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The photolumiuescence from doped GaAs quantum wells in GaAs/Al, Gal- As multiple-
quantum-well structures has been studied at very low laser excitation intensity. Under these con-
ditions, new impurity-associated features appear at energies both below and above that of the
impurity-related transition reported in earlier work. The new feature at lower energy is attributed
to transitions between electrons on neutral Si donors at the centers of the wells and confined
heavy holes, while the feature reported in earlier work is attributed to confined ionized donor
bound excitons and the new high-energy feature to confined neutral donor bound excitons. With
this assignment, binding energies for Si donors at the centers of the wells agree with values de-
duced from far-infrared experiments.

Confined impurity states in GaAs/Al, Gat —,As quan-
tum wells have attracted considerable recent attention.
The binding energies of donors' and acceptors have
been calculated as functions of well width and impurity
position. Photoluminescence s Raman scattering '
and far-infrared (FIR) magnetoabsorption"' spectro-
scopies have been used for the study of donors and accep-
tors in these structures. Photoluminescence associated
with Si donors in tt-type GaAs/AI, Ga|-,As quantum
wells was first reported by Shanabrook and Comas. ' In
this work, a donor-impurity-associated feature below the
ground-state heavy-hole exciton was observed and attri-
buted to transitions between electrons on Si donors at the
centers of the wells and heavy holes in the topmost
valence-band confinement state [Si(c)~ VB]. This inter-
pretation yielded donor binding energies significantly
lower than those inferred from FIR measurements on
samples with similar characteristics, as well as with calcu-
lated values that are in good agreement with the FIR
data.

In this paper we present a systematic photolumines-
cence study of high-quality, Si-doped multiple-quantum-
well samples, carried out under experimental conditions
that reveal two new features at energies slightly below and
slightly above the line previously reported. The lowest-
energy feature is ascribed to the Si(c)~ VB transition;
the previously reported photoluminescence feature is
identified as the confined ionized donor bound exciton,
and the new high-energy feature as due to the confined
neutral donor bound exciton. Comparison of the spectra
from quantum wells doped at the center with those from
edge-doped structures having the same dimensions sup-
ports this interpretation. The experimental values for the
binding energies of donors at the center of the wells de-
duced from our photoluminescence data are in good
agreement with those determined from FIR magnetospec-
troscopy on the same samples, and the theory of Refs. 1

and 2. ' In addition, the binding energies of excitons on
donor impurities are in good agreement with recent calcu-

TABLE I. Sample characteristics.

Sample
Well

width (A)

375
210
210
210
210
140
80

Doping

Bottom
Center
Center
Bottom —,

'

Top
Center
Center

Eso
(meV)

10.3
10.3
5.6

12.1
13.0

Ex-si
(meV)

1.1
1.3
1.3

1.5
1.9

lations. '

Several molecular-beam-epitaxy-grown GaAs/Al„-
Gat „As multiple-quantum-well structures were used in
this study; well widths varied from 375 to 80 A. The sam-
ples were doped with Si donors (1 x10' cm ') either in
the central one-third of the GaAs layers, or in the bottom
or top one-third of the wells. "Bottom" and "top" are
defined as regions of the GaAs wells grown immediately
after the AI„Gat —,As barrier and immediately before the
AI, Gat-, As barrier, respectively. All samples had bar-
rier widths of 125 A. Relevant sample characteristics are
shown in Table I. The samples were situated on a copper
mounting block in a variable temperature optical cryostat,
and the photoluminescence spectra were excited with the
6328-A line of a helium-neon laser, the 4880-A line of an
argon-ion laser, and the 3250-A. line of a helium-cadmium
laser. The emitted light was analyzed by a double mono-
chromator equipped with a cooled photomultiplier tube
and standard photon-counting electronics. Laser powers
smaller than 0.5 mW were used in these experiments, and
the exciting laser beam was focused to a spot of diameter
=400 pm.

Under these conditions new impurity-associated
features appeared in the photoluminescence spectra. The
various features were better resolved at shorter laser
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wavelengths. This effect was attributed to the shorter
penetration depth of the shorter-wavelength light which
samples fewer quantum wells, resulting in a correspond-
ingly smaller inhomogeneously broadened linewidth due
to small fluctuations in well width versus depth.

In Fig. 1(a) the photoluminescence spectrum from sam-
ple 2, excited with 0.1 mW of the 4880-A line of an
argon-ion laser is shown. The various features are num-
bered for convenience in the discussion. Feature (i) at
1525.0 meV is the ground-state heavy-hole exciton (hhX).
Feature (iii) at 1523.2 meV is the dominant donor
impurity-related feature observed for laser powers above 5
mW; this was previously reported ' and attributed to
Si(c) VB transitions. Features (iv) at 1522.3 and (ii)
at 1523.7 meV appear well resolved only at low laser-
power levels (below 0.5 mW). Under the previous inter-
pretation, the donor binding energy measured with respect
to the lowest conduction-band confinement state, which is
given by the equation Ean Ehhx+Eax —Es; va, yield-
ed values consistently lower than those obtained from FIR
magnetoabsorption experiments on the same samples.
(Here Ehhx, Eax, and Es; va are the energies of the
heavy-hole exciton, the binding energy of the heavy-hole
exciton, and the Si(c) VB transition energy, respective-
ly. )

We provide a new interpretation for the photolumines-
cence spectra. Feature (iv) is attributed to transitions be-
tween electrons on donors at the centers of the wells and
the higher valence-band confinement state [Si(c) VB].
Features (ii) and (iii) are interpreted as the confined neu-
tral donor-bound exciton (Si-X) and the confined ionized
donor bound exciton (Si+-X), respectively. In the photo-
luminescence study of n-type GaAs/AI, Ga& —,As quan-
tum wells of Ref. 7, features (ii) and (iii) were not
resolved, and the unresolved combination was identified as
due to bound excitons; no Si(c) VB transition was re-

ported. A feature identified as this transition was reported
in a study of not intentionally doped wells. For sample 2,
with the exciton binding energy of Ref. 15, which takes
into account the valence-band nonparabolicity, EIID 10.3
meV for Si donors at the centers of the wells. The binding
energies obtained in this study for confined donors in four
center-doped samples are plotted, as a function of well
width in Fig. 2(a) (solid circles). The triangles represent
values for Eao obtained with the assumption that feature
(iii) is the Si(c)~ VB transition. The solid line repre-
sents the theoretical values of Ref. 1. The agreement be-
tween the photoluminescence results with the present in-
terpretation and the theoretical values of Refs. 1 and 2 is
quite good. "

The binding energy of the exciton on a neutral donor is
given by the energy difference between features (i) and
(ii) in Fig. 1(a). For sample 2, this energy is equal to 1.3
meV. The experimental values for the exciton binding en-
ergy on a confined neutral donor are plotted in Fig. 2(b)
as a function of well width. The solid line represents cal-
culated values. ' The agreement between theoretical and
experimental values is in this case also rather good. Thus
this assignment provides good agreement with theory for
both the confined donor binding energy (and also with the
FIR experiments) as well as the binding energy of the
confined neutral donor bound exciton.

In order to test the validity of this interpretation fur-
ther, we have studied the temperature dependence of the
photoluminescence spectra. As the temperature of sample
2 was raised, features (ii) and (iv) gradually lost intensity
compared with feature (iii) and disappeared in the vicini-
ty of 30 K. At this temperature feature (iii) is still observ-
able, but its intensity with respect to that of the heavy-
hole exciton is greatly reduced, as is shown in Fig. 1(b).
The temperature dependence of the data can be under-
stood as follows. At T 30 K, almost 50% of the donors
are thermally ionized. As a consequence the Si-X feature
becomes very weak. On the other hand the binding ener-

gy of the Si+-X is larger and thus this feature persists up
to -50 K. In contrast to Si-X and Si+-X which are
sharp distinct features, the Si(c)~ VB feature is a
discrete continuum transition. As a consequence, its
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FIG. 1. Photoluminescence spectra from sample 2 excited
with the 4880 A of an argon-ion laser; (a) T 5 K; (b) T 30
K.

FIG. 2. (a) Binding energies of donors at the centers of the
GaAs wells vs well width. Circles: experimental values with
feature (iv) in Fig. 1(a) assigned to the Si(c) VB transition.
Triangles: values obtained with feature (iii) in Fig. 1(a) as-
signed to the Si(c) VB transition. Curve: Ref. l. (b) Bind-
ing energies of excitons on neutral donors vs well width. Circles:
experimental values. Curve: Ref. 13.
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linewidth depends strongly on the energy distribution of
photogenerated holes. The width of the hole distribution
at T 30 K is six times larger than that at T 5 K, as-
suming Boltzmann statistics. Thus it is no surprise that at
T 30 K the Si(c) VB feature is too broad to be ob-
served. The effect of increased lattice temperature ap-
pear to be similar to those caused by laser excitation
power levels ~ 5 mW, i.e., only features (i) and (iii) ap-
pear clearly in the luminescence spectra. This fact sug-
gests that such laser power levels increase the electron
temperature above 30 K and thus simulate the effects of
elevated lattice temperature.

We have also studied the photoluminescence spectra
from three different multiple-quantum-well samples with
identical well and barrier dimensions, but with the donors
placed in different positions inside the GaAs wells during
growth. The linewidth of the free heavy-hole exciton for
all three samples is approximately the same (=0.5 meV),
indicating the high quality of the samples, as shown in

Fig. 3. Slightly different laser power levels (between 0.1

and 0.5 mW) were used to resolve the bound excitons.
The difference in the heavy-hole exciton luminescence in-
tensity relative to the other features in these spectra is a
consequence of the fact that they were recorded with
different laser power. Their energies are similar in all
three samples indicating that the exciton binding energy
on Si donors is relatively insensitive to the impurity posi-
tion inside the well, while the donor binding energy varies
from =10 meV to =5 meV between center and edge.
The relative intensity of feature (iv), i.e., the Si(c) VB
transition, on the other hand, changes dramatically from
sample to sample in Fig. 3. It is quite strong with respect
to the bound excitons in the center-doped sample [Fig.
3(a)l, significantly weaker in the bottom-edge-doped sam-
ple [Fig. 3(b)], and almost nonexistant in the top-edge-
doped structure [Fig. 3(c)]. The variation in the intensity
of the Si(c) VB transition can be understood simply in
terms of impurity distribution in the wells. In sample 3,
doped over the central one third of the wells, most of the
Si donors are situated at, or near the well centers; thus the
intensity of the Si(c) VB transition [feature (iv)] is
strong with respect to the excitons. In sample 4, doped
over the bottom one-third of the well some of the donors
have been carried along the growth front in the growth
direction towards the well center and contribute to the
weak Si(c) VB transition observed. The energy of the
transitions between electrons on donors at the edge of the
wells and the highest valence-band confinement state
[Si(e) VB] is larger than the energy of the heavy-hole
exciton and thus is strongly absorbed. In sample 4, the
Si(e)~ VB transition was observed as a weak feature at
1527.0 meV. The corresponding binding energy of these
donors is 5.6 meV. (The theoretical value of Ref. 1 for
edge donors is 5.2 meV. ) Finally, in sample 5, doped over
the top one-third of the wells redistribution of the Si
donors during growth is away from the well center, into
the Al Ga~ —«As barrier. No Si(c)~ VB transitions are
thus expected, and as can be seen in Fig. 3(c) this transi-
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FIG. 3. Photoluminescence spectra recorded at T 1.8 K
with the 4880-A line of an argon-ion laser. (a) Sample 3

(center doped); (b) sample 4 (bottom-edge doped); (c) sample 5

(top-edge doped). The insets represent the nominal doping
profile. The arrows indicate the growth direction.

tion is practically absent. These results and their interpre-
tation are in agreement with FIR magnetoabsorption
line-profile measurements of the hydrogenic impurity
transitions on the same samples. '

We have presented a systematic photoluminescence
study of n-type, Si-doped GaAs/AI, Ga~, As multiple
quantum wells. The choice of experimental conditions al-
lowed the observation of two new impurity-related
features and led to a reinterpretation of the photolumines-
cence spectra which agrees with theoretical as well as with
experimental values of the donor binding energies, and
with theoretical values for the binding energies of the ex-
citons on neutral donors, versus well width. This study
has removed uncertainties of earlier work, permitted a
consistent explanation of the observed features, and
demonstrated the power of photoluminescence in the in-
vestigation of impurities in semiconductor heterostruc-
tu res.
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