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The properties of D' ions in quantum wells were studied. It is found that, with an
intermediate concentration of D' ions, electrons in the quantum wells possess both band-like
and impurity-like properties. The appearance of the Quantum Hall effect makes it possible to
rule out the existence of an impurity band that is separated from the conduction band. The
results are interpreted in terms of the formation of a D conduction band, with the DI band
becoming a tail of the conduction band. The implications of our experimental results on the
metal -insulator transitions in doped semiconductors are discussed.

PACS. 71.30.+h — Metal-insulator transitions and other electronic transitions.
PACS. 73.20.Jc — Ddocalization processes.
PACS. 71.55.Eq — Ill-V semiconductors.

The electron-electron interaction is of fundamenta importance to the transport properties
of an dectronic system. It is widdy beieved, for example tha the dectron-dectron interaction
is reponsible for the unexpected observation of metd-insulaor transitions in two-dimensiona
gystems & zero magnetic field [1]. The electron-dectron interaction dso plays an important role
inMott’ s theory of metal-insulator (M-1) transitions in doped semiconductors[2]. In Mott’ stheory,
the dectron-dectron interaction creates an energy gap, known as the Hubbard gap, between the
one-dectron donor state (D° sate) and the two-dectron donor state (Di date). As the donor
concentration increases, the one-eectron and two-dectron donor levels broaden into the lower and
upper Hubbard bands, or D° and Di bands. M-I transitions occur when the two Hubbard bands
merge and the Hubbard gap disappears. The existence of a two-dimensiond D band was first
observed in S metd-oxide-semiconductor fidd effect transistors and its properties were studied
in detail. Attempts had been made to observe the Di band in the same system, with no success

[3].

The advance in crystal growth has nhow made it possible to essily cregte Di ions in a
quantum well, and thus offers the possibility of studying the properties of the Di band. By
doping the quantum wells and the barrier layers sdectively with an n-type dopant, severd groups
had reported the observation of Di ionsin GaAs/Al GaAs multiple quantum wells (MQWs) [4].
These D' ions are created because the donors in the QWs can capture dectrons rdeased from the
donors in the barri ers and become negatively charged. By increasing the concentration of DI ions
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in the quantum well theisolated DT levd is expected to broaden intoa DT band. In this |etter we
report the study of trangport and optical properties of samples with different Di concentrations in
GaAs QWs For thelow concentration sample, isolated O- behavior was observed. For the samples
with higher concentration, it is found tha the sample exhibited conduction band and Di  band
behavior simultaneoudy. The quantum Hall (QH) effect, a property of the conducti on band, was
observed in the magneto-transport measurement; and a the same time, aD' -rdated transition, a
property of the DI band, dominated the spectral response of the sample. The experimentd results
are interpreted as the formation of a D' -conduction band. Its implication on M-I trangtions in
doped semiconductors is aso discussed.

The multiple quantum wdls (MQWSs) samples used in this gudy were grown by molecular
Beam epitaxy. Thewidth of the GaAs QW is200 A and the width of the Al;Ga; As barrier is 600
A. The large barrier width ensures that there is no coupling between adjacent QWs. There are 10
QWs and 11 barrier layers in each sample. The MQW structure was grown on semi-insulating
GaAs substrate, and was capped with 100 A of GaAs. N-type dopant (Si) was placed a the
centers of the QWs and the barrier layers by +-doping. Doping concentretion in the barrier layers
and in the QWs are the same and are 4 £ 10%° cmi ? for sample A and 1:6 £ 10** cmi 2 for
sample B, regoectively. Far-infrared transmisson measurements were performed using a slow scan
Fourier transform spectrometer with a9 T superconduction magnet. The signal was detected with
a Ga doped Ge detector by the standard lock-in technique. Magneto-trangport measurements were
performed with a 13 T superconduction magnet and for the transport measurements, sample B
was made into the Hall pattern by sandard lithography and etching techni ques.

Far-infrared absorption spectra of sample A taken a B = 7T are depicted in Fig. 1. There
are three main featuresin these spectra, Di 1-rdlated transition, D%-related transition and cyclotron
resonance (CR) absorption. The positions of the absorption as a function of the magnetic fied
agree well with previous gudies [4]. The Di -related transition and the DO-related transition are the
transitionsfrom Di and DO ground states to their respectively excited states At low temperatures
theD' featureisthe dominant one, which indicates that most of the neutral donorsin the QWs are
converted into Di ions by capturing dectrons from the barriers As the temperature increases, we
could see that the absorption grength of Di -rdated trangtion decreases quite rgpidly, and at the
same time the DO-rdated trand tion and CR are gaining strength. The same temperature-dependent
gpectral evolution was observed between 6 T and 9 T, the range dictated by the detector response
and available magnetic fidd. The evolution of the spectral response is due to therma excitation
of electrons from Di ions to the conduction band. A Di ion has a smdl binding energy o it
loses its second dectron quite essily when the temperature increases. When a D' ion loses one
eectron it becomes a D plus one free electron.

For sample B, which has four times the number of Di ions in the QWS the far-infrared
transmission gpectrataken at 7 T are shown in Fig. 2. At low temperatures, the dominant feature
is a broad absorption centered a the position of the Di -rdaed transition. In addition, there is
aso an absorption due to CR a the low energy sde. Upon heating up the sample, the intendty
of the CR absorption increases, and a the same time the intensity of the Di -relaed transition
decresses. The absorption pectra of sample B are quite similar to the absorption gectra of
sample A, except that, because there are more DI ions in sample B, its D -related absorption
is broader. The absorption measurements indicete that, for both samples A and B, electrons are
most likely to stay around the impurity sites at low temperatures, while at high temperatures they
are free-electron-like.



VOL. 39 C. H. LEE, Y. H. CHANG, C. F. HUANG ¢¢¢ 365

Absorption Intensity (2% per div.)
Absorption Intensity (2% per div.)

D
PR NSNS [T T N VN A S B
80 100 120 140 160 180 200 80 100 120 140 160 180 200
Energy (cm’) Energy (cm’)
FIG. 1. Spedrd response of sample A at B = FIG. 2. Spectral response of sample B taken at 7
7 T. The temperatures are 5 K, 10 K, T. Thetemperauresare5 K, 10 K, 20 K,
15 K, 25 K and 30 K, from bottom and 30 K, from bottom to top. Because
to top. As temperature increases, the there are more Di ions in the quan-
Di -related transition decreases in inten- tum wells, the D' -related transitions are
sity while the D°-related transition and broader than in Fig. 1. As the tem-
cyclotron resonance (CR) are gaining perature increases, the intensity of Di -
strength. related absorption decreases while CR

absorption increases.

Although the spectral responses of the two sampl es are quite similar, the conduction prop-
erties of the two samples are quite different. Thelongitudind resistivity (Yxx) of sample A, as can
be seen in the insat of Fig. 3, increases monotonicaly with the magnetic fidd. This behavior is
amilar to the magnetic freeze-out observed in doped semiconductor. The magnetic field increases
the binding energy of the Di ion, and as fewer dectrons could be thermdly excited into the
conduction band a higher magnetic fidd, the sample resigance increases exponentially. On the
other hand, the magneto-transport behavior of sample B is more complicated. Fig. 3 shows the
longitudind resigtivity (Yxx) and Hall resistivity (%xy) of sample B teken between 1.8 and 5 K.
The initial decreasein %xx & low magnetic field is dueto the weak locdization effect. At higher
megnetic fidd, a dip could be observed in the %xx curves a around B =35 T and is then followed
by a broad minimum centered a around B = 7 T. These minimums are due to Subnikov-de Hass
oscillations. From the period of the oscillations the éectron concentration in the QWs is found to
be3.4 £ 101 cmi 2. Thisvalueis close to the expected carrier concentration in the QWs. The
intended doping concentration in the well and in the barrier are both 1.6 £ 101 cmi 2. If all the
dectrons in the barriers fal into the wells, there would be 3.2 £ 101 cmi 2 dectron per QW.

After passing through the minimum a B = 7 T, %xx increases rapidly. A crossover of
Yx CuUrves taken at different temperatures occurs & around B = 10 T. From the temperature
dependence of the Yy curveswe can seethd, for B > B, Y%xx increasesas T decreases, indicating
that the sample is in an insulating phase. On the other hand, for < B, Yy decresses with
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FIG. 3. Y%xx and ¥y, takenat T = 1.8 K, 23K, and 5 K for sample B. Subnikov-de Hass oscillations and
Quantum Hall plateau can be observed bdow B.. Above B, the sample is in insulaing phase.
Inset: Ryx for sample A. Rxx increases very rapidly with magnetic fidd.

decressing T and the sample isin the metdlic (quantum Hal) phase The crossover is thus a
manifed at ion of the magnetic fied induced phase trangtion, which has been observed in different
disordered two-dimensiona systems [5]. The %y curves are the expected sraight lines at low
magnetic fidd. A plateau, which correspond to Landau levd filling factor © = 2, shows up a
aound 7 T. For B grester than 8 T the %y curve shot up rapidly, but thisis the result of mixing
from Y%y due to misdignment of the Hal pattern.

From the spectral regponses and the optical measurements, we find that electron in sample
B has dual properties, it is related to an impurity, and yet it has a band-like property. Because a
metallic impurity band is a narrow tight-binding band, an dectron in a metadlic impurity band is
expected to possess both band-like and i mpurity-like properties. The observation of dud properties
of dectrons in a bulk semiconductor was thus taken as the evidence for the existence of a metallic
impurity band that is separated from the conduction band [6]. However, sSnce QHE and impuri ty-
relaed transition were observed at thesametimein our sample, and QHE is known to be a property
of dectronsin the conduction band, our studies show that the d ectrons in the conduction band can
dso display impurity-reated transitions. Therefore, simultaneous observation of impurity-related
transitions and metallic conduction can not be taken as evidence for the existence of a metallic
band.

Our experimentd results could be understood in term of the formation of a Di -conduction
band. The existence of the D! band was used to explain the so-cdled 2 conduction in doped
semiconductors [ 7]. 2 is the energy required to excite d ectrons from the D° level to the Di band
and this energy could be much sma ler than the energy required to excite an eectron from the D°
leve to the conduction band. It was argued that if the Di band can broaden downward in energy
0 much that 2 become so smdl then the DI band must broaden upward by about the same
amount and thus overlaps substantially with the conduction band [8]. However, it is not clear
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whether the D' band can retain its. properies after it merges with the conduction band. Based
on the simultaneous observation of QHE and the impurity trangtion we believe that after the Di

band merged with the conduction band, within some parameter ranges, the Di -conduction band
has the characters of both the conduction band and the Di band. It is likely that after the two
bands merge, the D' band becomes the tail of the conduction band, and the electron in this band
tall possesses both band-like and impurity-like properties

Our experimentd results provide the possibility of understanding the underlying mechanism
that is respongblefor the M-I transitions in doped semiconductors. It is known that the D' leve
ismuch doser to the conduction band edge than D° level. In 3D, if wetake the binding energy of
DO as 1 Ry*, the binding energy of the Di ion is only 0.055 Ry*. The energy separation between
the Di and the D° level (0.945 Ry*) is thus about 17 times larger than the separaion between
the Di leved and the conduction band edge (0,055 Ry*). It can be expected that when the D°
band merges with the Di band (according to Mott’s theory thisis the point where M-I transition
took place), the Di band mug have already merged with the conducti on band and becomes the
tal of the conduction band. We can thus picture that the M-I trangtions in doped semiconductor
occur when the low energy tail of the Di -conduction band moves down even more and merges
with the D° band. It is thus not very meaningful to discuss whether the M-I transitions occur
in a conduction band or in an impurity band. The D°, Di and conduction band are lumped
together and become an impurity-conduction band when the trang tions occur. We can infer from
our experimentd results that a the transition point, athough band conduction coul d be observed,
the wave function of the electrons are impurity-like.

To confinn this assertion we have performed an experiment on athird sample (sample C),
which has identical structure as samples A and B but was doped only in the QWSs. The doping
concentration is 2 £ 10 cmi 2 per QW. Because the barriers are undoped, thereis no Di ion
in the QWs which makes this sample resemble a conventional doped 3D semiconductor. The
transmisson and trangport results are show in Fig. 4. We can seefrom part (8 of the figure that,
between 5T and 9 T, the transmission gpectra are dominated by impurity-rdated transitions. In
pat (b) of thisfigure we could see an S-dH oscillation in the ¥ixx, and & around 6 T, thereis an
indication of the development of QH plateau in %xy. For B > 8 T the residivity of the sample
again increases rapidly and the sample changes to the insulating phase. Indeed, when the sample
isin the metallic (QH) date, the dectron wave function is impurity-like.

In concluson, we have studied the properties of Di ions at low and intermediate con-
centration. We found that when the DI band merged with conduction band, the Di -conduction
band can have band conduction while the dectrons still retain their impurity-like wavefunction.
Because of the gppearance of the quantum Hal effect we know tha the band conduction took
place in the conduction band. It is concluded that the simultaneous appearance of band-like and
impurity-like properties of dectrons can’t be used as evidence to prove the existence of a metalic
conduction band. Based on our experimental results we bdieve tha the M-I transition in a doped
semiconductor occurs when the Di -conduction band overlgps with the DO band. And, a the
metdlic side of the phase trangtion, the dectron gill retains its impurity-like property, which
clearly demongdrates the importarlce of the dectron-dectron interaction in the M-I trangtions in
doped semiconductors.
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FIG. 4. (a) Far infrared spectra of sample C taken @ 5T, 7T and 9 T at 5 K. Only impurity-related

absorption can be observed. (b) %xx and %xx of sample C. Subnikovde Hass oscillations and an
indication of the quantum Hall plateau caen be observed.
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