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Photoluminescence from partially Si-doped A1As/GaAs single-quantum-well structures
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Photoluminescence spectra of partially Si-doped A)As/GaAs single-quantum-well (SQW) struc-
tures were investigated by varying doping position and configurations. The isolated-donor-related
emission was observed on the SQW's Si doped on the center and on the edge of the well layers. On
the other hand, for the SQW Si doped in the middle of the well layer with parallel configurations,
this isolated-donor-related emission was not observed, and a new sharp emission line appeared. The
energy of this emission was modulated by the spacing between the barrier and the doped layer. The
confinement of the donor in the well layer is a key to the appearance of this emission.

The electronic behavior of impurities in quantum-well
(QW) structures is interesting from both the theoretical
and experimental points of view. The binding energies of
donors and acceptors in GaAs/Al Ga, „AsQW struc-
tures have been calculated as a function of barrier height,
well width, and location of impurity. ' " These theoreti-
cal studies have suggested attractive physical phenomena
relating to confinement effects on the impurity electronic
states. Optical spectroscopic techniques such as photo-
luminescence, ' ' Raman scattering, ' ' and far-
infrared absorption, ' sometimes combined with modula-
tion by application of electric or magnetic fields, have
been employed in the experimental approaches to the
electronic behavior of impurities in QW structures. The
Si-donor-associated states have been studied by several
groups. ' ' ' ' Good agreement between theoretical
and experimental values in the binding energies has been
obtained. In this Brief Report, we discuss some photo-
luminescence properties of partially-Si-doped QW's, con-
centrating on relationships between photoluminescence
spectra and doping configuration.

We chose all-binary single-quantum-well (SQW) struc-
tures consisting of A1As barrier and GaAs well layers as
samples. These SQW structures were fabricated on
(100)-oriented GaAs substrates by conventional mo-
lecular-beam epitaxy (MBE). The growth rate was con-
trolled to 1 monolayer (ML) per second by monitoring
the oscillation of specular beam intensity of reAection
high-energy electron diffraction (RHEED) during the
growth. The Si impurities were partially incorporated
into the well layer by shutter operation of the Si effusion
cell during MBE growth. The Si concentration was
3X10' cm in the doped region. Photoluminescence
measurements were made on the sample immersed in
liquid nitrogen or liquid helium by use of excitation from
an Ar -ion laser operating at 514.5 nm and a convention-
al lock-in —amplifier detection technique.

Photoluminescence spectra of undoped GaAs(30
ML)/A1As SQW structures at 77 K are shown in Fig.
1(a). Only excitonic radiative recombinations due to
heavy and light holes were observed. In the photo-
luminescence spectrum of GaAs/A1As SQW's doped
with Si on the center region (10 ML), a broadband emis-

sion ascribed to a Si impurity also appeared [Fig. 1(b)].
This emission is attributed to donor-to-acceptor (D A)-
transitions. This assignment of transition processes is
supported by the well-width dependence of the emission
energy and calculated binding energies of the donor and
acceptor in the QW structures. The peak energy of the
D Atransit-ion is slightly varied among the SQW struc-
tures as a function of the location of doped impurities.
The binding energy of impurities confined in the well lay-
er was varied by the location. A difference of a few meV
in emission peak energy was observed between the SQW
structures doped on the center and on the edge. Howev-
er, this difference is small compared to that expected by
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FIG. 1. Photoluminescence spectra from GaAs/A1As single-

quantum-well (SQW) structures (a) undoped and (b) —(e) doped
with Si to 3 X 10' cm at 77 K. Doped configurations and po-
sitions are also indicated by shading.
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calculation of binding energies of the donor and acceptor
as a function of position. In the samples used, the accep-
tor impurities are residual ones, and are considered to be
distributed uniformly along the growth axis. Therefore,
the spectral shape of the D-A transition is rather broad,
and the emission energy is determined by the acceptor
binding energy, because the variation of binding energy
of the acceptor is larger than that of the donor. The
heavy-hole exciton peak consists of free and donor-bound
exciton (Xhh and D Xhh) recombinations in the doped
QW. ' A similar spectral profile was observed in the
SQW doped on the edge of the well layer [Fig. 1(c)] and
on one side in the middle of it [Fig. 1(d)]. However, we
found a considerable spectral change in the SQW struc-
ture Si doped in the middle of the well layer with a sym-
metric configuration (hereafter labeled type S) as shown
in Fig. 1(e). In the type-S SQW, the D-A emission ob-
served in the other doped SQW structures disappeared.
At the same time, a new, weak peak (hereafter labeled D
D) appeared at 1.508 eV. The D Demiss-ion is enhanced
at a temperature of 4.2 K, as shown in Fig. 2. A very
sharp spectral profile, characteristic of an excitonic tran-
sition, was observed.

In order to check the effects of confinement on the D-D
emission, we measured the photoluminescence spectra of
other type-S SQW's having various barrier-impurity
spacings. The energy position of the D-D state, which is
measured from Xhh as a function of the confinement fac-
tor (that is, as a function of spacing between barrier and
doped region), is shown in Fig. 3. The energy position is
increased as the barrier —doped-layer spacing decreases.
This result indicates that the confinement enhances the
depth of the energy position from Xhh. However, in
another type-S SQW having large barrier —doped-region
spacing, 55 ML, which is obviously larger than the Bohr
radius of the donor, the D-D emission was not observed
in the photoluminescence spectra. The spectrum consists
of weak band-edge emission and a strong broad extrinsic
emission as shown in Fig. 4. Therefore, the confinement
by barriers is required to obtain the spectral proNe as
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FICx. 3. Activation energies of interacting donors as a func-
tion of impurity-barrier spacing. Dots show the center of dop-
ing region. Bars indicate the width of the doping region. The
dashed line is the isolated donor level for well widths of 30 ML.

shown in Fig. 2. It seems that the barrier-impurity spac-
ing is an effective factor in inducing the spectral change.

The type-S SQW's having a well width of 28 ML and
two kinds of barrier conditions —a thin barrier (10 ML)
and an asymmetric barrier structure —were also em-
ployed to investigate the confinement effects. Figure 5
shows photoluminescence spectra of the type-S SQW's
having different barrier conditions —a thin barrier and an
asymmetric barrier structure, as also shown in Fig. 5.
Their spectral profiles are similar to those shown in Fig.
1(e). The energy positions of these type-S SQW's with a
28-ML well width were 61 meV, while the intrinsic exci-
tonic peak energy is affected by the different barrier
structure. The spectral profile does not suffer from the
influences of the modulation of electronic structure in-
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FIG. 2. Photoluminescence spectra from GaAs/AIAs SQW
structures Si doped in the middle with a parallel configuration
[corresponding to Fig. 1(e) at 4.2 K].

FIG. 4. Photoluminesceuce spectrum from a type-S SQW
structure having an impurity-layer-barrier spacing of 55 ML,
which is larger than the Bohr radius of the donor.
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FIG. 5. Photoluminescence spectra from type-S GaAs/A1As
SQW structures having (a) an asymmetric barrier and (b) a thin
barrier structure.

duced by these barrier conditions. The D-3 transition
could not leak via the modulation induced by the barrier
conditions.

From results described above, when the state related to
the D-D state is formed by the doping in the middle of
the QW with a symmetric configuration, the photoexcited
carriers recombine as the D-D emission rather than the
D-3 emission. This means that the D-D emission has a
larger oscillator strength than the D-3 emission. Al-
though the electronic structure of the D-D state is not
known at the present, some interaction between the im-

purities induces the D-D state. An interesting experimen-
tal result which supports the interaction is that the D-D
emission is also observed at 1.503 eV in the SQW doped
on the center with the larger Si concentration of 8X 10'
cm . The interaction is probably Coulombic, because
of its confinement character. Moreover, the absence of
D Dem-ission in the SQW doped on the edge is due to the
penetration of the wave function of the donor into the
barrier layers, because the D-D emission is also observed
in the SQW in which the spacing between impurity layers
is 20 ML [the same distance in the structure shown in
Fig. 1(c)] and the impurity-barrier spacing is 10 ML. 2O

Therefore, the complete confinement of donors within the
well layers is an important factor in promoting the D-D
transition. The interacting donors are probably thought
of as comprising a possible center.

In summary, we have measured photoluminescence
spectra of partially-Si-doped GaAs QW's. The spectral
change due to doping configuration was observed. The
D-3 emission related to the isolated donor was not ob-
served in the type-S SQW in which the Si was located in
the middle, with a symmetric configuration. The sharp
line that we call the D-D emission was observed at an en-
ergy lower than the isolated donor level. The activation
energy measured from the intrinsic excitonic line was
modulated by the spacing between the barrier and doped
layer. The confinement is a key factor for this spectral
change.

The authors would like to express their thanks to Dr.
Y. Makita, Dr. N. Ohnishi, and Dr. M. Yamada for dis-
cussions about interacting impurities.
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