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Resonant Magneto-optical Transitions from a Mid-Gap Level in n-InSb
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(Received. 26 November 1979)

The first magneto-optical transitions originating from a deep defect level in high-purity
n-Insb are observed in the CO2-laser-induced resonant photoconductivity at low magnetic
fields. Another series of resonant structures is associated with three-LO-phonon-assist-
ed spin-conserving cyclotron harmonic transitions.

The large number of magneto-optical experi-
ments on InSb have enhanced our understanding
of many of its properties electronic, lattice,
and impurity. In fact, InSb is one of the best-
characterized semiconducting materials. In this
paper we present some important results on the
nonequilibrium electron dynamics in n-InSb (n =9
x10" cm ') induced by a CO, laser, which pro-
vide new information on the magneto-optical prop-
erties of n-InSb, in spite of the large number of
previous experiments. These studies have been
carried out with a photoconductivity technique
which has proven capable of detecting weak mag-
neto-optical transitions at low magnetic fields.
In this low-field region, the Co, -laser-induced
magnetophotoconductivity exhibits resonant struc-
ture which depends upon the photon energy, the
laser intensity, the magnetic field, and the lattice
temperature. Two distinctly different series of
resonant structures are identified as arising
from (1) three-LO-phonon cyclotron resonant
harmonic (LOCRH) transitions and (2) defect
cyclotron resonance harmonic (DCRH) transitions
from a deeP defect level

Theoretical descriptions of these deep impurity
or defect levels are complicated but can have im-
portant technological consequences for both elec-
trical and optical devices. However, there have
been few attempts to study these levels with mag-
neto-optical techniques. For the first time, mag-
neto-optical transitions from a deep level in n-
InSb have been identified. This has been possible
because of the enhanced signal-to-noise ratio
provided by simultaneous use of both sampling
oscilloscope and lock-in amplifier techniques that
were previously developed by Kahlert and Seiler. '
A constant dc electrical current of 5 mA is ap-
plied to a sample of 0.2 x1-mm' cross section
while an ac magnetic field of 150 G modulates
the sample conductivity at a frequency of 43 Hz.
The photoconductive signal produced by the laser
pulse (-10 psec wide from a mechanically chopped
focused laser beam with a 3% duty cycle to elim-
inate lattice heating) is fed to a Tektronix model

7904/7S14 sampling oscilloscope. The output of
the 7S14 is then fed into a lock-in amplifier tuned
to 86 Hz which results in a lock-in detector re-
sponse proportional to the second derivative of
the photoconductive signal.

Figure 1 shows reproductions of the output of
the lock-in detector versus inverse magnetic
field for various relative peak incident laser
powers at 9.56 p,m. The laser power was atten-
uated with calibrated filters and an absorption
cell filled with propylene of variable pressures.
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FIG. l. Photoconductive spectra for different relative
peak incident CO~ laser powers &z. Note the gain set-
tings on the left. For P&=l, the peak incident power is
-1.4 W with a beam of 1.5-mm 1/ inteensity diameter.
The dashed vertical lines are drawn at the magnetic
field positions of a DCRH (high powers) and a LOCRH
gower powers) resonance as discussed in the text and

illustrate the fact that the magnetic field positions are
independent of laser power.
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FIG. 2. Schematic representation of the origin of
(a) LOCRH and (b) DCRH resonant photoconductive
structure as discussed in the text showing the Landau-
level variation with magnetic field, the density of states
vs energy p(e) and vs magnetic field p(B), and the opti-
cal transitions involved.

The top trace has a peak incident power of -1.4
W, while the lower traces were taken with suc-
cessively smaller values of I'~. The bottom
trace was recorded with the laser beam physical-
ly blocked. As I ~ is increased a series of weak
resonant resistivity minima develop. The photo-
conductive amplitude of this series saturates
with increasing laser power, most likely because
of depletion of electrons in the initial states.
With continued increasing laser power another
series of very sharply defined resonant resis-
tivity minima develop and at the higher laser
powers this structure clearly dominates the photo-
conductive spectra. Both sets of resonant struc-
tures are periodic in inverse magnetic field. The
envelope of the resonant structure depends upon
the ac field modulation technique.

The origin of the two series of resonant struc-
tures in the photoconductivity can be qualitatively
understood by a simple Landau-level and density-
of-states model schematically represented in
Fig. 2. For a fixed magnetic field, the electron-
ic density of states exhibits singularities at the
energy corresponding to the bottom of each Landau

level. Energy level broadening removes these
singularities such that the density of states varies
with energy in a manner as shown in Fig. 2(a).

At low powers the resonant structure observed
is dominated by three-LO-phonon LOCRH transi-
tions. At resonance, electrons occupy the initial
states e, = c„in the lowest spin-split Landau

level and absorb a photon of energy h~ while

emitting thr ee LO phonons of ener gy h~o to ar-
rive at some final higher Landau level e&= c„,.
Resonant behavior in the photoconductivity may

be observed when the peaks in the density of

states are swept through the final-state energy

e& by increasing the field B. Thus, a variation in

final density of states with magnetic field is pro-
duced and resonant structure arises from an opti-
cally created nonequilibrium distribution function
with a peak at e„+ where the density of states is
high. Thus, the mobility and hence conductivity

(the number of carriers in the conduction band

remains constant) resonantly increase.
At the higher laser powers a different series

is observed which we identify as arising from
transitions originating from a deep level (at an

energy @~ below the conduction-band edge) as
shown in Fig. 2(b). The Landau-level energy at
k, =0 is shown versus magnetic field B for sev-
eral Landau levels (N) including spin splitting.
Figure 2(b) also shows the variation of the den-
sity of states with magnetic field at an energy of
13 meV above the band edge. Consequently, the
number of carriers in the conduction band reso-
nantly increases because of the enhanced transi-
tion rate resulting from a peak in the final den-

sity of states when cf'= e„,. In this case the
conductivity again resonantly increases at the ap-
propriate magnetic fields.

Figure 3 shows quantitative results on how the
resonant structure depends upon photon energy.
The observed positions of the minima in resis-
tance (maximum in the conductivity) are plotted
as a function of magnetic field for 24 CO, -laser
wavelengths between 9.22 and 10.81 p,m. The two
series are plotted separately for clarity. Figure
3(a) shows the behavior we attribute to three-
phonon LOCRH transitions, while Fig. 3(b) shows
the DCRH transitions which we identify as arising
from a deep level. In both cases the lines repre-
sent our theoretical calculations based upon a
Landau-level model of Johnson and Dickey' with
band parameters of g= -51.3 and E,=236.7 meV.
For the LOCRH transitions a good fit to the data
results with m, *=0.0139mo for the Landau levels
and hao= 24. 5 meV. This is in excellent agree-
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FIG. 3. Tran ' 'ansition energies vs magnetic field.
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Finally, it is interesting to note that the value of
m, * for the magneto-optical transitions from the
mid-gap defect level is consistent with previous
interband measurements but conflicts with the
intraband result found here and in previous intra-
band work of others.
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The energies of substitutional deep A, impurity levels in zinc-blende semiconductors
are predicted and related to the impurities' atomic energies and to host dangling bond
(ideal vacancy) energies.

In this Letter we predict which elements of the
periodic table are likely to form substitutional
A.,-symmetric traps with energy levels deep with-
in the forbidden band gaps of covalently bonded
semiconductors; and we provide a conceptual
framework for understanding the major chemical
trends in deep-trap energies. This simple-but
general theory (i) provides a satisfactory defini-
tion of what constitutes a "deep" trap'; (ii) it ex-
plains the major chemical trends in deep-trap
energies, including their dependences on the host
energy bands and the impurities' atomic struc-
tures; (iii) it shows why data for deep-trap ener-
gies do not define a single smooth function of im-
purity atomic energy, even though clear trends

with atomic energy are apparent; (iv) it explains
why impurities whose atomic energies differ by- 10 eV produce trap energies differing by only
a fraction of an electron volt'; (v) it predicts
the derivatives of deep-trap energies with re-
spect to host-alloy composition x in alloys such
as GaAs, „P„and shows why these derivatives
depend only weakly on the impuritiessI~; and (vi)
it explains why in alloys the trap energies do not
follow the nearby band edges as x varies, but in-
stead are often nearly linear functions of compo-
sition. ' '

The central assumption of the present work is
that the major chemical trends in deep-trap en-
ergies are determined by the energy bands of the
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