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Carrier-induced transition from excitonic to free-carrier-like radiative recombination
in a semiconductor quantum well studied by magnetoluminescence
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We have investigated the magnetic-field dependence of the photoluminescence of an n-type
modulation-doped Al„Ga~ —„As/GaAs single-quantum-well structure while changing the electron
density in the well from zero to 7X10" cm via an applied gate voltage. A clear transition
from excitonic to free-carrier recombination was observed. At intermediate electron density, the
existence of magnetoexcitons is suggested.

Carrier-induced effects on optical properties of semi-
conductor quantum-well (QW) structures have attracted
wide interest because of their importance in both device
applications and physics. ' Recently, these properties
were examined systematically by use of a field-effect
configuration of modulation-doped single QW struc-
tures since the electron density and the electron tem-
perature are accurately controlled in this configuration.
The exchange and correlation effects were quantitatively
examined through the photoluminescence study of QW
field-effect transistors (FET) (Refs. 7 and 8) and are fair-
ly well explained by local-density-functional theory.

With increase in the electron density N, in the well, ex-
citons become unstable due to the onset of screening and
the exclusion principle. This instability and the disap-
pearance of the excitonic state have been demonstrated
in absorption studies in which the quenching of excitonic
peaks is clearly observed at high W, . The eA'ect of the
exciton-to-free-carrier transition on recombination pro-
cesses, ' however, is not as well defined. For example, the
exact electron density at which the excitons cease to con-
tribute to the recombination processes is not well estab-
lished at present, since it is difficult to distinguish between
the excitonic and the free-carrier recombination. Note
that when the carrier density increases up to the order of
10"cm, the recombination process differs from the ab-
sorption process because the exclusion principle works
only in the latter process. ' ' Therefore, one cannot con-
clude that the excitonic contribution to recombination
ceases to exist at the same density where the quenching of
excitonic peaks in absorption is observed. '

To investigate this transition from excitonic to free car-
rier recombination, a magneto-optical study is quite
effective since the measurement of the magnetic-field
dependence of the photoluminescence energy mill allow
one to distinguish between the two possible processes. For
excitonic recombination, the emission energy shifts in pro-
portion to the square of magnetic-field 8 at relatively
small 8, " while the shift should be almost linearly pro-
portional to 8 for the free-carrier recombination, ' since
the shift is expressed as the sum of the ground-state Lan-
dau levels for electrons and holes.

In this communication, we report on magnetolumines-

cence measurements of a GaAs/Al„Ga~-, As modula-
tion-doped single-quantum well in which the electron den-
sity in the well is controlled via gate electric fields. We
have observed a clear transition from excitonic to free-
carrier recombination. At intermediate electron densities
the formation of a magnetoexciton is suggested.

The sample used in this study was grown by molecular-
beam epitaxy on a semi-insulating GaAs substrate. We
first grew a 0.9-pm GaAs buffer layer, and 15 periods of a
(30-A GaAs)/(30-A A1As) superlattice buffer layer. On
its top, we grew a 100-A Al„Gat —„As layer, a 107-A
GaAs QW layer, a 250-A. undoped Al, Ga~ —,As spacer
layer, a 550-A Si-doped Al„Ga~ —„As layer with donor
concentration of 5X10" cm ' and a 100-A. GaAs cap
layer. The Al mole fraction in all of the Al Gal „As1ay-
ers was 0.4. The electron density and the mobility at 77 K
were 4.3&&10'' cm and 1.3&&10 cm /V sec, respective-
ly. Using this wafer we fabricated a QW field-effect
transistor with a gate area of 2 x 2 mm . The source and
drain electrodes were formed by alloying In-Sn. The
semitransparent gate electrode was formed by the deposi-
tion of 150 A of Au. The threshold voltage, V,h, was
about —0.8 V, when measured in the dark, though Vfh
shifted to about 0.7 V under illumination. The origin of
this large shift of the threshold voltage is not clear at
present and calls for further study.

The photoluminescence (PL) and the photolumines-
cence excitation (PLE) measurements were performed at
4.2 K, using a Styryl-8 dye laser pumped by an Ar-ion
laser at diA'erent gate voltages, Vg, to determine the elec-
tron density, W„ in the well. Figure 1 shows the gate-
voltage dependence of the PL and PLE of this QW FET
measured with a spectral resolution of 0.6 meV. When Vg
is about or smaller than 0.7 V, a sharp PL and a clear ex-
citonic transition in the PLE spectrum is observed. The
sharpness of the excitonic-absorption line shows that the
spacer layer is thick enough to suppress the impurity
scattering eAect by the doped remote impurities. Upon
increasing V~, a red shift and a broadening of the PL are
observed. For the PLE spectra, the quenching of the exci-
tonic peaks and the blue shift of the absorption edges are
clearly observed as reported earlier. These features re-
sult from the increase of the electron density %, and can
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FIG. 2. The peak photon energy of the PL of the QW FET as
functions of measured Stokes shift and the electron density at
4.2 K.
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FIG. 1. PL (solid lines) and PLE spectra (dotted lines) at
various gate voltages of a quantum-well field-effect transistor
(L =107 A) at 4.2 K.

be used to determine N, . The energy dif'ference E„be-
tween the PL peak and the PLE edge is due to the band
filling of the conduction band by electrons. It can be ex-
pressed as (1+m, /mb )EF using the parabolic approxima-
tion where EF is the Fermi energy, and m, and mb are the
effective masses of the electrons and heavy holes, respec-
tively. Therefore, we can estimate the electron density
from this Stokes shift. More exactly, it is necessary to
take into account the nonparabolicity of the valence band;
however, the neglect of this effect causes only a small er-
ror in the electron density since mb is 5-7 times larger
than m, . Here we adopt an effective heavy-hole mass of
0.4mo and estimate the electron density from the Stokes
shift.

Figure 2 shows the energy of the peak of the PL emis-
sion as a function of the Stokes shift and the estimated
electron density. The red shift of the PL photon energy,
AEpL results from the sum of the band-gap renormaliza-
tion, dE~ (due to the many-body effect) and the band-
bending effect, &F„(or the Stark effect) minus the
exciton-binding energy Eb (Refs. 7 and 8) due to the
exciton-quenching effect; that is &FpL 6E&+&F- Eb.
At N, 8x10"cm, AEpL reaches 17 meV. Using the
Hartree approximation, AE, is calculated to be about 8
meV. By considering the exciton-binding energy Eb (9
meV), the band-gap renormalization AEg ( AEpL—hE, +Eb) is found to be 18 meV at N, 8&&10"cm
This result is consistent with our earlier work.

The magnetoluminescence measurement was performed
using a fiber optic apparatus similar to that of Ref. 11 at
4.2 K with a spectral resolution of about 1.5 meV. An
In-Ga-Al-P semiconductor laser (li, 6900 A) was used
for the sample excitation. Figure 3 shows typical PL spec-
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FIG. 3. Magnetic-field dependence of the PL spectra at vari-
ous gate voltages. The estimated electron density from the opti-
cal data of Fig. 1 is (a) (1&10'0 cm 2 at V~ 0.7 V, (b)
3.5X10" cm 2 at 1.0 V, and (c) 6.2&10" cm 2 at Vg 1.2 V,
respectively. The peaks due to the transition between the first
excited electron and hole Landau levels are indicated by the ar-
rows.

tra at three different gate voltages (0.7 V, 1.0 V, 1.2 V) as
functions of magnetic-Geld 8 applied normal to the sam-
ple. The electron density, N„at these respective gate
voltages is less than 10' cm at Vg 0.7 V, 3.5&10"
cm at 1 V, and 6.2X IO" cm at 1.2 V. Note that the
V~ vs N, relation under illumination depends slightly on
the wavelength of excitation. Hence, we always estimated
N, using the measured peak energy h vpL of the photo-
luminescence and the N, -hvpL relation of Fig. 2. At
N, ( 10' cm (I g 0.7 V), the linewidth of the
luminescence is very sharp. The peak shifts towards
higher energy by 4 meV when 8 is raised to 9 T. When
N, 3.5x10" cm (V~ 1.0 V), a broad PL spectrum
is observed at 8 0 but becomes sharper as the magnetic
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FIG. 4. The measured photon energy of the photolumines-
cence peak vs magnetic field 8 for several carrier densities N, .
T=4.2 K. For N, &10' cm, both of the higher-energy
peaks (solid triangles) and lower-energy peaks (open squares)
are plotted.

field increases. The peak energy is found to shift by 9
meV. At Vg 1.1 V the shift at 8 9 T increases to 12
meV. Note that the PL spectrum of Fig. 3 for 8 0 looks
slightly different from that shown in Fig. 1. This is due to
the inhomogeneity of the sample since a larger area of the
sampie is photoexcited in the magnetoluminescence study.
Nonetheless the spatial variation of the PL peak energy is
small enough to allow the estimation of the electron densi-
ty.

We plot in Fig. 4 the photon energies of the photo-
luminescence peaks as a function of the magnetic 6elds 8
for several electron densities N, ranging from zero to
7&10" cm . When N, is nearly zero (Vg 0.7 V), the
peak energy shifts in proportion to 8 as expected from
the theory for excitonic recombination. This is also con-
sistent with the PLE measurement of Fig. 1. Hence, the
luminescence comes from excitonic recombination. The
structure in the PL spectrum of Fig. 3(a) indicates the
presence of monolayer Auctuations of the well width. The
change of the luminescence line shape with 8 is thought to
be due to the changes both in the exciton diameter and in
the diffusion length of excitons within the well.

With a slight increase of N, to 1.5&10" cm, the
magnetic-field dependence at low fields 8 (2 T starts to
show a deviation from the excitonic behavior, as shown in
Fig. 4. This indicates that the exciton becomes unstable
even for relatively small N, . At Vs=1.0 V (N, =3.5

&& 10" cm ), the peak energy shifts almost in proportion
to 8 in the range from 0 to 4 T as shown in Fig. 4. Simul-
taneously, a broad luminescence spectrum becomes
sharper as 8 increases as shown in Fig. 3. These features
indicate that the photoluminescence comes from the free-
carrier recombination between the 6rst electron and hole
Landau levels. Due to the screening effect and particle
correlations, excitons cease to exist and luminescence
comes from the free-carrier recombination. However,
upon increasing 8 above 4 T, the PL energy no longer
shifts linearly with 8, but shows the excitonic behavior.
This is likely to be due to the formation of magneto-
excitons, since the application of the magnetic field causes

the wave functions of both holes and electrons to be
squeezed, leading to the increase of the exciton-binding
energy.

Further increase of the electron density results in a situ-
ation where the free-carrier recombination behavior is
more pronounced. When the electron density is 7 x 10"
cm, the shift of the PL energy is proportional to 8 up to
8 T, indicating clearly the free-carrier nature of the
recombination process.

Quantitatively, the observed slope of the PL shift with
8 is then 1.3-1.6 meV/T and is markedly larger than the
simple Landau formula predicts [ —,

' 8(hro, +bros )/
M 1.05 meV/T for mq -0.3mo], though the prediction
may vary, depending on the details of the valence-band
structure. This deviation cannot be ascribed to the
magnetic-field dependence of the many-body effect, which
has been discussed recently by Katayama and Ando. '

They calculated the exchange and correlation energies of
modulation-doped QW structures for electron and holes
under magnetic fields and found that the correlation ener-

gy for holes should increase with the application of mag-
netic field. Hence, the shift of the PL emission energy
with 8 would then be smaller than the simple prediction.
This is, apparently, in contradiction with our data. Fur-
ther study is necessary to clarify the possible causes for
the discrepancy.

When N, is higher than 3.5x10" cm, luminescence
peaks related to the first excited Landau-level transition
were observed as indicated by the arrows in Fig. 3. The
intensity of this transition was weak because the laser ex-
citation level was low enough to prevent the rise of the
carrier temperature. At N, 7 x 10"cm, the slope of
the energy shift of this level with 8 is 2.7 meV/T and is
slightly smaller than the simple Landau formula predicts
( 3.15 meV/T at rni, 0.3mo). The details will be re-
ported elsewhere.

In summary, we have investigated the magneto-
luminescence of a modulation-doped single-quantum well
structure at various N, . The transition from excitonic to
free-carrier recombination is clearly observed. At inter-
mediate electron densities, the luminescence energy has
shown a novel variation with 8 where the shift is free-
carrier-like at low-magnetic 6elds and becomes excitonic
at high fields. The magnetoluminescence study is found to
be effective in elucidating the transition from the exciton-
dominated process to a free-carrier one in the radiative
path.
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