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" Magnetoluminescence characterization of lattice matched
n-type InGaAs/InAlAs MQW’s on InP
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ABSTRACT
A knowledge of the energy-band energies and masses are important parameters for the design of semiconductor lasers and
light-emitting diodes. We present results of a magnetoluminescence study on n-type (Nop ~ 1x10'2cm™2) InGaAs/InAlAs mul-
tiple quantum wells lattice matched to InP. From an analysis of low-temperature magnetoluminescence data, a simultaneous
measurement of the in-plane conduction and valence-band masses is made. We find, assuming parabolic bands, that the con-
duction and valence-band masses are respectively m, = 0.069mg and m,, = 0.061mg, where my is the free electron mass. Fitting
a nonparabolic conduction-band dispersion curve to the data yields a zone-center mass m,, = 0.056mg and m,~ 0.102m.
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2. INTRODUCTION

The InAlGaAs material system is important for high speed optoelectronic devices. The most commonly used quantum
well structures are nominally lattice matched to InP and with Ing 53Gag 47As as the active layer and Ing 55Alg 4gAs as the bar-
rier material, Typical room temperature bandgap wavelengths for InGaAs quantum wells are in the range about 1.3 to 1.6 pim,
making this an attractive material system for high-speed low-loss fiber-optic based communication systems. In order to design
state-of-the art quantum well structures for lasers, photodetectors, modulators, etc., several important band structure parame-
ters such as bandgap energy E;, conduction and valence band masses m; and m,, and nonparabolic energy dispersion curve
parameters are necessary for a successful design. While obtaining this kind of band structure detail for the strained layer
InGaAs/GaAs system (A = 900 nm) has been actively pursued, 2 there has not been the same level of experimental effort made
for the 1.6 pm devices, presumably because of the lack of sensitive photodetectors for this wavelength regime when compared
to standard photomultiplier tubes which operate in the wavelength range A = 300nm to 1ptm.

Bandgap energies and conduction-band masses for the InGaAs/InAlAs structures have been previously reported by sev-
eral methods: (1) Studying the exciton absorption energy3'8 and making corrections for the quasi two-dimensional (2D) exci-
ton binding energy, which, because, of the valence-band offset, and conduction-band and valence-band mass uncertainties, is
subject to error. In these absorption measurements, the conduction-band mass m,, varied from 0.041mg (my is the free electron
mass) for an InGaAs/InP epilayer3 and unintentionally doped InGaAs/InAlGaAs quantum (QW) structures to 0.053my, for n-
type InGaAs/InAlAs multi-quantum-well (MQW) structures.? (2) Photoconductivity measurements on heavily doped n-type
InGaAs/InAlAs structures yielded conduction-band masses m, = 0.06m0.9'1° The photoconductivity data were modeled in
terms of estimates for the quantum confinement energies, i.e., valence-band offsets. (3) Magneto-Transport and optically
detected cyclotron resonance measurements have been used to study band-edge masses m = 0.043my for In,(Al;_yGay)_As/
InP alloy epilayers!! and for n-type InGaAs/InAlAs heterostructures, 12 m, = 0.044m. (4) Recently, 3.14 cyclotron resonance
studies reported on heavily doped InGaAs/InAlAs structures yielded even larger conduction band-masses m; = 0.06mg which
is attributed to nonparabolic conduction bands. For n-type 2D-systems, the conduction band masses are measured at the Fermi
energy for both the cyclotron resonance and magneto-transport techniques. All of the aforementioned experimental methods,
exciton absorption, cyclotron resonance, optically detected cyclotron resonance, and photoconductivity measurements have

been mainly confined to n-type materials, while, except for one paper, 15 similar studies of valence-band masses from p-type
InAlGaAs materials are practically nonexistent. ‘
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In this paper, we will present single-sample determinations for the all the above mentioned parametets using a recently
perfected magnetoluminescence technique16'2° and we will also make comparisons of previously reported results mentioned
above. To demonstrate the utility of this technique, we report on magnetoluminescence measurement for an n-type multiquan-

tum well InGaAs/InAlAs structure lattice matched to InP.

An accurate and unambiguous determination for the bandgap energy E, also can be made from the magnetoluminescence
transitions by extrapolating the magnetic field dependent Landau level transition energies to zero field. We will show that for
heavily-doped n-type materials, the extrapolated bandgap energy E, can differ by as much as 12 meV from the peak energy of
the photoluminescence (PL) spectrum. Finally, the temperature dependence of the bandgap energy for n-type and undoped
MQW structures will be compared.

3. EXPERIMENTAL

The magnetoluminescence measurements were made in the temperature range of 1.4 and 300 K, and the magnetic fields
varied between 0 and 14 T. The sample was attached to the end of a 100 pm-core-diameter optical fiber and placed in a vari-
able temperature insert in the middle of the superconducting magnet core. The luminescence measurements were made with an
Argon-ion laser operating at 514.5 nm. The laser was injected into the optical fiber by means of a optical beam-splitter and the
returning photoluminescence signal was directed to a 0.27M, /4 optical monochromator with an IEEE-488 based data acquisi-
tion system. Typical laser power densities at the sample were less than 1 W/cm?, therefore the photoinduced 2D-density of
electrons and holes are very small, i.e., much less than 1 X 101 cm™?. A NORTH COAST EO-817 germanium detector was used
to detect the infrared photons. The direction of the applied magnetic field is parallel to the growth direction, i.e., the resulting
Landau orbits are in the plane of the quantum well. With this geometry, all measurements of the conduction and valence-band
dispersion curves and masses are their in-plane values. The sample temperature was varied by a standard flowing low temper-
ature He-gas system,

Two MQW structures, an n-type sample (#M5) and an undoped sample (#U10) were prepared using molecular beam epit-
axy. The Ing 53Gag 47As and Ing 5,Alg 43As compositions were chosen to be lattice-matched to the Fe-doped, (100)-oriented
InP substrates. The n-type InGaAs/InAlAs MQW structure was composed of ninety-nine pairs of a 5-nm-wide InGaAs quan-
tum wells and a 10-nm-wide uniformly Si-doped (1 x 10'® cm™) InAlAs barrier. On top of these ninety-nine QW pairs, a sin-
gle 10nm-wide InGaAs quantum well was also placed between two uniformly Si-doped InAlAs barriers. A schematic
representation for the n-type MQW structure is shown in Fig.1.The undoped MQW structure consisted of ten pairs of 10nm-
wide InGaAs quantum wells and 10nm-wide InAlAs barriers grown on top of a 1000-nm-thick undoped InAlAs buffer layer. A
300-nm-thick undoped InAlAs cap layer was then grown on top of the MQW layer. The growth temperatures were 440 and
500C respectively for the the n-type and undoped MQW structures. The growth rates for the InGaAs and InAlAs layers were
about 1.1 to 1.2 pm/hour. For the n-type MQW sample, an intense PL signal near 930 meV was anticipated because of the
large number (99) of 5nm-wide InGaAs QWs compared to the single 10 nm-wide InGaAs QW. Figure 2 shows the 1.5-K PL
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Figure 1. Structure of the n-type MQW consisting Figure 2. Low temperature (1.5K) PL spectrum for the n-type MQW.

of ninety-nine pairs of Snm-wide InGaAs/InAlAs The peak at 1.43 eV is the InP substrate. The two PL peaks near 830

QW:s and a single 10nm-wide InGaAs/InAlAs QW. and 930 meV are respectively from the 10 and 5Snm-wide InGaAs QWs.




spectrum for the n-type sample where the PL spectrum at 1.42 eV is the PL originating from the InP substrate material. The
energy of the smaller intensity peak (left peak) is consistent with the PL energy from a heavily doped 10nm-wide InGaAs QW,
and the intense peak near 930 meV (center peak) is the anticipated PL transition energy for the Snm-wide InGaAs MQW struc-
ture, The 830 meV spectrum is found to shift linearly with magnetic field and also exhibits PL peaks associated with the for-
mation of Landau levels. However, the 930 meV peak energy (and line shape) was found not to shift with applied magnetic
fields, up to 13T, nor show the formation of Landau levels, suggesting that the origin for this transition should be assigned to
strongly-bound extrinsic recombination processes such as donor-pair recombination, pinned excitons, interface states, etc., and
not to band-to-band recombination between the heavily doped InGaAs QW conduction-band electrons and the photo-gener-
ated valence-band holes nor to recombination from free-excitons. Self-consistent Poisson equation calculations including
quantum confinement, show, that depending upon empirical surface state densities, the ground state energy of a majority of the
5nm-wide quantum wells may be near or slightly above the structure’s Fermi energy. With the apparent lack of magnetic field
dependence to this PL transition energy and line shape, we conclude that this spectrum does not originate form intrinsic
recombination processes and instead we will only report results for the single 10nm-wide QW.

4. BANDGAP ENERGIES AND MASSES

A charged patrticle, in the presence of a magnetic field B, forms a series of quantized states, Landau levels, with the quan-
tized energy levels given by (cgs units) iw = (n + 1/2)(efiB/mc), where n =0, 1, 2, ... is the Landau index, e is the charge of an
electron, 7 is Planks’ constant over 27, m is the mass of the carrier, and c is the velocity of light. The distribution function for
a degenerate two-dimensional electron gas (conduction-band states for a n-type material) is determined by the Fermi-Dirac
statistics, but because of the very small number of photo-induced two-dimensional hole states, the distribution for the valence-
band holes are governed by Maxwell-Boltzmann statistics. At high temperatures, where kT is much larger than #w, the n, =0,
1,2, 3, ... valence-band Landau levels are populated and all magnetoluminescence transitions between the n; and n, Landau

levels are allowed, obeying the 3n., = (n. - n,) = 0 selection rule. For these high temperatures, the interband luminescence
transition energy E(n) is given by ’

En)=E

g,,p+( *i)(%?} ‘ ¢

where Egap is the bandgap energy, L is the reduced mass (u'l = mc‘l-i- mv'l) where m, and m,, are respectively the conduction
and valence-band effective masses expressed in terms of the free electron mass my,.

The conduction-band and valence-band energy levels
(Landau levels) for the n-type structure in a magnetic field
are shown in Fig. 3. The Fermi energy Eg, the bandgap Tl
energy E,, and the Landau level indices are also indicated 1 2jogo
in the figure. For all discussions presented here, the Fermi
energy Eg is always assumed to be large compared to kT.
The high temperature case is shown on the right side of Fig.
3 where the population of the valence-band states is deter-
mined by Maxwell-Boltzmann statistics. For large mag-
netic fields and low temperatures, i.e., kT << fiw,, only the
n, = 0 valence-band Landau level is populated. Here, the
transition between the n;, = 0 and n, = 0 Landau level is
allowed, i.e., obeys the 8n., = (n, - n,) = O selection rule, Figure 3. Landau levels for a n-type quantum well. The left side
while transitions between the higher energy conduction- is the low temperature case, 8Ey » KT, and the right side is the
band Landau levels n, = 1, 2, 3, ... and the n, = 0 ground high temperature condition 8By « kT.
state valence-band Landau level are zero™-order forbidden,
but are observable.21"22 due to higher order processes. The left side of Fig. 3 shows the energy level diagram for the low-tem-

perature condition where only the n, = 0 valence-band hole is occupied because the valence-band cyclotron energy is greater
than the thermal energy kT.
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As one can see from the left-hand side of Fig. 3, where kT << %, i.e. Iow temperatures, the energy difference 3E(n,)
between the E(n,) and E(n.-1) magnetoluminescence peaks depends only on #iw,, the conduction-band cyclotron energy. Thus
these zero'N-order forbidden transitions can be used to uniquely determine the conduction-band energy dispersion curves and/
or masses. Setting n, = 0 and using Eq. 1, the magnetoluminescence transition energy difference 3E(n,) is given by in terms of
the respective conduction -band cyclotron energy (mass) as

ol o) -2, -)-{ 2] @

where now n = 1, 2, 3, ... Utilizing only low temperatures (kT << #iw,) and measuring the energy differences of the zerot-
order forbidden transitions as a function of magnetic field, Eq. 2 gives the conduction-band mass while the slope of the
allowed (n, = 0) <> (n, = 0) transition energy as a function of magnetic field yields the reduced mass from Eq. 1. The valence-
band mass m,, then can be calculated in terms of the conduction-band mass m and the measured reduced mass | from (m, ! =
p. - m,"Y). The corrections to Egs. 1 and 2 for nonparabolic bands have been reported in detail 20

The 1.4-K PL spectra for zero field and 8T are shown in Figs. 4 and 5 respectively. The signal gain of the data acquisition
system for the zero-field spectrum (Fig. 4) is twice as large as that used for taking the 8-T spectrum (Fig. 5). The peak energy
of the zero-field spectrum is about 832 meV and the change in slope near 855 meV, labeled E;is due to transitions between the
conduction electrons near the top of the Fermi-Dirac distribution and the valence-band holes. The bandgap energy E, is indi-
cated in the figure and a discussion for the determination will be presented below. Referring to Fig. 4, the difference between
the bandgap energy E, and the peak energy of the PL spectrum is the spectral shift (~12 meV) arising from carrier scattering

by the ionized Si- dopants in the barriers as calculated by Lyo and Jones?3 and reported by Jones and Kurtz2* for these kinds of
systems.
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Figure 4. The zero-field, 1-4K PL spectrum for the n-type Figure 5. The 1-4K PL spectrum for the n-type sample at 8
sample, The assignment for the bandgap energy E; at 820 meV tesla. The allowed transition peak is A0O, and two zero®-
is discussed in the text. order forbidden transitions are labeled F10 and F20.

Three Landau level transitions are shown in Fig. 5 with an allowed (n, = 0) <> (n, = 0) transition labeled A00 and two
zeroM-order forbidden transitions (n,=1) & (ny =0) and (n. = 2) & (n, = 0) labeled respectively F10 and F20. A “fan” dia-
gram for the all of the Landau level transition energies, allowed and forbidden, such as the three shown in Fig. 5 is shown in
Fig. 6. The identification symbols for the allowed and various zeroM-order forbidden data are indicated in the inset in the fig-
ure. The straight lines drawn through the data shown in Fig 6, have a common zero-field intercept of 820 meV and is taken to
be the bandgap energy E,which is shown in Fig.4. The low-field data points are not considered in Fig. 4 because of spectral
shifts of the zero-field spectrum discussed above. The use of a straight line fit to the data implies parabolic bands for both the
conduction and valence-band dispersion curves. The ratio of slopes, normalized to the slope dA00/0B = 1.755 of the allowed-
transition AQQ, are d(F10)/0B = 1.93, dF20/dB = 3.22, and dF30/0B = 4.39. If the zeroth-order forbidden transitions were
incorrectly identified and all of the Landau level transitions were allowed, i.e., 8ncv =(n. - n,) =0, the slopes, with respect to
the allowed-transition slope dA00/0B would (see Eq. 1) be 3, 5, and 7.
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Figure 6, Fan diagram for the 1.4K magnetoluminescence spec- Figure 7. The energy difference SE(n,) as described by Eq. 2. The

trum for the n-type sample. The the assigned transition types are solid line is a least-squares fit of Eq. 3 to the data yielding a zone-

itemized in the inset. center conduction-band mass m,, = 0.56my.

Figure 7 shows the energy difference 8E(n.) as described by Eq. 2. The variation to the data at low fields results from our
inability to accurately separate the closely spaced Landau-level peaks from each other in the PL spectrum. The conduction-
band data can be analyzed in terms of parabolic or nonparabolic dispersion curves. The solid line drawn through the data is the
nonparabolic case and is of the form

5E(nc) =aB(1+bB), 3)

where the fitting parameters a = 2.068 resulting in a zone center mass of m, = 0.056m, and b = -1.963 x 10 is the nonpara-
bolic contribution. From Fig.7, the conduction-band mass at the maximum field of 14T can be easily calculated to be 0.077m,
at the maximum magnetic field. A straight-line fit (i.e., parabolic bands) to the data shown in Fig 7 yields a conduction-band
mass m,, = 0.069my. ‘

As previously mentioned, with a knowledge of the conduction-band mass m,, the reduced mass 1 (Eq. 1) can be calcu-
lated from the slope dA00/0B for the allowed (n, = 0) ¢ (n, = 0) transition to be jt = 0.033my, and from (m‘,'1 = ].L'l- mc'l),
m, = 0.061m using the parabolic conduction-band mass of 0.069my,. If the conduction-band is nonparabolic as the curve
drawn through the data of Fig. 7 suggests, then even if the valence-band was parabolic, the magnetic field dependence of the
(n, = 0) & (n, = 0) transition shown in Fig 6 as AQO, would have the same shape as the curve for the conduction-band data
shown in Fig. 7. Because the allowed (n; = 0) <> (n, = 0) transition (A0O in Fig. 6), is nearly linear, our data do not warrant a
nonparabolic treatment for either the conduction or valence-band dispersion curves. Thus in this paper we will adopt the para-
bolic masses m, = 0.069mg and m,, = 0.061my, for the conduction and valence-band masses respectively. Our magnetolumines-

ccnce7d;:5tennination for these masses yield results consistent with the previously reported masses for n-type InGaAs/InAlAs
QWs.””

The zero-field 1.4-K PL spectrum for the 10nm-wide undoped InGaAs/InAl1As MQW sample is shown in Fig. 8. The peak
energy is 857.5 meV and the FWHM is 6.0 meV. The bandgap energy for the undoped 10nm-wide InGaAs/InAlAs MQW
sample is about 40 meV higher in energy than the 820 meV found above for the n-type 10nm-wide InGaAs/InAlAs MQW.
There are several reasons for the lower bandgap energy of the n-type sample compared to the undoped sample. The reasons
include bandgap reduction to spontaneous ordering (CuPt-type) which is known to lead to bandgap energy reductions. Another
explanation are many-body effects, i.e., bandgap renormalization, due the large 2D-carrier density, and the last possibility may
be attributable to InGaAs compositional differences. At the present time, we are not in a position to make any decision regard-
ing these or any other possible explanations for the reduced bandgap energy. We are currently performing experiments and
measurements which may shed light on this phenomena and the results and interpretations will be reported at a later date.

The magnetic field dependence between 0 and 14 tesla is shown in Fig. 9. The error estimates are given by % (0.05 x

FWHM). The FWHM is observed to decrease from 6.0 meV at 0T to 4.0 meV at 13.5T which suggests that the recombination
is due to free excitons. The solid line drawn is a best-fit of the shift of a 2D-exciton in a magnetic field. This fitting procedure
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yielded an exciton reduced mass of {t = 0.041mg. An estimate for the conduction-band mass can be made if the valence-band
mass is known, and vice-versa for an estimate for the valence-band mass. However, if we use the accepted value for in-plane
zone-center conduction mass for undoped 10nm-wide quantum wells of m; = 0.041, the the valence-band mass is heavy,
~0.5my. As is well known, the in-plane valence-band ground state masses of these QW systems are light and should be of the
order of 0.050mg. On the other hand, the heavy-hole light-hole separation for a lattice-matched 10nm-wide QW is small, ~ 3
meV and our observed exciton energy shifts (Fig. 9) are large (~8 meV) indicating that the effects of magnetic field induced
heavy-hole light-hole mixing should be properly accounted for when fitting exciton shift data.

5. TEMPERATURE DEPENDENCE OF THE BANDGAP ENERGY
The temperature dependence of the bandgap energy Eg,, was measured between 1.4 and 300K for the undoped InGaAs/
InAlAs structure and between 1.4 and 175K for the both t InGaAs/InAlAs samples. For temperatures larger than 175K the PL
signal-to-noise ratio for the n-type MQW structure was too small to make meaningful 1nterpretauons and

also, the linewidth was too broad to be able to observe any
Landau levels in the noisy PL spectrum. The bandgap
energy for the n-type sample was estimated by performing
magnetoluminescence measurements at each temperature
and extrapolating each “fan” diagram (see Fig. 6) to zero
field, The bandgap energy for the undoped sample is taken
as the peak of the exciton PL spectrum as shown in Fig. 8.
The true bandgap energy would include the exciton binding
energy. Because here we are only interested in comparing
the temperature dependence between the n-type and
undoped samples, we have not taken this binding energy
into account. The solid lines drawn through the data are
based on the Varshni equation® for the temperature depen-
dence of the bandgap energy, e.g., E(T) = Egap + oT2/(T +
B), where Egyp, @, and B are fitting parameters. For the
undoped MQW structure, the best fit parameters are Eg, = ap =

860 meV, o = 1.29 meV/K?, & = 1440 meV/K. For the n-
type samples the same parameters are E

%: 860 i’° Sl Q 0 Undoped
& : \\ o n-Type |3
T :
> E A 3
c %O \ :
1 q 3
5 :
L E o (\
% 820 |- O a
B B BN N
Z - \ \ i
&5 800 f N N

0 50 100 150 200 250 300

TEMPERATURE [K]

Figure 10. Temperature dependencies of the bandgap energies for
the n-type and undoped InGaAs/InAlAs MQW.

ap = 822 meV, 0. =0.52 meV/Kz, B =343 meV/K. For both structures, the bandgap

energies which are extracted from the temperature dependent data, are close to those found at 1.4K. The two other fitting
parameters o and B are for reference only and provide the numerics necessary for calculating the bandgap energy at a given

temperature,




6.SUMMARY
In this paper, we have presented a measurement of the conduction-band mass for an n-type InGaAs/InAlAs MQW using

low-temperature magnetoluminescence techniques. As was the case with other experimental techniques, we measure a con-
duction-band mass m; = 0.069mg which is also considerably heavier than the accepted m, = 0.041m, band-edge mass.
Because the n-type sample structure did not show any meaningful luminescence from the Snm-wide-well portion of the sam-
ple, we are currently redesigning these kinds of structures using a self-consistent Poisson’s calculation including quantum con-
finement for the bandstructure to provide guidance. Data for an undoped 10nm-wide InGaAs/InAlAs MQW structure was
taken as a function of magnetic field and temperature and when possible, comparisons with similar n-type data were made.
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