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Using the SimWindows program package, we have numerically
calculated the photocurrents in the space-charge region of thin
metal—silicon structures with quantum wells (QWs) as well as
their dependences on the geometrical size and the number of
the QWs, and on the doping level. A possibility of creating the
photosensitive structures on the basis of the layers of porous silicon
with various degree of porosity has been analyzed.

Introduction

Semiconducting structures with QWs are widely used
in fabricating optoelectronic devices. For example, the
infrared (IR) detectors with a low noise factor (1 x
10'% em Hz/V at T = 77 K) were developed for the
radiation range of 3—30 pm [1]. Making use of the
epitaxial growth process of the structures, one can
create comb IR detectors with a response at certain
wavelengths [2]. The IR sensors with QWs are the
basis for the fabrication of detector matrices of thermal
imagers [3] and IR cameras [4, 5]. As the time of
the carrier interception in structures with QWs is
very small (of the order of picoseconds), they are the
basis for developing the heterodyne oscillators with the
frequencies up to 40 GHz, the parameters of the QWs
determining the oscillating frequency of the laser [6,7].
An additional introducing of QWs into the solar cells
based on the GaAs and AlGaAs compounds results in
improving the output parameters [8,9]. Really, while
comparing such a solar cell with a homojunction made
up of the barrier substance, the QW solar cell (QWSC)
has a larger short-circuit current Iy.. On the other
hand, while comparing it with a cell made up of a
semiconductor, which participates in the formation of
the QWs, the QWSC has a larger open-circuit voltage
Voc-

The diagram in Fig. 1 shows an example of the
photosensitive structure of the Schottky-barrier type
with the QWs in the space-charge region (SCR), where
the quantization of the energy levels takes place. If
the selection rules allow the transitions of type 2 at
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the absorption of a photon, this results in a shift of
the absorption threshold into the region with energies
hv < E,4 of the material of the barrier. For an additional
photocurrent to appear, it is necessary that photo-
induced electrons and holes can be thermally thrown out
into the allowed energy bands (processes 5 and 6) and,
afterwards, routed to relevant electric junctions. With
this aim in view, the QWs are placed in the SCR of
the p—i—n structure or the Schottky barrier (processes
7 and 8). The increase of the current, induced by the
introducing of QWs, may override, at certain values of
the parameters, some decrease of V., which is typical of
those structures.

The calculation of the efficiency of the photo-
conversion in such a structure is rather complicated in
the general case and requires taking into account the
generation-recombination and diffusion-drift processes
in the space-charge and quasi-neutral regions, which can
be fulfilled only numerically. It this work, we consider
the simpler case, where the QWs are built-in into
the SCR of the metal-semiconductor junction and the
thickness of the whole structure is no more than the size
of the depletion region. It allows us to suggest that all
the photo-induced current carriers are arranged by the
SCR field.

1. Method of Calculation

For the numerical simulation, we used a SimWindows
computer program (http://ucsu.colorado.edu/~winston/
simwin.html), which allows one to evaluate the
parameters of the microelectronic devices taking
advantage of the solution of the diffusion-drift equations,
namely, to simulate one-dimensional structures with
QWs and heterojunctions, both sharp and gradient.
For the simulation, we used a structure, shown in
Fig. 1, where the total thickness of the structure was
no more than the width of the SCR and the wells were
rectangular. The dependences of the optical absorption
and photocurrents on the specimen thickness L, the QW
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Fig. 1. The energy diagram of the Schottky barrier with QWs in
the SCR: I denotes the photo-induced generation in the barrier
substance, 2 shows the interlevel transitions between the QWs,
8 and 4 correspond to the electron and hole thermalization,
respectively, 5 and 6 indicate the thermal throwing out of
electrons and holes, respectively, onto the conduction level, 7 and

8 are the drift of nonequilibrium electrons and holes, respectively

number Nqw, the QW width Lqw, the doping level
Ny, and the height of the Schottky barrier were also
simulated. The following parameters of the structure
were selected for the simulation: 1) for L = 0.1 pm,
LQW = 3.5 nm (NQW = 1= 10), LQW = 5 nm
(NQW =2+ 8), and LQW = 10 nm (NQW =1 +4);
2) for L = 0.25 pm, Lqw = 10 nm (Nqw = 1+ 10) and
Low = 25 nm (Nqw = 1+ 4); 3) for L = 0.5 pm,
LQW = 25 nm (NQW =1+ 9), LQW = 50 nm
(NQW =1+ 4), and LQW = 100 nm (NQW = 1,2); and
4) for L = 1 pm, Low = 50 nm (Nqw = 1+ 9). The
doping level Ny was varied within the limits of 101 —
10'7 ¢cm 3. A semiconductor with E;, = 1.5 eV and other
characteristics being those of the porous silicon (PS) [10]
was considered as the barrier substance, with the quasi-
crystalline silicon being selected as a material for the
QW formation. The irradiation level corresponded to
the AM1.5 conditions. All the light was assumed to be
absorbed.

2. Results of Simulation and their Discussion

The dependences of the current Iy, on the QW thickness
for the specimens with various doping levels are shown
in Fig. 2. The minimum value of Lqw was selected to be
3.3 nm, which, according to the calculations, corresponds
to a single discrete energy level E; available in the well.
The thickness of the structure was selected in accordance
with the value of the width of the SCR in the Schottky
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Fig. 2. Isc as a function of the QW width at various doping
levels Ny and specimen thicknesses L: ¢ — L = 0.5 um and
Ng = 10% ¢cm™3, b — L = 0.25 um and Ny = 106 cm~3, ¢
— L =0.08 pm and Ny =10'7 cm™3

barrier at the given doping level of silicon. It is seen
that Iy, grows to the saturation as the width of the well
increases.

While calculating, we also took into account the fact
that, as the width of the well H,, increases, the values
of AE; in the QW and, correspondingly, of Egeg also
increase. Moreover, if the current carriers occupy the
lowest level E,; in the QW, the probability of their
tunneling into the allowed energy band decreases. But if
E.2 > E,1 for the level Ey»2, i.e. when it is situated
above the bottom of the well, then its population is
smaller, but the relevant probability for the current
carries to quit the well through either the thermal
throwing out or tunneling is higher.

An introducing of the QWs into the SCR of the
structure extends the interval of the spectral sensitivity
towards lower energies due to the absorption of the low-
energy photons in the QWs (see Fig. 3). Figs. 4 and
5 show the dependences of the current Iy, on the QW
number for the Schottky barrier at the PS with various
structure thicknesses, well widths, and barrier heights. It
is seen that the introducing of additional number of QWs
into the SCR is accompanied at first by a linear growth
of Is. due to extra long-wave absorption, but at a certain
number of the QWs that dependence saturates. The
current increases for the larger heights of the barrier,
as it was in the case of the structure with the Schottky
barrier but without wells.
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Fig. 3. The energy dependences of the absorption coefficient of
the direct-band-gap semiconductor with Eg = 1.5 eV and (1)
without QWs and (2) with QWs (L = 80 nm, Low = 10 nm,
Ng = 1015 Cm_?’, NQW = 3)

Conclusions

With the use of the numerical simulation methods, it
has been shown that if the QWs are introduced into the
SCR of the Schottky barrier in silicon, the absorption
of the radiation, whose energy is determined by the
lowest consistent levels in the QWs, is observed. It
results in an extension of the photogeneration interval
of the structure towards the long-wave range. The
QW geometry influences the effective gap width of
the QWs, with the following mechanisms, by means
of which the current carriers quit the wells, playing
an important role in creating the photocurrent: the
thermal throwing out of the current carriers upwards,
tunneling, and the energy level occupation. An increase
in the number of QWs causes the growth of the
photocurrent and the situation where a certain number
of the QWs finds themselves in the region of the small
band bending, where the probability of tunneling for
the current carriers decreases. Therefore, when using
a semiconductor with the small SCR, it imposes a
limitation on the specimen length and, correspondingly,
on the depth of the active zone, where the QWs can be
introduced into.

The calculated current densities for those structures
amount to units of mA /cm? and are not competitive, for
example, against the high-performance silicon solar
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Fig. 4. Isc as a function of the QW number for a specimen with
L = 05 pum, Lgw = 0.025 pum, and Ny = 10'5 cm™2 at the
Schottky barrier height e = 0.7(1), 0.8 (2), and 0.9 eV (3);
curves a correspond to a reference specimen, curves b to the QW
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Fig. 5. Isc as a function of the QW number for various well widths
Ly (the doping level Ny = 10 ¢cm—3, L. = 0.1 um); curve a
corresponds to a reference specimen without the QWs, curve b to

Ly = 3.5 nm, curve ¢ to L, = 5 nm, and curve d to L, = 10 nm

cells. Nevertheless, taking into account the perspective
of a broad use of those materials, such as PS, in
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optoelectronics, the considered elements can be proposed
as functional ones for photodetectors and solar cells,
as optical modulators, or for the enhancement of the
conductivity of the PS layers.
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YUCEJIBHE MOJIEJIIOBAHHSA ®OTOCTPYMY
Y TOHKOIIJIIBKOBIX CTPYKTYPAX
METAJI-KPEMHI 3 KBAHTOBUMNA

AMAMU

1.1. Isanos, B.A. Ckpuwescokuti, C.B. J/lumeurenro

Peswowme

3a pomomororo makera SimWindows 4mcenbHO po3paxoBaHi ¢ho-
TOCTPYMH [Jjisi TOHKHX CTPYKTYD MeTajJ—KpPEeMHiil 3 KBAaHTOBHMU
avamu (K$I) B obacti mpocTOpOBOrO 3apsay B 3aJI€KHOCTI Bij
reoMeTpUYHUX po3MipiB i Kinbkocri (K4) Ta crymens sneryBamHs.
IIpoanani3oBaHO MOXKJIHBICTH CTBOpPEHHSI (DOTOUYTIHBHX CTPYK-
Typ Ha OCHOBi IIapiB IOPYBATOr0 KPEMHIIO 3 PI3HUM CTyIeHeM
IOPYBATOCTI.
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