounds’® js
now well established. The observation of strong finger-type
interatomic absorption and photoluminescence (PL) at
low temperature between the crystal field splitting multip-
lets (°E, doubly degenerate and STZ, triply degenerate) is
thought to be evidence that transition metal impurities re-
side in substitutional sites with 7, symmetry. A typical
value of the crystal field splitting energy is 3000 cm™!
(0.37 eV) for Fe in the wide band gap I1I-V compounds,’
the associated first order spin-orbital splitting within the
3T, excited state multiplets is 300 cm ™!, and the second
order spin-orbital splitting within the °E ground state mul-
tiplets is only 50 cm™'. As a more specific example, for
Fe in InP it is now well accepted that the *E Fe?+ ground
state is 0.63 eV below the InP conduction band edge, the
ST, Fe?* excited state is 0.35 eV higher than the °E ground
state, and the Fe’* A, state is 0.71 eV below the °E ground
state and is nearly pinned to the InP valence band edge at
room temperature.® These levels are illustrated schemat-
ically on the left-hand side of Fig. 1.

Recently, Dansas ez al.} investigated a molecular beam
epitaxially (MBE) grown n-Ing 53Gag 4,As/Fe-doped semi-
insulating (SI)InP interface and concluded that the Fe
impurities are localized at the interface as electron-like
traps with an activation energy of 0.32 eV. Kidoguchi et al.
* also reported the SIMS and DLTS observation of deep
levels associated with the segregation of Fe impurities at
the interface of liquid phase epitaxially (LPE) grown
InGaAsP/Fe:InP junction-field effect transistors (JFETs).
The interfacial Fe concentration was found to be three
orders of magnitude larger than that contained in the
Fe:InP substrate (10! cm™2). Loualiche et al.® also stud-
ied MBE grown Si-doped and undoped Ing s;Gag 4,As ep-
ilayers on both Fe-doped SI InP and S-doped n*-InP sub-
strates. A 0.33 eV deep level found at the surface and the
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FIG. 1. Fe crystal field splitting states in bulk InP under 7, symmetry (left), and Fe states at the InGaAs/InP interface (right), where the symmetry
is reduced to D, due to the interface electric field. P, and P, are the momentum matrix elements used in tight binding calculations.

interface was suggested to be oxygen related. On the other
hand, from spectroscopic measurements, Guillot ez al.® re-
ported a much weaker PL intensity at 0.34 eV in their
study of LPE grown Fe-doped InGaAs/n*-InP and sug-
gested that the °T, Fe?™ excited state was nearly in reso-
nance with the InGaAs conduction band edge.
In spite of the work mentioned above, it remains true
that no directly measured infrared (IR) absorption be-
— tween the crystal field splitting multiplets of Fe in InGaAs
has been reported. There is indeed a great need to under-
stand the optical response below the band gap of InGaAs,
especially because of the current interest in novel long
wavelength intersubband infrared absorption’ (LWIR)
quantum well detectors based on the InGaAs/Fe:InP sys-
tem. The purpose of the present work serves (i) to clarify
the optical ionization energy of the deep level at the
InGaAs/Fe:InP interface and to identify its origin, (ii) to
propose a model that consistently explains the polarization
sensitive absorption for transition metal impurities at the
heterojunction of narrow band gap materials such as the
InGaAs:Fe considered in the present study, and (iii) to
demonstrate the ambiguity that can arise in identifying and
distinguishing the quantum well intersubband absorption
signals and the interface Fe interband signals in the
InGaAs/Fe:InP material system.

We report here what we believe is the first direct ob--

servation of exciton-like infrared absorption due to elec-
tron and hole transitions from the Fe?* 3d deep level to the
conduction and valence band edges in InGaAs. The deep
Fe levels are present because of the movement of Fe into
the InGaAs epilayer from the Fe:InP substrate. The polar-
ization sensitivity of the absorption was found to be
strongly dependent on the interface electric field and hence
was a function of dopant concentration. Large Stark shifts
between TE and TM absorption peaks were also observed.
7 Rehybridization of sp orbitals (4,, B; B, and E) of d band
states (°E and ° T,) due to the lowering of local crystal
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symmetry in the presence of an interface electric field from
T, to D,, will be presented to explain these experimental
results.

Il. MEASUREMENTS

The samples used in this study are listed in Table I and
they include MBE grown doped InGaAs/Fe:InP, with dif-
ferent doping concentrations and epilayer thickness, LPE
grown Fe:InGaAs/Fe:InP, and metalorganic chemical va-
por deposition (MOCVD) grown undoped InGaAs/
undoped InP/Fe:InP. A test set of samples of doped and
undoped InAs/InGaAs/AlAs single quantum well
(SQW) heterostructures on Fe:InP were also included to
facilitate the identification of LWIR signals and interface
Fe interband absorption signals. The InGaAs epilayers
used for this study were of high crystalline quality; typi-
cally the lattice mismatch was less than 5X 10™* and the
full width at half maximum (FWHM) of (400) double-
crystal x-ray diffraction epilayer peaks was less than 28
arc s. Room temperature photoluminescence (PL) mea-
surements indicated the InGaAs band gap to be about 0.74

TABLE 1. InGaAs/Fe:InP samples.

Sample Fe interband transitions

A MBE grown, n* (10" cm~?)
B MBE grown, undoped

electron-like at interface
electron- and hole-like
at interface
electron- and hole-like at
interface, bulk, and surface
electron- and hole-like
at interface
electron-like at interface
QW intersubband transition

C LPE grown, Fe doped
D MOCVD grown, undoped

E MBE grown, doped
InAs/InGaAs/AlAs/InGaAs SQW
F MBE grown, undoped

InAs/InGaAs/AlAs/InGaAs SQW electron-like at interface
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