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Cyclotron-resonance studies in relaxed In, Ga,; _, As (0 <x <1) epilayers
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By the techniques of far-infrared optically detected cyclotron resonance and magnetophotoconductivi-
ty, we have performed cyclotron-resonance measurements on relaxed In, Ga,_, As epitaxial layers with a
wide range of composition. The measured electron effective mass as a function of indium composition
has been analyzed with the five-band k-p calculation. It is found that the effect of disorder-induced
conduction-valence-band mixing must be included in order to resolve the discrepancy between the re-
sults of the k-p theory and experiments. The linewidths of cyclotron resonance and photoluminescence
as a function of alloy composition have also been studied. Comparing with the measurement of double-
crystal x-ray diffraction, we point out that the cyclotron-resonance and photoluminescence signals in
In,Ga,_,As alloys are dominated by the dislocation scattering. In addition, we show that the quality of
a ternary epilayer is not only influenced by the lattice mismatch; the surface migration lengths of the cat-
ion atoms in the initial growth stage also play a very important role.

I. INTRODUCTION

The ternary alloy semiconductor In,Ga;_, As has been
of great interest due to its potentiality in the construction
of electronic and optoelectronic devices. As a result, the
physical properties of this material system have received
attention in recent decades. The experimental determina-
tion of the electron effective mass in In,Ga,;_, As alloys
was made in the 1960s.'”2 However, because the
effective masses were obtained by indirect methods (e.g.,
the plasma-edge reflection or the Faraday rotation), the
accuracy of these results is doubtful.> (1) Since the stud-
ied samples were mostly n-type heavily doped, the results
did not clearly yield the effective mass at the bottom of
the conduction band. (2) The interpretation requires the
actual values of other physical properties such as the in-
dex of refraction or the room-temperature band gap,
which were not very reliable at that time. Later, precise
measurement using the conventional electron cyclotron-
resonance (CR) was reported by Fetterman, Waldman,
and Wolfe.* However, their data were only limited to a
small range of alloy composition (0 <x =0.154). To the
best of our knowledge, a complete and accurate measure-
ment of the electron effective mass in In, Ga,_, As alloys
with a wide range of composition (0 =x =1) has not been
reported.

Here we present CR studies in a series of In, Ga;_,As
epilayers with 0<x <1. In order to carry out the mea-
surements successfully, several considerations were made
before the experiments. Firstly, to prevent the CR condi-
tion w.7>>1 (w, and 7 are the cyclotron frequency and
the single-particle scattering time, respectively) from be-
ing violated by the misfit dislocations, the InP substrate
was used for 0.48 <x <0.73 and GaAs for other values.
Secondly, the variation of the effective mass induced by
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the misfit stress was avoided by keeping the thickness of
the studied sample (2 um) much larger than the critical
thickness of the stress relaxation. Thirdly, it is known
that the intrinsic carrier concentrations of In,Ga,;_,As
alloys are small, especially for low indium composition.
The conventional CR measurement is not adequate for
these samples. Our CR measurements were hence per-
formed by using the technique of far-infrared (FIR) opti-
cally detected cyclotron resonance (ODCR) for low indi-
um composition (x <0.66), in which the necessary car-
riers are provided by optical pumping. Thus, the change
of the effective mass induced by nonparabolicity can be
greatly reduced. While due to the limitation of the
response of our detector, the FIR-magnetophotoconduc-
tivity technique was used for the samples with high indi-
um composition (x >0.66). The obtained In,Ga,_,As
effective mass as a function of alloy composition was
compared with the five-band k -p calculation.® It is found
that the calculated effective masses are smaller than that
of the experimental values. We point out that the
conduction—-valence-band mixing induced by the alloy
disorder may be the possible cause for the origin of this
discrepancy. We have also investigated the composition-
al dependence of the full width at half maximum
(FWHM) of the CR and photoluminescence (PL) spectra.
Comparing with the double-crystal x-ray diffraction
(DXRD) measurement, we find a clear correlation of the
linewidths among the DXRD, CR, and PL signals. Be-
cause the DXRD signals are very sensitive to the disloca-
tions in the heteroepitaxial systems, we thus conclude
that the CR and PL signals are dominated by the disloca-
tion scattering. In addition, from the analysis of these
FWHM'’s, we show that the factors affecting the quality
of the relaxed In,Ga,_,As epilayers include lattice
mismatch as well as surface migration lengths of the cat-
ion atoms in the initial growth stage.
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II. EXPERIMENTAL PROCEDURE

The investigated samples were 2-um-thick undoped
In,Ga,_,As (0=x =1) epilayers grown in a VB V80H
MK II molecular-beam-epitaxy system. Details of the
growth conditions for these samples have been reported
elsewhere.® The characteristics (composition and sub-
strate) of the samples are listed in Table 1. For the
cyclotron-resonance detection, we use two different kinds
of techniques for the experiments. In the ODCR mea-
surement, resonant absorption of FIR is detected by the
changes in luminescence intensity at the magnetic field
corresponding to cyclotron resonance.” ® The sample
was placed in a 7T Oxford superconducting magnet un-
der the Faraday geometry. An Edinburgh Instruments
CO,-pumped far-infrared laser working at 118.8 um was
used to generate FIR radiation. The FIR light was guid-
ed by mirrors to the sample and was modulated by a
mechanical chopper. The luminescence was excited with
an Ar-ion laser, dispersed by a SPEX 0.5 m monochro-
mator, and detected by a LN,-cooled North Coast Ge
detector. In the FIR-magnetophotoconductivity mea-
surement, the light source and experimental configura-
tion are the same as that of the ODCR measurement.
The photoresponse was carried out in a constant-current
mode and detected as a change in the voltage drop across
the sample using a lock-in amplifier. The temperature
was held at 5 K in all cases.

III. RESULTS AND DISCUSSION

The PL spectra of In,Ga;_, As alloys with the compo-
sition x =0.16, 0.20, 0.39, 0.48, 0.59, and 0.66 are shown
in Fig. 1. We can see that the peak energy of the spec-
trum decreases as the alloy composition increases. The
main PL signals from these samples (except for
Ing 390Gag ¢, As) can be attributed to the recombinations of
the excitons bound to neutral impurities.!'”!! The weak
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FIG. 1. PL spectra of In,Ga,_,As alloys at T =5 K.

structure appearing at the lower energy side of the main
peak in Iny 14Gag g4As is due to a mixture of conduction-
band—acceptor and donor-acceptor pair recombina-
tions.!! With Fig. 1, the energy band gap of the samples
can be obtained from the peak position of the PL spec-
trum. It is known that the binding energy E, of the
donor bound exciton can be determined from the hydro-
genic model:!?

E,;=[(n/my)/€}]X13.6 eV , (1)
where 1/u=1/m}+1/2(1/mi, +1/m},). If we linear-

TABLE I. Values of electron effective mass, CR FWHM, energy gap E,, PL FWHM, and DXRD

FWHM for In,Ga,_, As alloys.

Effective CR PL peak PL DXRD
mass FWHM position FWHM FWHM
Sample Substrate (myg) (T) (eV) (eV) (arcsec)
x =0.00 GaAs 0.0673 0.123 1.509 4.58
x=0.11 GaAs 0.06276 0.28 1.3589 7.7 300
x=0.16 GaAs 0.06032 0.49 1.305 10.37 400
x =0.20 GaAs 0.05614 1.02 1.1965 18.3 430
x =0.31 InP no CR signal no CR signal 0.975 68 1050
x =0.39 InP no CR signal no CR signal 0.868 40.9 900
x =0.48 InP 0.0435 0.47 0.825 4.7 40
x =0.53 InP 0.04326 0.44 0.8036 3.27 30
x =0.59 InP 0.0407 0.56 0.759 5.35 210
x =0.66 InP 0.0392 0.45 0.7051 6.27 570
x=0.73 InP 0.033 0.49 1030
x =0.82 GaAs 0.0317 0.95 810
x =0.88 GaAs 0.0301 0.68 730
x=0.93 GaAs 0.0277 0.4 650
x =1.00 GaAs 0.02453 0.094 350




17 650

ly interpolate the values of the dielectric constants €, and
the effective masses (m,, my,, and m,,) for GaAs and
InAs, the binding energy E, for each composition can be
estimated. The energy band gap thus can be obtained by
adding the binding energy to the peak position of the PL
spectrum. The energy gap E, of In,Ga,_, As alloys as a
function of alloy composition deduced from this measure-
ment is shown in Fig. 2. In this figure we also show the
fitting curves from previous reports.!>!3 We can see that
most measured values agree well with the fitting curves,
except for the data at x =0.31 and 0.39, which are small-
er than the fitting results. The phenomenon that the PL
position deviates to lower energy has also been reported
by Dunstan et al.!* They attributed this deviation to the
existence of the recombination center related to the
relaxation-induced EL2 defect. In our viewpoint, since
the misfit dislocation density is rather high at the region
of x ~0.3 (see below), it is reasonable that the PL peak
will shift to low energy due to the contributions coming
from the deep defect- or impurity-related recombination.
The compositional dependence of the FWHM of the PL
spectra in In,Ga,_,As alloys is also plotted in Fig. 3.
We found that the FWHM increases from x =0 to 0.31
and then decreases from x =0.31 to 0.53. As x exceeds
0.53, however, the FWHM increases slightly. The values
of the PL peak position and FWHM are also listed in
Table I. These data will be discussed again in later sec-
tions.

Let us now consider the results of the ODCR measure-
ments. It is known that the ODCR signal is detected ow-
ing to the impact ionization of impurities or excitons via
FIR-heated free carriers. Thus, at the resonance condi-
tion, when free carriers absorb most efficiently, the PL in-
tensity is much effected. In our ODCR experiment, the
spectrometer was fixed at the emission peak of the bound
exciton as mentioned above. The ODCR spectra of the
In,Ga,_,As alloys with x =0.66 are shown in Fig. 4. A
clear CR signal can be observed when the changes of the
PL intensity induced by FIR radiation are measured as a
function of magnetic field. As x increases from 0 to 0.66,

1.60

140

1.20

100

0.80

060} N

PL Peak Position (eV)

040}

020 1 1 1 1
00 0.2 04 06 08 10

Indium Molar Fraction x

FIG. 2. Compositional dependence of the measured energy
gap of In, Ga;_,As alloys (open squares). The dashed lines X
and Y indicate the fitting curves of 0.32x2—1.419x +1.519
(Ref. 13) and 0.475x2+0.6337x +0.4105 (Ref. 12), respectively.
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FIG. 3. Compositional dependence of the FWHM of CR on
In,Ga,_,As alloys. The solid line is a guide for the eye.

the magnetic field of the CR position decreases. The sig-
nal at about 3 T for x =0.48 and 0.53 is assigned to the
interimpurity transition of the residual donor, the 1s-to-
2p * transition.!®> The fact that interimpurity transition is
not observed in other samples can be attributed to the
linewidth broadening due to strong dislocation and/or
impurity scatterings. The correlation between the
linewidths of CR and the dislocation density obtained
from DXRD measurement will be discussed in a later
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FIG. 4. The ODCR spectra of In,Ga,_,As alloys with
0=x=<0.66. T=5K.
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section. For the same reason, the fact that the CR signal
disappears at x =0.31 and 0.39 can also be under-
stood. The FIR-magnetophotoconductivity spectra for
In,Ga,_,As alloys with x 20.73 as a function of mag-
netic field are shown in Fig. 5. Similar to the trend as in
the case of x <0.66, the magnetic field of the resonant
position decreases as x increases. At x =1, two peaks ap-
pear at the magnetic field of 1.93 and 2.25 T. The former
can also be assigned to the 1s-to-2p * interimpurity tran-
sition.'®

From the position of the CR we can obtain the electron
effective mass accurately. The compositional dependence
of the effective mass m* determined from Figs. 4 and 5
are collected in Fig. 6 (dots) and Table I. The experimen-
tal values (x <0.154) reported by previous measurement
are also shown in the same figure for comparison
(squares). The best fit to our experimental results to the
second-order term of x is plotted as the solid line. This
empirical formula can be written as

m*/my=0.00923x2—0.0516x +0.0675 . )

For theoretical consideration, the treatment of the varia-
tion of the effective mass with alloy content in III-V com-
pounds has been reported by Hermann and Weisbuch.’
According to the k-p approximation, the effective mass
can be obtained from the following expression:>
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FIG. 5. FIR-magnetophotoconductivity  spectra  of

In,Ga,_,As alloys with0.73<x <1. T=5K.
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FIG. 6. Compositional dependence of the electron effective
mass obtained from Figs. 4 and 5. The solid line is a fit to the
data using the least-squares calculation. Curve a represents the
result of a many-band k-p calculation using Eq. (3). Curve b
represents the calculation using k-p theory, including the effect
of alloy disorder. Curve c plots the result of tight-bonding cal-
culation for comparison.

where Ay, p?, p'%, and C represent the spin-orbit splitting,
the matrix element for the conduction—valence-band cou-
pling, the matrix element describing the interaction of the
I'¢ conduction band with the I's conduction bands E,
and Ejg, and the constant (C = —2) used to approximate
the residual influence of all other remaining bands, re-
spectively. The band gap E, can be determined from the
interpolation formula:'* 1.519—1.419x +0.32x2%.  For
Ao, p2, p'% E,, and E,, we linearly interpolate the corre-
sponding values for bulk GaAs and InAs.!” In Fig. 6
(curve a) we show the calculated result of the composi-
tional dependence of the effective mass using Eq. (3).
Comparing with the experimental values, we find that the
effective mass calculated from Eq. (3) is smaller than that
obtained from measurements. This deviation has also
been reported in the previous studies for several III-V
compounds, such as In,Ga,_,As (x=0.154), InP,
GaAs, and Ga,In;_,As P, >!872!

The origin of this discrepancy may be attributed to the
alloy disorder, which breaks the symmetry of the lattice
and induces the mixing of the conduction and valence
bands.?! 2> The conduction—valence-band mixing will
lead to the transfer of valence-band states to the conduc-
tion band, thus increasing the effective mass in the con-
duction band.?? This mixing effect is to reduce the p? in
the k-p theoretical expression. Merian and Bhattacharjee
suggested that the reduction of p? caused by the alloy dis-
order can be described by the factor (1—f), where f is
the band-mixing fraction.?’> The band-mixing fraction
can be estimated by

f~x(1—x){8V?)/E} , 4)

where (8V?2) represents the potential fluctuations. The
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strength of the fluctuations (8¥?2) has been roughly de-
scribed by the random strain related to positional disor-
der?* and the electronegativity difference related to chem-
ical disorder.??> For these two kinds of disorder, the dom-
inant contribution to the band mixing is still not con-
clusive.?® In our case, if we fit {8¥V?) as 0.18 eV?, the
compositional dependence of the effective mass will
- change from-curve-a to curve b as shown in Fig. 6. Un-
der this consideration, our measurements can be ex-
plained very well. Thus, we may conclude that to analyze
the electron effective mass in ternary alloys the
conduction—valence-band mixing induced by the alloy
disorder must be included. In Fig. 6, for comparison, we
also show the theoretical result based on the tight-
bonding formalism?’ (curve ¢), even though it cannot be
used to deseribe our measurements. Further evidence for
the effects of alloy disorder is illustrated in Fig. 7. In this
figure the squares indicate the measured effective mass
versus the measured energy gap, while the effective mass
calculated by Eq. (3) is plotted using triangles. We can
see that the difference between the measured and theoret-
ical values increases as the energy gap decreases. This
behavior can be accounted for by Eq. (4), which shows
that the reduction of p? increases with decreasing energy
gap. Thus, the correction in the effective mass using Eq.
(3) also increases with decreasing energy gap, which will
bring the theoretical values to coincide with the mea-
sured results.

The FWHM of the CR spectrum as a function of alloy
composition in In,Ga,_, As alloys is plotted in Fig. 8. It
shows two local maximums at x =0.2 and 0.82. In order
to probe the possible scattering mechanism for the varia-
tion of the CR linewidth, the samples investigated by the
CR and PL measurements have also been studied by
DXRD experiment. Figure 9 displays the FWHM of the
(400) DXRD signals in our In,Ga;_,As alloys. If we
compare Fig. 9 with Figs. 3 and 8, we find a strong corre-
lation of the compositional dependence of FWHM’s
among these three measurements. Since the FWHM of
the DXRD signal is very sensitive to the misfit and
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FIG. 7. Effective mass vs energy gap of In,Ga,_, As alloys
with 0.66 <x =< 1. The squares and triangles indicate the experi-
mental and calculated values, respectively. The solid lines are a
guide for the eye.
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FIG. 8. Compositional dependence of the FWHM of cyclo-
tron resonance in In,Ga,_,As alloys. The solid line is a guide
for the eye.

threading dislocations in heteroepitaxial systems, we thus
conclude that the dominant scattering mechanism in
In,Ga,_,As alloys is the dislocation scattering. It is
known that there is a small environment which can pro-
vide the study of the dislocation scattering systematically.
Our experiments, however, prove that the In,Ga,_,As
system is a good candidate for this purpose.

It is known that the lattice of the In, Ga,;_, As alloy
matches with that of InP when x =0.53. In Figs. 3 and 8
we can see that the FWHM’s of the PL and CR spectra
in the region of 0.3 <x <0.53 are much larger than those
in the region of 0.53<x <0.75. This means that the
quality of the materials is quite different between the pos-
itive (x >0.53) and negative (x <0.53) mismatch sys-
tems. This phenomenon can be understood by studies re-
ported recently.’>?° It was found that the Ga concentra-
tions as well as the cation disorder also play important
roles in the initial growth stage. Because the gallium
atom has a shorter surface migration length than that of
the indium atom, the gallium atom can easily become a
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FIG. 9. FWHM of (400) DXRD signals for In,Ga,_,As al-
loys. The solid line is a guide for the eye.
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heterogeneous nucleation center for island formation dur-
ing the initial growth process. As a result, the strain field
is incorporated into the high-density island coalescence
process and causes the poor quality of the materials.
Hence, except for the lattice mismatch, the surface mi-
gration lengths of cation atoms will also contribute to the
determination of the quality of In,Ga,_,As epilayers.
This behavior thus leads to the observation of the
different properties between the positive and negative
mismatch materials in our experiment.

IV. CONCLUSION

In conclusion, we have performed the CR and PL mea-
surements of In Ga,_,As alloys with 0=x =<1. The
electron effective mass over a wide range of x has been
accurately determined. Based on the five-band k-p calcu-
lation, the electron effective mass as a function of alloy
composition has been analyzed. It is found that the cal-
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culated values are smaller than the experimental data.
We point out that the effect of alloy disorder must be in-
cluded in the analysis of the effective mass for ternary al-
loys. From the investigation of the linewidths of PL and
CR spectra, we show that the FWHM’s in these two mea-
surements are strongly correlated with that of DXRD
measurement. It indicates that the CR and PL signals
are dominated by the dislocation scattering in
In,Ga,_,As alloys. Additionally, we demonstrate that
the lattice mismatch is not the only factor determining
the quality of epilayers; surface migration lengths of cat-
ion atoms in the initial growth stage also play a very im-
portant role.
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