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D% and D ~ states in GaAs quantum wells are studied simultaneously by far-infrared magnetophoto-
conductivity. In high magnetic fields, the observed sharp transitions are attributed to transitions be-
tween ground and excited states of D% and D ~ centers, respectively. In low magnetic fields, the spectra
are dominated by free-electron response. The changes in spectral responses are explained in terms of a
magnetic-field-induced metal-insulator transition of the D°-D ~ band.

PACS numbers: 73.20.Dx, 71.30.+h, 78.50.Ge

There has been much interest in the properties of D —
centers in GaAs quantum wells recently [1-3]. A D~
center is a shallow impurity which binds two electrons,
and is negatively charged. To form D ~ centers, extra
supplies of electrons are required. For the bulk material,
this is accomplished by illuminating the sample with
band-gap radiation or by applying an electric bias to the
sample [4]. D~ centers can be found more readily in
quasi-two-dimensional systems since the structure can be
tailored. With impurities placed at both the quantum
wells and the potential barriers, an impurity atom in the
well can capture an extra electron released from an im-
purity atom in the barrier to form a D~ center. In this
Letter we report magnetophotoconductivity measure-
ments on D ~ and D° (neutral impurity) centers in GaAs
quantum wells. The measurements are performed using a
far-infrared Fourier-transform spectrometer in conjunc-
tion with a 9-T superconducting magnet. This system has
the advantage that the spectral responses of the sample
are taken while the magnetic field is fixed. Sharp transi-
tions from the D ~ ground state to excited states as well
as 1S-2P + transitions of D° centers are observed at
magnetic fields higher than 6 T. At intermediate mag-
netic fields (3-5 T), broadened 1S-2P + transitions of
DO centers are observed. At low magnetic fields, free-
electron response dominates the spectra. The change in
spectral response is shown to be caused by the magnetic-
field-induced metal-insulator transition of D~ and D°
centers.

Two samples were investigated. LM505 has 20 210-A
GaAs quantum wells separated by 21 150-A Aly3GagAs
barriers. Each well is doped at the center 70 A with an
n-type (Si) impurity concentration of 2x10'® cm % the
barriers are undoped. LMS506 has the same structure,
doping concentration, and doping position in the quantum
well as LM505, but each barrier is doped at the center
100 A with an n-type impurity concentration of 1X 10'¢
cm ~3. These two samples were grown consecutively in
the same run in a molecular-beam epitaxy system. Ohm-
ic contacts to the sample were made by alloying In dots
into the sample in H, atmosphere at 420°C for 30 min.
The data reported here are photoconductivity responses
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of the samples at 5 K. In the experiments, magnetic field
is applied parallel to the crystal growth (z) direction and
data are taken in the Faraday geometry.

Photoconductivity responses of LM505 from 0 to 7 T
are shown in Fig. 1(a). Two peaks corresponding to 1.5 -
2P + transitions can be observed. The peak positions cor-
respond to the intra-D° transitions of impurities exactly
at the center of the quantum well, which has the largest
transition probability because of the large effective densi-
ty of states [S]. The low-energy tails are intra-D° transi-
tions of impurities on both sides of the well center. The
transition energies and probability for these impurities
are smaller than those for the well-center impurities. The
observed transition energies versus magnetic field agree
very well with transmission and capacitively coupled pho-
toconductivity measurements performed on similar sys-
tems [6], and are also in good agreement with theoretical
calculation [7]. Spectral responses from LM506 are de-
picted in Figs. 1(b) and 1(c). Before we discuss the spec-
tral responses, it is important to note that in LM506,
electrons associated with impurities in Alg3GagsAs will
find it energetically more favorable to be ionized and stay
in the GaAs quantum well. An impurity atom in the
quantum well thus has a probability to capture one of
these electrons and become a D = center. Because there
are at most 10'® cm ~2 excess electrons (doping concen-
tration X doping width in the barrier) in each quantum
well and there are 1.4x10'" cm ~2 impurity atoms in
each well, D and D ~ centers coexist in each quantum
well. D% and D ~-related transitions are expected to
show up simultaneously.

At magnetic fields above 6 T, four peaks can be ob-
served. These fours peaks can be divided into two groups.
One group is the 1S-2P + transitions of D° centers. The
transition energies as a function of magnetic field of these
transitions are the same as is observed in LM505. This
indicates that the quantum well widths of these two sam-
ples are the same. The other group is D ~ related transi-
tions. Because the transition energies for this group are
close to those of the intra-D° transitions in bulk GaAs, it
is important to show that the observed transitions are
really D~ related. Tilted-magnetic-field experiments
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(a) Spectral response of LM505 from 0 to 7 T at 4.2 K. The high-energy peaks are 1S5-2P+ transitions and low-energy
(b) Spectral response of LM506 from 5.5 to 9 T. The four peaks, from low-energy to high-energy,

are EY(0)-E*(—1), 1S-2P-, E*(0)-E*(+1), and 15-2P+ transitions, respectively. Dashed lines are spectra taken at tilted
magnetic fields. (c) Spectral response of LM 506 from 0 to 5 T, and the response of a Ga-doped Si bolometer. The spectra at 0-3 T
are dominated by free-electron response, and from 4 to 6 T, broadened 1.5-2P + transitions dominate.

were performed with the sample tilted an angle of 23°
with respect to the direction of the magnetic field. The
dashed spectra in Fig. 1(b) are the results of these experi-
ments. The magnetic-field strength shown in the figure is
the magnetic field (Bcos@) perpendicular to the two-
dimensional system. The Bcos6 rule is obeyed and the
observed transitions are all quasi-two-dimensional relat-
ed.

The two D ~-related transitions are assigned, following
the notation of Ref. [3], as £ Y (0)-E*(1) and E *(0)-
E*(—1), where the former corresponds to the high-
energy transition and the latter corresponds to the low-
energy transition. Here “+” means that the spatial wave
function of the two-electron D~ center is symmetrical
and 0, £ 1 is the total z-component angular momentum of
the electrons. The transition energies of E T(0)-
E*(£1) of the D~ center and 1S-2P+ of the D°
center as a function of magnetic field are depicted in Fig.
2. Optical selection rules in the Faraday geometry re-
quire that the allowed transitions are Am = £ 1, where
Am is the change in total z-component angular momen-
tum. The observed sharp D ~-related transitions as well
as the consideration of optical selection rules support the
assignment of the observed transitions to intra-D ~ tran-
sitions, i.e., transitions between discrete D~ ground and
excited states.

The observed difference in transition energies between
E*(0)-E*(+1) and E*(0)-E*(—1) is smaller than
ho., where o, =eB/m™ is the free-electron cyclotron fre-

quency and m™* is the band-edge effective mass. It has
been shown that, for a parabolic conduction band, 1S-
2P+ and 1S-2P- as well as E*(0)-E*(—1) and

E*T()-E*(+1) both have an energy difference of
ho2”. For a conduction band which is slightly nonpara-
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FIG. 2. Transition energies of 1S-P4+ (+), 1S-2P- (x),
E*()-E*(+1) (0), and E*(0)-E*(—1) (*) for samples
LM505 and LMS506 from 0 to 9 T. The energy difference be-
tween E¥(0)-E*(—1) and E *(0)-E *(+1) transitions is al-
ways about 5 cm ~! smaller than the energy difference between
1S-2P - and 1S-2P+ transitions.
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bolic such as the GaAs conduction band, the difference is
slightly smaller than Aw,. This is observed experimental-
ly for DOrelated transitions. The observed E *(0)-
E*(+1) and E*(0)-E*(—1) transitions, however,
have an energy difference about 5 cm ~' smaller than the
difference in transition energy between 1S5-2P ¢ and 1S-
2P — from 6 to 9 T. This is not due to the nonparabolici-
ty of the GaAs conduction band because in doing the
comparison the effect of nonparabolicity has been already
included in the energy difference between 1S-2P4 and
1S-2P - transitions. The origin of this systematic devia-
tion is not understood, but the electron-electron interac-
tion is probably responsible for this deviation.

The spectral responses of the system change dramati-
cally from low fields to high fields. This result is attribut-
ed to a magnetic-field-induced metal-insulator transition
(MIT). It is known that in doped semiconductors, it
occurs when N '?ay~0.2 [8]. Here N is the impurity
concentration and ay is the Bohr radius of an impurity
electron. In bulk GaAs, the MIT occurs at an impurity
concentration of around 8 x 10'> cm 73, If the criterion is
correct for a two-dimensional GaAs impurity system, and
the Bohr radius of the electron is assumed to be the same
as in the three-dimensional system, then the MIT should
occur at a two-dimensional impurity concentration of
4x%10'"% ¢cm 72 This estimation should be regarded as an
upper bound of the MIT for the doped two-dimensional
GaAs system. In the real system, the Bohr radius in lat-
eral directions is larger than the 3D Bohr radius due to
the confinement in the z direction, and the MIT can be
expected to occur at a smaller impurity concentration. It
is shown that for the D ~ center, one electron stays in the
1.5 orbit and the other electron is in the 25 orbit [2], and
we know that the 25 orbit has a radius of 2ay. Following
the argument presented above, the MIT for D ™ centers
should occur when the concentration is 1x10'% cm ™2,
Again, this should only be regarded as an upper bound.
In our system the concentration of D ~ centers is 1 x10'0
cm 2. In addition, there are also 0.4x10'® cm ™2 D°
centers distributed randomly among D ~ centers. In this
case there can be substantial overlap between wave func-
tions of D~ electrons as well as overlap between wave
functions of D ~ electrons and D electrons to form an
impurity band at zero field. In this case the spectrum at
zero magnetic field is dominated by free-electron
response. The low field data shown in Fig. 2(c) are simi-
lar to the spectral response of a Ga-doped Si bolometer
placed in a similar arrangement. The line shapes reflect
the combined effect of beam splitter, filters, and light-
pipe optics. The spectral response of a bolometer is near-
ly flat. The spectral response of the low field data is thus
attributed to free-electron response similar to an InSb
free-electron detector [9].

As the magnetic-field strength increases, at 3-5 T,
broadened D°-related 15-2P 4+ transitions are observed.
The linewidth becomes narrower as the strength of the
magnetic field increases. At higher magnetic fields both
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D%related and D ~-related transitions can be observed.
It is known that magnetic field can shrink the wave func-
tion of an electron in the plane perpendicular to the mag-
netic field. The shrinking of the electron wave function
reduces the overlap between electron wave functions of
adjacent atoms. As the Mott criterion N '/3aH =0.2,
where ay is now the Bohr radius of the electron in the
presence of magnetic field, is satisfied, the system changes
from the metallic state (impurity band) to the insulating
state (isolated donors). This is known as a magnetic-
field-induced MIT. Our system is more complicated than
the usual doped semiconductor system since there are
both D® and D~ centers in the quantum wells. The
change in spectral response can be understood as follows:
As the strength of the magnetic field increases, the Bohr
radii of both D and D ~ centers become smaller in the
x-y plane. Since D° has a smaller Bohr radius, and is
distributed randomly among D ~, the overlap between
wave functions of D° and D ~ disappears first and the D°
become isolated impurities. So the spectra are dominated
by the DO%related intraimpurity transitions. As the
magnetic-field strength increases further, the overlap be-
tween electron wave functions of D~ centers decreases
even more and at around 6 T, a clear indication of D -
related transitions originating from isolated D ~ centers
can be observed. The spectral response is thus clear evi-
dence of a metal-insulator transition of the D°D ~ band.
Further evidence of a magnetic-field-induced MIT is
shown in Fig. 3, where the sample resistance measured at
4.2 K is plotted as a function of magnetic field. The sam-
ple resistance varies slightly below 5 T but increases
significantly above 5 T. This behavior is typical of a
magnetic-field-induced MIT in a doped semiconductor
system [10]. As discussed before, at low magnetic fields
there are substantial interactions between D ~ centers to
form an impurity band. In this case, the sample resis-
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FIG. 3. The resistance of sample LM506 as a function of
magnetic field. From 0 to 5 T the resistance does not increase
much; above 5 T the resistance increases very rapidly.
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tance only has a weak dependence on magnetic field. In
the high magnetic-field regime, the interactions between
impurities become weak enough that all D~ and D°
centers can be regarded as isolated centers. In this situa-
tion the sample resistance depends strongly on the mag-
netic field. This is because the number of conduction
electrons is proportional to exp(— Eg/kT), where Ep is
the magnetic-field-dependent binding energy, and T is the
sample temperature. A small change in Eg can decrease
the number of conduction electrons dramatically and
therefore lead to a large increase of the sample resistance.
The observed MIT transition at around 4-5 T is con-
sistent with the conclusion drawn from the change of the
spectral response.

In conclusion, the D~ center in GaAs quantum wells
has been studied by far-infrared magnetophotoconduc-
tivity measurements. Sharp intra-D ~ transitions can be
observed in high magnetic fields and they are assigned as
E*(0)-E*(+1) and E*(0)-E *(—1) transitions. The
energy difference of these two transitions is systematically
5 cm ~! lower than hw, even after the effect of the non-
parabolic conduction band is taken into consideration.
From the change in spectral response from low to high
magnetic fields, a clear indication of a metal-insulator
transition of the D%D ~ band is observed. The observed
transition occurs at around 5 T for a D~ concentration of
1%10'° cm ~2 and D concentration of 0.4x10'cm 2 in
a 210-A quantum well.
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