CANOT TG )

SAND=~97-/480C.
Bandgap renormalization: GaAs/AlGaAs quantum wells
CoWF- 980117~ RECEIVED

E. D. Jones?®, M. Blount?, W. Chow?, H. Hou?, J. A. Simmons?,
Yongmin KimP, and T. Schmiedel® JAN 3 0 1993

aSandia National Laboratories, Albuquerque, NM 87185-0601 O ST l
bLos Alamos National Laboratory, NHMFL, Los Alamos, NM 87545
°National High Magnetic Field Laboratory, Florida State University, Tallahassee, FL 32306

ABSTRACT

Bandgap energy renormalization by many-body interactions has been studied in a series of n-type 8-nm-wide GaAs/
AlGaAs single quantum wells using magnetoluminescence spectroscopy at 1.4K and for magnetic fields up to 30T. The 2D-
carrier densities varied between 1 and 12 x 10'! cm™. At the maximum 2D-carrier density, the bandgap energy difference
between the doped and undoped samples was about 34 meV.
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1. INTRODUCTION

For last several years, there have been many experimental and theoretical treatments for bandgap energy renormalization
effects resulting from many body interactions!!! in semiconductor quantum-well structures. For optoelectronic systems
which rely on the electronic bandgap in heavily doped quantum wells, such as high-power injection lasers, these many body
effects can result in bandgap renormalization energies approaching 20 to 40 meV, i.e., for GaAs/AlGaAs systems, the bandgap
energy can vary as much as a 2% depending on laser intensity. Thus, for precise laser wavelength design or control, a knowl-
edge of the dependence of the renormalized bandgap energy on carrier density is mandatory.

In this paper, we present a study for the bandgap renormalization as a function of the 2D-carrier density Ny, for a series of
modulation doped n-type 8-nm-wide GaAs/AlGaAs single quantum wells. One method of determining of the bandgap reduc-
tion for a heavily-doped semiconductor quantum well is to model!? the zero-field photoluminescence lineshape function to
yield a value for the bandgap energy. Here, we use an unambiguous method for obtaining accurate bandgap energies in 2D-
electron structures by studying the photoluminescence spectrum in the presence of a magnetic field. With the application of an
external magnetic field the photoluminescence spectrum forms a series of peaks, Landau levels. The energy of each Landau
level is proportional to the magnetic field. Thus by extrapolating the magnetoluminescence “Fan” diagram to zero magnetic
field yields the true bandgap energy without complications of spectral shifts!? to the zero-field photoluminescence lineshape
caused by coulomb interactions between the 2D-carriers (electrons and holes) and the positive-charged modulation-doping
layer. Recently, the magnetoluminescence technique was also employed to study11 bandgap renormalization in compressively
strained n-type GalnP/AlGalnP quantum well structures where bandgap renormalization energies of nearly 36 meV for Npp ~
1 x 1013 cm™2. Because of the heavier conduction-band masses for InGaP, compared to GaAs, pulsed magnetic fields
approaching 50T were required.
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2. EXPERIMENTAL

The modulation doped GaAs/AlGaAs SQW structures were prepared using metal organic vapor phase epitaxy. All sam-
ples were grown on semi-insulating (100) GaAs substrates. An undoped 1-pm-thick GaAs buffer layer was grown on top of the
substrate and on top of this buffer layer, a single 8-nm-wide unintentionally doped GaAs quantum-well was placed between
100-nm-wide Alg 30Gag 7As barriers, followed by an undoped 5-nm-thick GaAs cap layer. The upper AlGaAs barrier layer
was delta-doped with silicon 30 nm from the GaAs quantum well, with doping densities in the range between 0.5 and 2.5 x
10'® ¢m™3. For absolute calibration of the bandgap energy reduction, an unintentionally doped structure was also prepared in
the same manner. The growth temperature for all layers and structures was 750C.

The magnetoluminescence measurements were made using two different magnet systems: (1) A 14T superconducting
magnet with a variable temperature insert allowing sample temperatures as low as 1.4K and (2) A 30T resistive magnet system
with a fixed temperature (4.2 K) liquid helium dewar. The luminescence measurements were made with an Argon-ion laser
operating at 514.5 nm and an IEEE488-based data acquisition system. The direction of the applied magnetic field was parallel
to the growth direction, i.e., the resulting Landau orbits are in the plane of the GaAs quantum well. The laser excitation and
photoluminescence signal from the sample were brought in and carried out along the same single optical fiber using a beam-
splitter to separate the two light sources. The tip of the optical fiber was placed directly on the sample and the resulting maxi-
mum laser power density on the sample was about 1 W/cm?.

The 2D-carrier densities were determined by two different methods, magnetoluminescence and low temperature transport
measurements. The magnetoluminescence method notes when each Landau level and hence each interband transition disap-
pears from the photoluminescence spectrum. The transport method relies on an analyses of Shubnikov-deHaas oscillations in
the conductivity, but essentially provides the same information as magnetoluminescence method by recording the magnetic
field and filling factor v when the Fermi energy lies half-way between two adjacent Landau levels, one filled and one empty.
These two different measurement techniques for the 2D-density give similar results for each sample.

3. RESULTS AND DISCUSSION

Because the results obtained using the 30 T magnet system are similar to the 14 T superconducting magnet data, only the
only the latter will be presented here. The 1.4K zero-field photoluminescence spectrum for an n-type, Nop = 8.2 X 101 em?,
sample (#EMC-2218) is shown in Fig. 1. Anticipating the analyses of the magnetoluminescence data presented below, we indi-
cate where the true bandgap energy Egap = 1557.6 meV is located. It is apparent from the figure that the energy of the peak
intensity of the photoluminescence spectrum at 1563 meV is shifted above the true bandgap value Egap 1.€., the spectral shift
is about 6 meV. The photoluminescence line shape function and the resulting spectral shifts for degenerate quantum wells will
not be discussed here, but the reader is referred to reference 13 where it has been treated in detail. The high energy shoulder
near 1590 meV is due to band-to-band transitions near the Fermi energy E¢.!> Also indicated in the figure is the energy E' =
1585.7 meV for the undoped structure where the effective Rydberg Eex = 9 meV for an 8-nm-wide quantum well'# has been
added to observed zero-field exciton photoluminescence energy for the undoped structure. Thus, for the spectrum shown in

Fig. 1, where Nopy = 8.2 x 10! ecm™2, the bandgap energy reduction is nearly 30 meV'!

Magnetoluminescence is simply photoluminescence in the presence of a magnetic field. A free particle, with mass m and
charge €, moving in a magnetic field B forms quantized states, Landau levels, with an energy E(n) = (n + 1/2)(efiB/mc) (cgs
units) = (n + 1/2)h® where n is the Landau level index, # is Planck’s constant over 27, ¢ is the velocity of light, and A® is the
quantized cyclotron resonance energy. The distribution function for a degenerate 2D-electron gas (conduction-band states for a
n-type material) is based on Fermi-Dirac statistics. But, because of the very small 2D-density of photo-induced hole-states, the
distribution function for the valence-band holes are governed by Maxwell-Boltzmann statistics. For temperatures where kT is
much larger than valence-band cyclotron energy fiw,, the n, =0, 1, 2, ... valence-band Landau levels are populated according
to the Maxwell-Boltzmann distribution function and all magnetoluminescence transitions between the n. and n, Landau levels
obey the &n., = (n, - n,) = 0 selection rule. Because of heavy-hole light-hole valence-band mixing for an 8-nm-wide GaAs
quantum well, the ground state in-plane valance-band masses are “heavy” (and nonparabolic) and hence the condition that kT
> hw, is satisfied!” even at 1.4K. As discussed in reference 15, the heavy-hole light-hole energy difference for a 4.5-nm-wide
GaAs/AlGaAs quantum well is sufficiently large (~ 30meV) and at 1.4K, kT < fiw, and here, only the n, = O valence-band
Landau level is populated. Thus for these narrow quantum wells at 1.4K, only the n. = 0 to n, = 0 transition is allowed; how-
ever, a series of higher energy zero™-order Jorbiddenn, =0, 1,2, ... to n, = 0 transitions are observed.!>17 For either case,
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Figure 1. The zero-field 1.4-K photoluminescence spectrum for an 8-nm-wide n-type GaAs/AlGaAs single
quantum well. The 2D-carrier density Nop = 8.2 x 10! cm™. The energy of the photoluminescence peak
intensity is nearly 1563 meV and the true bandgap energy Egap = 1557.6 meV is the extrapolated bandgap
energy from the magnetoluminescence “Fan” diagram shown in Fig. 3. The bandgap energy for an undoped
quantum well is labeled E'.

allowed or zero'M-order forbidden transitions because the Landau-level energy shifts are proportional to the magnetic field, the
zero-field extrapolated value is the bandgap energy. Thus, for all of the 8.5-nm-wide n-type GaAs/AlGaAS single quantum
well samples discussed here, the interband Landau level transition energies E(n) are allowed and are given by the expression

E(n)=E,, +(n +l)6h—B, )]
2/ pe

where Ey,, is the bandgap energy, n =0, 1, 2, ... is the Landau level index, | is the reduced mass given by pl= mc'1+ mv’l,

where m; and m, are respectively the conduction or valence-band effective masses. The Landau level index n = (n, = n,)
because, as mentioned above, the selection rule for allowed transitions is 8n,,, = 0.

Figure 2 shows a magnetoluminescence spectrum at B = 8 tesla and T = 1.4K for the n-type sample whose zero-field pho-
toluminescence spectrum is shown in Fig. 1. As can be seen, the zero-field spectrum breaks up into a series of peaks whose
energies are given by Eq. (1). The Landau transition value n <> n, for each peak is indicated in the figure. At 1.4K, 8T and
Nop=82x 10" em?, only the n, =0, 1, 2, and 3Landau levels are occupied and therefore the highest energy photolumines-
cence peak that can be observed is the 33 transition. Because of the nonparabolic15 valence-band mass, it is difficult to
determine the valence-band hole temperature from the ratio of the photoluminescence peak intensities using a Maxwell-
Boltzmann distribution. However, for InGaAs/GaAs single-strained-quantum wells, where the heavy-hole light-hole valence
bands are well separated (8E ~ 60 meV) and the resulting in-plane valence band masses are lighter and much more parabolic
than found for the GaAs/AlGaAs structures discussed here, the Maxwell-Boltzmann determined ratio of the photolumines-
cence peak intensities do indicate that the valence-band holes are in good thermal equilibrium with the lattice.
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Figure 2. The photoluminescence spectrum at 8 tesla and 1.4-K for the n-type 8-nm-wide GaAs/AlGaAs sin-
gle quantum well sample shown in Fig. 1. The Landau transition value n. <> n, is indicated for each peak.
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Figure 3. The magnetoluminescence “Fan” diagram for the 1.4-K data. The Landau transition values n, <> n,,
are indicated. The lines are best fits of Eq. (1) to the data and the extrapolated zero-field bandgap energy is
1557.6 meV. The ratio of the straight line slopes is nearly 1:3:5:7 in agreement with Eq. (1).



A magnetoluminescence energy “Fan” diagram can be generated by plotting the energy of each Landau level transition
energy (See Fig. 2) as a function of magnetic field and this result is shown in Fig. 3. The Landau transition values n; <> n,, are
indicated and the lines drawn through the data are best fits of Eq. (1) to the data. The ratio of the slopes are nearly 1:3:5:7 as
predicted by Eq. (1) again verifying the allowed nature of the transitions. The bandgap energy Eg,, can be uniquely deter-
mined from a zero-field extrapolation of the straight lines shown in Fig. 2 with the result, Eg,p = 1557.6 meV.

For all of the n-type GaAs/AlGaAs single quantum well structures, magnetoluminescence “Fan” diagrams similar to the
one shown in Fig. 3 can be generated using the above described procedures. The bandgap energy reduction AE for each sample
can then be calculated by subtracting the magnetoluminescence determined zero-field bandgap energy Egyp from the undoped
structures’ bandgap energy E shown in Fig. 1.

An excellent review of the nonlinear properties of electron-hole plasmas in semiconductors has been presented by
Schmidt-Rink et. al.’ Among other subjects, these authors have discussed the bandgap energy reduction (BGR) due to many
body effects in both bulk (3D) and 2D-systems. Also, problems of using random phase approximations (RPA) to solve the
zero-temperature BGR have been discussed in detail. However, as mentioned in reference 5, a simple interpolation formula
derived by Schmidt-Rink and ElI2 gives good agreement not only with RPA-type calculations and but also with experiment.
From Schmidt-Rink et. al.2*3, the size of the BGR can be calculated from the expression

AE = -3.1(N,,a2)"E,,. )

where AE = (E,,, - E') is the difference in energy between the bandgap energy Eg,, the 2D-electron gas and the bandgap
gap ‘ gap

energy E' of the undoped structure, Npp, is the 2D-carrier density, ag is the bohr radius, and E,, is the exciton binding energy.
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Figure 4. The energy difference AE between the undoped bandgap energy E' and the n-type GaAs/AlGaAs
single quantum well energies E,,,,. The curve through the data is given by AE=-322x107N,3 meV.



As mentioned previously, we estimate for an 8-nm-wide undoped GaAs/AlGaAs single quantum well that E.y ~ 9 meV and
also that ag ~ 12.5 nm. From Eg. (2), we thus expect that the 2D-density dependence for bandgap reduction energy will be
given by

AE ~-32%10° N2 meV. 3)

Figure 4 shows the result of plotting AE as a function of the 2D-carrier density N,p,. The energy difference AE for each
structure AE = (E' - Egyp). The solid curve drawn through the data is a result of a best fit of AE = AN 133 {6 the data given by

AE =-3.22%x107 N, meV. 4)

The experimental curve shown in Fig. 4 (Eq. (4)), is in good agreement the estimated AE ~ -3.2 x 103 N'3 ie,, Eq. (3).

4. CONCLUSIONS

In conclusion, we have shown that the magnetoluminescence technique allows a direct determination of the bandgap
energy for degenerate quantum well samples. Furthermore, the complications of spectral shifts to the photoluminescence peak
line shape are avoided by this method. Finally, agreement between the data and the expectations based on the calculation by
Schmidt-Rink et. al., is good. Currently, we are extending these types of bandgap energy reduction measurements to strained
and lattice matched InGaAs/InAlAs n-type single quantum wells on InP.
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