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Lateral n-i-p-i superlattices in Si metal-oxide-semiconductor structures
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A stacked-gate technique is used to realize a large lateral potential modulation in microstructured sil-
icon metal-oxide-semiconductor samples, thus making possible the search for closely spaced alternating
quasi-one-dimensional channels of electrons and holes. Far-infrared transmission spectra measured at
liquid-helium temperature show, besides the well-known absorption in electron quantum wires, an addi-
tional signal due to one-dimensional hole channels. With appropriate gate voltages applied to the top
and bottom gate the transition from a two-dimensional hole system and a two-dimensional electron sys-
tem to a so-called lateral n-i-p-i superlattice is investigated in magnetic fields up to 15 T.

I. INTRODUCTION

In the past two decades miniaturization of semiconduc-
tor structures has been a provoking task both in basic
research and applied physics. Many investigations have
been devoted to low-dimensional electron systems in sil-
icon metal-oxide-semiconductor (MOS) samples. The in-
terest is motivated in part by possible implementation of
these structures in highly integrated circuits.

Submicrometer lithography renders the fabrication of a
periodic sequence of metal stripes as the gate electrode.
Thereby the electrons can electrostatically be confined to
a one-dimensional electron system (IDES).! In a
stacked-gate geometry an additional dielectric layer elec-
trically isolates the microstructured bottom gate from the
homogeneous top gate (Fig. 1). The two gates enable us
to control the electron density and the lateral potential
modulation almost independently from each other. The
transport!~® and far-infrared*> (FIR) properties of the
electrons in such specially designed Si MOS samples have
been studied intensively in recent years. Furthermore, in
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FIG. 1. Schematic side view of a stacked-gate sample. The
lateral modulation of the conduction- (E_.) and valence-band
(E, ) edges at the Si-SiO, interface is indicated. If the Fermi en-
ergy E; intersects both band edges in equilibrium, adjacent elec-
tron (n) and hole layers (p) separated by intrinsic layers (/) form
a lateral n-i-p-i superlattice.
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MOS structures with a homogeneous gate the band bend-
ing at the semiconductor-isolator interface achieves about
1 eV relative to the substrate by switching over from the
flatband case to an inversion layer by using appropriate
gate voltages.

We report on FIR transmission studies of Si stacked-
gate samples with lateral potential modulations exceeding
the fundamental energy gap in Si (E, ~1.17 eV for T =2
K). These devices make it possible to induce hole chan-
nels at the Si-SiO, interface below the metallic stripes of
the bottom gate and in between electrons below the
homogeneous top gate, or vice versa. We call this ar-
rangement of alternating electron and hole quantum
wires (Fig. 1) a lateral n-i-p-i superlattice, in analogy to
vertically grown n- and p-doped layers.® In these doping
superlattices, predominantly investigated in the GaAs
material system, the electronic and optical properties,
e.g., the effective energy gap, can be tuned in a large
range. Beyond that, theory’ predicts an interesting
behavior of the plasma excitations in these type-II super-
lattices. In the weak-coupling limit between adjacent lay-
ers, the well-known electron and hole plasmons of a
quasi-two-dimensional system exist. In the strong-
coupling regime acoustic and optical plasma modes arise,
similar to the phonon dispersion in solid-state physics.
Here in our stacked-gate samples the transition from a
two-dimensional electron (2DES) or hole system (2DHS)
to a lateral n-i-p-i structure can be studied. Instead of
doping, electrostatics on essentially undoped substrates is
used to establish and tune the lateral n-i-p-i superlattice.
At moderate potential modulations we observe dimen-
sional resonances of holes (A-DR) and electrons (e-DR) in
one-dimensional channels. In a two-dimensional system,
in contrast to Si bulk material, the effective mass of the
electrons and holes is strongly dependent on the carrier
density.®® At very low hole densities and high magnetic
fields the #-DR is found to show a pronounced peak
structure, whereas at high hole densities we observe a
Drude-like absorption.
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II. EXPERIMENTAL DETAILS

For the sample fabrication we use thermally oxidized
p-type (100)-Si wafers with an oxide thickness of 40 nm
(32 nm) for sample A (B) and a preferential low substrate
doping concentration Ny, ~1X10" cm™3. Via holo-
graphic lithography and lift-off technique, a periodic met-
al grating is defined. The period a of the gate is 500 nm
(300 nm) for sample A (B). The linewidth w of a single
metal stripe is 320 (sample A) and 200 nm (sample B). A
second oxide layer is formed by a plasma-enhanced
chemical-vapor deposition (PECVD) process in order to
isolate the homogeneous top gate from the bottom gate.
This PECVD oxide is 75 nm thick for sample A and 139
nm for sample B, respectively (Fig. 1). The homogeneity
of the bottom gate stripes is controlled by a scanning
electron microscope and capacitance measurements.

The experiments are performed in a FIR Fourier-
transformspectrometer at T=2 K and magnetic fields
up to 15 T, oriented perpendicular to the sample surface.
The FIR radiation is guided by a brass pipe from the
Michelson interferometer onto the sample and the
transmitted intensity is detected by a Si bolometer. To
generate inversion electrons in p-type Si and to establish
quasiequilibrium between the Fermi energies of the back
contact and the inversion electrons under bias at low
temperatures, it is necessary to illuminate the sample
shortly before recording the absorption spectrum with
above-band-gap light. To induce an accumulation layer
at the interface, thermal room-temperature background
radiation is sufficient.

In the present case of small signal variation and stripe
geometry, the following expression'© for the transmission
T is a good approximation:

T —-'1 700) xRe(a(Ny,w)) . (1
The last term of (1) represents the real part of an effective
dynamic conductivity. Due to the large wavelength
(A>>a), the FIR radiation averages over several electron
stripes. Therefore N; in the conductivity of a 2DES can
be replaced by the line density N, =N,a.

III. LATERAL n-i-p-i SUPERLATTICES

The FIR excitations in quasi-two- and quasi-one-
dimensional electron and hole systems have been investi-
gated in two stacked-gate structures with slightly
differing sample parameters. The electron and hole sys-
tems are electrostatically defined by the two gate elec-
trodes. Therefore it is feasible to tune between different
states, for example from a 1DES to a lateral n-i-p-i super-
lattice.

Figure 2 shows FIR spectra of sample A taken at a
fixed top-gate voltage ¥, =7 V and different bottom-gate
voltages Vy,. In this configuration and for B =0 T the
threshold voltage V', for forming inversion electrons un-
der the lower gate is —0.5 V. For bottom-gate voltages
slightly higher than V7, two resonances are observed.
Their energy can be associated with plasmons in a 2DES

and a wave vector k given by n(2m/a) (n=1,2,...).

5029

1 T ) M L T M B T M T

B=0TV =7V
g

13 %M \jﬁ V, =025V
g
0 _ .
MJL\L‘“
0 Ly v

T

0._ -

—L P | 1 1 1 1 i 1 s 1 i 1

20 40 60 80 100" 120 140
wave number (cm™)

1.2V

I-T(N YT(0)

FIG. 2. Plasmon excitations in a density-modulated 2DES
(Vpg=0.25 V) .and electron dimensional resonances
(Vpg=—1.2 V and Vy;=—4.5 V) in a 1DES in Si between the
metal stripes of the bottom gate (sample A}at B=0T and T =2
K. For Vi, =—4.5 V besides the e-DR a Drude-like absorption
by holes is observed in addition to the e-DR.

Both the metal grating and the density modulation of the
2DES enable coupling of FIR radiation to quasi-two-
dimensional plasmon excitations with wave vectors
k=2w/a and k =2(2w/a) determined by the lateral
periodicity a of the structure. The dipole excitation of
the plasmon with n =2 is allowed in this nonsymmetric
gate geometry, because the width of a single gate finger is
larger than the gap opening.

For Vy,=—1.2 V<V, isolated inversion channels
are formed, and the electrons are confined in quantum
wires in Si between the stripes of the bottom gate (gap
confinement mode for electrons). The dominant far-
infrared excitation of such an electron system is called a
depolarization or a dimensional resonance. With further
decreasing bottom-gate voltage, an additional broad ab-
sorption signal appears at low frequencies and is inter-
preted as resulting from the dynamic conductivity of
holes below the bottom gate (subgrating mode for holes).
In this case we have realized an alternating series of elec-
tron and hole quantum wires, a so-called lateral n-i-p-i
structure. The effective hole mass® of about m* ~0.5m
for N;=2X10"? cm™?, and the low mobility of holes re-
sult in a Drude-like absorption o(w)~1/(1—iwT) with
the relaxation time 7. The formation of a hole channel is
accompanied by the shift of the e-DR to higher energies.
With a lowering of the bottom-gate voltage the curvature
of the lateral potential and hence the confinement energy
is increased. Note that the oscillator strength as estimat-
ed from the change in transmission is diminished for
Vyg=—4.5 V compared to V,,=—1.2 V. This fact
demonstrates that in the gap confinement mode for elec-
trons the effective electron density is not fixed by the top
gate, but rather that the electron stripes can be squeezed
with N, lowered by the bottom gate.

The dependence of the electron resonance positions at
fixed ¥V, on Vy, is shown in Fig. 3. Starting at positive
bottom-gate voltages the energy of the plasmons in a
density-modulated 2DES decreases. As already shown in

previous experiments, !! this is dominantly due to the fact
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FIG. 3. Transition from a density-modulated 2DES (P indi-
cates plasmons) to isolated electron channels (e-DR) in the gap
confinement mode for B =0 T (sample A). The triangles mark
higher plasmon modes. The insets show the cross section of a
stacked-gate sample with the top (TG) and bottom (BG) gates,
and the corresponding electron system (ES) in the different bot-
tom gate voltage regimes.

that the average electron density declines. In a small
voltage interval of about 0.5 V in addition to the funda-
mental plasmon at k =2m/a, the next-higher plasmon
mode (k =4m/a) is observed. In this voltage regime
close to the threshold for electrons, the strong density
modulation acts as an active grating coupler to induce
higher plasma excitations. The ratio for the plasmon en-
ergies w,(n=2)/w,(n=1) yields an average value of
1.38, in good agreement with the theoretical prediction of
V2. For V,, <¥p,, only one single e-DR is observed.
This fact reflects that the bare potential shape for elec-
trons in the gap confinement mode has an almost para-
bolic shape, and that therefore only the Kohn mode!®!3
can be excited. However, in the subgrating mode for
electrons we observe higher orders of the e-DR (in analo-
gy to n =3 and 5 in Ref. 4) for large voltage differences
between the two gates, and revealing nonparabolic por-
tions in the bare potential, but with low oscillator
strength. This demonstrates that even in small grating
finger structures nonparabolicity of the bare potential is
achievable, but plays a subordinate role. _

FIR spectra of the transition from a 1DES to a lateral
n-i-p-i superlattice are displayed in Fig. 4. Opposite to
Fig. 2, now the electrons are induced in the subgrating
mode. With decreasing top-gate voltage, holes are accu-
mulated between the opening of the lower gate. The
threshold voltage for electrons in this arrangement was
found to be about — 1.5 V. Decreasing the top-gate volt-
age from V,;,=—2 V to V;; =—9 V, the energy of the e-
DR strongly shifts to higher values and saturates at low
Vi at 39 cm™!. Assuming a parabolic potential shape
Vo=(1/2e)m*w}(a /4)* for a half-period of the superlat-
tice potential with a potential modulation of 2¥, =~ ener-
gy gap/e=1.17 V, a resonance frequency of wy=43
cm ™! is calculated for m*=0.2m and a period a of 500
nm. The result of this simplified model is in good agree-
ment with the experiment. More refined numerical elec-
trostatic calculations neglecting charge accumulation at
the isolator-semiconductor interface showed that indeed
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FIG. 4. Transition from electron quantum wires to a lateral
n-i-p-i superlattice. The increasing absorption signal dominant-
ly at low wave numbers is caused by the absorption of holes
(sample A). The inset shows the energy position of the e-DR.

at V,, =1V and V;;=—9 V a potential modulation of
about 1.5 V at the Si-SiO, interface is achieved. In these
simulations Laplace’s equation was solved for a mesh of
82X 100 data points representing the geometrical cross
section of sample A. Appropriate boundary conditions
were used, and screening effects of the mobile carriers
neglected.

In the following, experimental results for sample B at
high magnetic fields are discussed. These fields shift the
resonance energy of the excitations at B=0 T to a
higher-frequency regime, where (e.g.) hole resonances
may be better resolved by the Fourier spectrometer.
There threshold voltage for holes in the subgrating mode
at a magnetic field of B =13 T is found to be V;=—1
V. For V;;=—4 V and V,;=—2 V, and almost homo-
geneous two-dimensional hole system (2DHS) is induced
at the interface showing the typical Drude-like behavior
(Fig. 5). For gate voltages close to the threshold voltage
for holes, there is a pronounced resonance at 35 cm™!
which we identify as dimensional resonance (4-DR) in a
quasi-one-dimensional hole channel. Increasing Vi, to
above the threshold voltage for electrons V;=—0.6 V, in
addition inversion electrons in narrow quantum wires are
generated and an additional resonance appears at about
70 cm ™!, which we identify as the dimensional resonance
of electrons in narrow quantum wires in between the hole
channels.

To substantiate the above identification, we introduce
an additional experiment as illustrated in Fig. 6. In Fig.
6(a) a spectrum in the high-magnetic-field regime is
recorded without prior illumination of the sample with
the above-band-gap light of an infrared-light-emitting
diode (IR-LED). Therefore no minority electrons are
generated, and in this nonequilibrium no electron signal
appeared. However, room-temperature black body radia-
tion entering the sample holder via the waveguide is able
to ionize the acceptors, thus making possible an accumu-
lation layer in p-type silicon. The situation can be de-
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FIG. 5. Transition from an almost 2DHS via a hole dimen-
sional resonance (A-DR) to a lateral n-i-p-i superlattice (sample
B). The insets show schematically the Fermi energy (E) rela-
tive to the spatial modulation of the valence (E,) and
conduction-band edges ( E, ) along the interface.

scribed by two quasi-Fermi levels, one for electrons (Eg,)
and one for holes (Eg, ), with the ones for holes being in
equilibrium with the Fermi energy of the back contact.
After switching off the IR-LED for charging, thermal
equilibrium between the holes and electrons is achieved
in adjacent channels and therefore E,, =FE. As a conse-
quence the #-DR and e-DR are observed.

We next want to discuss the transition from a n-i-p-i
superlattice, in which the electron channels are defined in
the gap confinement mode, to a 2DES. For V,,=—4 V
and ng =0V, a strong e-DR in a quasi-one-dimensional
channel can be measured (Fig. 7). On the low-energy side
the hole signal appears as a shoulder. The e-DR can be
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FIG. 6. (a) Formation of holes in a narrow channel under
nonequilibrium conditions (IR-LED switched off, sample B).
Switching on of the IR-LED shortly before the measurement
generates inversion electrons and leads to equilibrium between
electrons and holes in neighboring quantum wires (b). Ej, and
Eg, refer to the quasi-Fermi levels of electrons and holes. These
numbers are identical for the case when the IR-LED is switched
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FIG. 7. Spectra (sample B) for the transition from a homo-
geneous 2DES (CR is the cyclotron resonance) to a density-
modulated 2DES (MP is the magnetoplasmon). For V,;=—4V
and ¥, =0V, a lateral n-i-p-i structure is realized. For the ex-
planations of the insets, see Fig. 5.

followed with decreasing magnetic field down to B=0T
(Fig. 8), and obeys the well-known dispersion'*
o*=wl+ w0} (0, is the cyclotron frequency, and w, is the
frequency of e-DR for B =0 T). For V;;=—3.6 V and
Vg =1.5 V, a weaker density-modulated electron system
arises. This can be recognized in the spectrum by the cy-
clotron resonance (CR) and the magnetoplasmon (MP) at
higher energies. The magnetoplasmon energy follows the
above-mentioned dispersion law with w,; replaced by
o,. 15 For an almost homogeneous 2DES exclusively, the
CR is observed. It can be seen that the cyclotron fre-
quency is shifted for higher electron densities to lower en-
ergies. ,

The magnetic-field dispersion for the characteristic
electron excitation in the lateral n-i-p-i structure is indi-
cated in Fig. 8. For V;;=0.12 V and V;=—1.25V, the
dispersion could only be measured between B =6 and 15
T. With decreasing magnetic field the position of the e-
DR shifts much more strongly to lower energies than the
h-DR. This behavior is expected, since the effective elec-
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FIG. 8. Magnetic-field dispersion for a lateral n-i-p-i super-
lattice realized by different gate voltages (sample B).
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tron mass is much smaller than the effective mass of
holes. As shown in earlier experiments® the effective
mass in a 2DHS is strongly dependent on the hole densi-
ty, and increases about 50% by changing the carrier den-
sity from 10'! to 10'> cm™2. Plotting the square of the
resonance energy of the holes (Fig. 8) against B? gives an
effective mass of m*=0.4m. Indeed for very low hole
densities a value of 0.3m is expected. It is not well un-
derstood so far why the absorption of electrons and holes
for V,;=0.12 V and V,; =—1.25 V has not been observ-
able down to B =0 T. At low carrier densities, besides
the electrostatic confinement of the gate electrodes, the
localization of carriers due to a magnetic field or impuri-
ties may not become negligible. In high magnetic fields
nonlinear screening effects of electrons play an important
role.'® Screening of the external potential transforms a
strongly density-modulated electron system at B =0 T to
a system of nonoverlapping electron channels in high
magnetic fields.

IV. INITIAL INTERBAND STUDIES

In a further step optical transitions between the
valence and conduction bands in a lateral n-i-p-i superlat-
tice have been investigated. High lateral electric fields in
the range of 10° V/cm predetermine these structures to
look for Franz-Keldysh-like effects. !’ ~1°

Due to the absorption of two metallic gates, the
luminescence efficiency was too low so far to observe, be-
sides the phonon-assisted transitions, indications of ener-
gy shifts caused by quantization effects. Transmission ex-
periments showed dominantly a strong increase in ab-
sorption above the fundamental indirect energy gap E, in
bulk Si. It is very promising to see that spatially indirect
interband transitions in lateral n-i-p-i structures have
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been measurements of the spectra dependence of the pho-
tocurrent. For that, a double-modulation technique has
been used. The voltage of the two gates was switched
with f~1.1 kHz between nearly flatband case and a la-
teral n-i-p-i potential. Additionally, the incident infrared
light was chopped with f~16 Hz. The generated car-
riers charging and discharging the MOS capacitance re-
sult in a photocurrent detected by lock-in amplifiers.
This signal as a function of the incident light energy
shows a small peak about 60 meV below E,. The main
advantage of these measurements is that this technique is
very sensitive to changes of the electron and hole density
at the Si-SiO, interface. In contrast to the aforemen-
tioned techniques, there is no Si substrate signal. The
photocurrent spectra show that in laterally modulated Si
structures spatially direct excitonic transitions are dom-
inant. Further experiments in this field are going on.

V. CONCLUSIONS

Microstructured lateral periodic gate electrodes on a
MOS structure are used in a stacked-gate setup to induce
a large lateral potential modulation. FIR experiments
are performed on lateral n-i-p-i superlattices, and demon-
strate that quasi-one-dimensional electron channels alter-
nate with hole channels. The transition from a 2DHS
and a 2DES to a lateral n-i-p-i structure is studied. At
low hole densities a pronounced hole resonance, is ob-
served, and at higher hole densities a Drude-like behavior
is seen.
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