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Abstract

We examined theoretically band structure and discrete dopant effects in the quantum well infrared photodetector (QWIP) and the
quantum dot infrared photodetector (QDIP). We find that in QWIPs discrete dopant effects can induce long wavelength infrared absorp-
tion through impurity assisted intra-subband optical transitions. In QDIPs, we find that a strategically placed dopant atom in a quantum
dot can easily destroy the symmetry and modify the selection rule. This mechanism could be partially responsible for normal incidence
absorption observed in low-aspect-ratio quantum dots.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

It has been predicted that quantum dot infrared photo-
detectors (QDIPs) with high dot densities and uniformity
could outperform quantum well infrared photodetectors
(QWIPs) [1,2], in part due to their normal incidence
absorption properties. However, in the typical InAs/GaAs
QDIP, the dots are much wider in the base than they are
tall. In such low-aspect-ratio dots, while the ground to
the first excited state transition can produce strong normal
incidence absorption, it does not contribute appreciably to
the photocurrent under small or moderate biasing condi-
tions because the first excited state is deeply bound.
Instead, the typical observed photo-response is due to tran-
sition to higher excited states. Experimentally, we found
QDIP normal incidence absorption to be several times
weaker than absorption of light polarized in the growth
direction, but significantly stronger than that found in
QWIPs. One possible explanation of the size of the normal
incidence absorption is band structure effect. In QWIPs,
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non-zero (though rather small) normal incidence absorp-
tion is permitted when band mixing is taken into account.
In this paper we model QDIP optical properties using a
non-parabolic effective mass equation that incorporate
the contributions of the 14-band k Æ p model for inter-sub-
band optical transitions. Another possibility is impurity
effect. On the scale of a quantum dot, the dopant potential
represents a significant perturbation. We therefore expect
that a strategically placed dopant atom in a quantum dot
can easily destroy the symmetry and modify the selection
rule. We have implemented an efficient theoretical method
which allows us to study discrete dopant effects. We apply
our method to examine discrete dopant effects on the opti-
cal properties of quantum wells and quantum dots.
2. Theoretical method

We model the detector structure by solving the effective
mass approximation (EMA) equation over a laterally
repeating 3D supercell, illustrated in Fig. 1. The supercell
is periodic in the x and y dimensions with periodicities
Lx and Ly, respectively. Along the growth (z)-direction,
an active region of thickness Lz is surrounded by the
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Fig. 1. A schematic illustration of the laterally repeating supercell
geometry used in our simulations. Note that the supercell also repeats in
the x-direction with periodicity of Lx (not drawn). The example shown in
this figure illustrates a quantum well containing several randomly place
dopant impurities.

Fig. 2. Quantum well ground state energy as a function of dopant
position. A single dopant is placed within a supercell. Two different lateral
supercell sizes (100 Å · 100 Å and 200 Å · 200 Å, respectively correspond-
ing to well doping levels of 4.6 · 1017 cm�3 and 1.9 · 1018 cm�3). The z = 0
and z = 27 Å correspond to vertical dopant positions at the edge and
center of the quantum well, respectively. The solid line indicates the
ground state energy level when there are no dopants.
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semi-infinite superstrate and substrate regions described by
constant potential and effective masses. The active region
constitutes an Lx · Ly · Lz finite computational domain
over which solutions to the EMA equation is sought.
Fig. 1 illustrates the specific example of the supercell geom-
etry used to model a GaAs/AlGaAs QWIP: the active
region of the supercell consists of the GaAs quantum well
and surrounding AlGaAs barriers, and the semi-infinite
superstrate and substrate regions consisting of the AlGaAs
barrier material under flat-band condition. The quantum
well region may contain a number of dopant impurity
atoms.

The system is described by a one-band effective mass
Hamiltonian with an energy-dependent anisotropic effec-
tive mass used to model the non-parabolic conduction
band dispersion of the C valley. Band structure effects on
optical matrix elements are included perturbatively using
a 14-band k Æ p method based formulation [3]. The effects
of discrete dopant impurities are incorporated as screened
Coulomb potentials, similar to the technique used in Ref.
[4]. The finite computational domain is divided into fine
slices (typically �3 Å thick) along the growth direction.
The potential is assumed to be constant along the z-direc-
tion over each thin slice; along the lateral (x and y) dimen-
sions, the effective mass equation is treated in k-space via
plane wave expansion. We find that with lateral supercell
dimensions of several hundred Angstroms, an 11 · 11 or
13 · 13 plane wave basis typically yields satisfactory results
with good numerical convergence. Reflection coefficients
can be obtained by solving the EMA equation over the
computational domain using an algorithm analogues to
the rigorous coupled wave analysis (RCWA) method [5]
for optical waves, coupled with a stabilized transfer matrix
technique [6]. The system is solved subject to periodic
boundary conditions in the lateral directions, and scatter-
ing boundary conditions along the growth direction at
the interfaces between the active region and the super-
strate/substrate. The energy levels of confined states are
found via seeking the poles of the reflection coefficient
spectrum for an incident wave generated at the interface
between the superstrate and the active region. For simpli-
city, the Hartree potential due to doping electrons is calcu-
lated non-self-consistently by assuming a charge density
which is uniform in the x–y plane, but distributed in the
z-axis according to a Gaussian function centered at the
middle of the quantum well with a spread comparable to
the well width. In principle our method could be easily
adapted for full self-consistency. The mathematical details
of the theoretical method will be described elsewhere [7].
3. Modeling results

The theoretical method we developed applies to both
quantum well and quantum dot based infrared detectors.
We first report on discrete dopant effects in QWIP struc-
tures, and then in QDIP structures.
3.1. Quantum well infrared photodetectors

We first examine band structure and impurity effects on
the absorption property of QWIPs using a structure taken
from the literature [8], with a 54 Å GaAs quantum well
embedded in Al0.26Ga0.74As barriers. In Fig. 2 we illustrate
the effect of dopants on the quantum well ground state
energy using a simplified simulation geometry. For this cal-
culation, we use only a single dopant per supercell, placed
at different z-positions within the quantum well. We vary
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the nominal doping density by changing the supercell size.
We note that the ground state energy is lowered as dopant
density increases. The ground state energy is also lowered
as the dopant moves from the edge of the quantum well
to the center. In uniformly doped quantum wells, there
would be a distribution of dopant locations along the
growth direction in the well, which would result in level
broadening.

We next examine dopant effects on optical properties.
As we shall see, a dopant can modify or even induce addi-
tional optical transitions. To illustrate the origin of this
phenomenon, we will use a simplified structure with a rel-
atively small supercell (with 100 Å periodicity) containing
only one dopant per supercell. Fig. 3 shows the lowest three
energy levels in the reduced Brillouin zone of the lateral
supercell as functions of the (lateral) wave vector along
the x-direction, computed with and without the dopant.
In Fig. 3 we see the first two conduction subbands, as well
as a supercell zone-folded branch belonging to the first
subband. For convenience, we refer to the non-folded first
subband, the folded first subband, and the non-folded sec-
ond subband respectively as b11, b12, and b21 (see Fig. 3).
Note that the effect of the dopant is to lower the energy lev-
els, as well as to induce a splitting at the zone boundary.
We have also performed calculations using more dopants
per supercell, and found that they lead to the further low-
ering of the energy levels (not shown).
Fig. 3. The energy levels as functions of in-plane wave vector of the lowest
three bound states of a quantum well computed with either no dopant
(ND = 0, indicated by the solid lines), or a single dopant (ND = 1,
indicated by open circles connected by dotted lines) in a 100 Å · 100 Å
lateral supercell. The well width is 54 Å, and dopant is located at z = 21 Å
(6 Å from the middle of the well).
The corresponding oscillator strengths as functions of
lateral wave vector for the ground to the first and the sec-
ond excited states are shown in Fig. 4. First we examine the
results for the case with no dopants, for which we only
have non-zero inter-subband (b11–b21) oscillator strength.
The x-component (normal incidence) and the z-component
(side-incidence) oscillator strengths are shown respectively
in solid and dashed lines. We find that the oscillator
strength for side-incidence light (z-component) is essen-
tially independent of the wave vector. A simple one-band
effective mass model would predict no normal incidence
oscillator strength. Here we incorporated band structures
effects perturbatively based on a 14-band k Æ p model [3],
and find that the x-polarized (normal incidence) oscillator
strength is zero at the zone center, but increases with kx,
reaching approximately 0.2% of that for the z-polarized
light at kx = 0.02 (2p/a). This is in general agreement with
experimental results reported in the literature [8]. Note that
the y-component is not present in this plot because the
results shown are computed with ky = 0; if we used non-
zero ky, we would also see non-zero y oscillator strengths.

When the dopant is introduced, the inter-subband oscil-
lator strengths are largely unaffected. The only visible dif-
ferences occur in the normal incidence (x-) component, at
the zone boundary, where we find the dopant induced split-
ting between b11 and b12, and near the band-crossing
point between b12 and b21. In addition, the y-component
Fig. 4. Ground state to the first and the second excited states oscillator
strengths as functions of in-plane wave vector. The simulations geometry
is the same as that for Fig. 3. The results for the case with impurity
scattering are shown in discrete symbols, and the results for the case
without impurity scattering are shown as solid and dashed lines. The inter-
subband transition results are given for both cases. Intra-subband
transition results are given only for the case with impurity.



Fig. 5. Oscillator strengths as functions of transition energy in a GaAs/
AlGaAs quantum well. The simulation geometry consists of a 300 Å ·
300 Å lateral supercell containing a 54 Å quantum well, with 10 dopants
placed randomly within the quantum well region in each supercell, and the
lowest five states are assumed to be occupied. Oscillator strengths
associated with filled states (lowest five states) to empty states are shown.
For comparison, the circle with the dotted drop line indicates the z-
component oscillator strength computed for a quantum well with no
discrete dopant effects. A zero in-plane wave vector is used.
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is now visible, but still considerable weaker than the
x-component. The major difference introduced by the dop-
ant is in the intra-subband absorption. Without the dopant
potential, there would be no intra-subband optical transi-
tions (in this case, between b11 and b12, the two branches
of the first subband). However, as we can see in Fig. 4, the
presence of the dopant can induce substantial normal
incidence oscillator strength between these two branches,
demonstrating the phenomenon of ‘‘dopant assisted
intra-subband optical transition.’’ In general, we observe
that the dopant induced b11–b12x(z) oscillator strength
increases (decreases) with increasing kx, and with decreas-
ing transition energy. The intra-subband oscillator strength
increases with kx in part because of the transition energy
(the energy denominator in the expression for oscillator
strength) decreases with kx. In fact, at the zone boundary
it is even larger than the inter-subband z oscillator strength.
While this large oscillator strength can lead to large normal
incidence absorption coefficient in the long wavelength, it
does not lead to significant photocurrent since the upper
state (b12) in the optical transition is still deeply bound
in the quantum well, and electrons photo-excited to this
state can not escape into the AlGaAs barrier/transport
region. We note that in general, while the strongest inter-
subband transition is associated with side-incidence
(z-polarized) light, the strongest intra-subband transitions
are associated with normal incidence (x, y-polarized) light.

While the simplified example is useful in helping us
understand the physical mechanisms involved in how dop-
ant impurities can modify the optical properties of QWIPs,
it is highly artificial in that the dopants are distributed in an
ordered 2D array with the lateral periodicity of the super-
cell; the inter-dopant distances are always the same. In
Fig. 5 we show the results of a more realistic simulation
using a larger supercell with multiple dopants randomly
placed in the quantum well region. In this case, we use 10
discrete donors in a 300 Å · 300 Å lateral supercell. We
assume that the lowest five states are filled, and plot the
oscillator strengths associated with transitions from these
states to the higher states. For the energy range of interest
shown in Fig. 5, we find that without discrete dopant
effects, the only significant contribution is the z oscillator
strength at a single transition energy (from the first to the
second subband; inter-subband); the x and y oscillator
strengths (non-zero due to band structure effects) are too
small to be seen on this scale. When discrete dopant effects
are included, we see a set of z oscillator strengths scattered
about near the unperturbed transition energy, indicating
level broadening. The transition energy with the highest z

oscillator strength is slightly blue shifted from the no-dop-
ant case. This is because the dopant induced energy lower-
ing is larger in the lower subband than in the upper (as can
be seen in Fig. 3). We also observe that x, y oscillator
strengths (associated with normal incidence radiation)
increase as the transition energy decreases. We attribute
these x, y oscillator strengths to dopant assisted intra-sub-
band optical transition, and expect them to result in strong
normal incidence absorption in the long wavelength. How-
ever, as pointed out in the discussions in Fig. 4 earlier, they
are not expected to produce large photocurrents, since typ-
ically the upper states involved in these low energy transi-
tions are considerable below the barrier of the quantum
well (see Figs. 3 and 4), and electrons photo-excited to
these states would not be able to escape out of the well.
3.2. Quantum dot infrared photodetectors

In this section we model the optical properties of a pyr-
amid-shaped, square-base InAs/GaAs quantum dot. In the
quantum dot being studied the base width is more than 10
times larger than the dot height. The structure is taken
from the literature [9]. The dot height to base width ratio
is kept low to reflect the dot geometry typically seen in
present day QDIPs. The ground state is s-like as usual.
Since the dot is x–y symmetric, the first excited states are
the doubly-degenerate px-like and py-like states; due to
the low-aspect-ratio, the pz-like state is much higher in
energy, and is typically unbound. By symmetry, the ground
state to the px-like and py-like states transitions respectively
have strong x and y oscillator strengths (normal incidence),
but very little z oscillator strength. However, as mentioned
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previously, such transitions do not generate significant
photocurrent since the upper level is too low in energy
for the photo-excited electrons to escape from the dot
potential with significant probability. The next set of
excited states is d-like. By symmetry, the z-component of
the oscillator strength dominates (x and y oscillator
strengths are strictly zero if band structure effects are not
taken into account). However, this symmetry can be bro-
ken easily if discrete dopant effects are taken into account.
This is apparent when we consider the fact that the size of
the hydrogenic radius associated with a typical dopant
wave function is comparable to the dot dimensions.

Fig. 6 shows the energy levels in a low-aspect-ratio
quantum dot with base width of 265 Å and dot height of
25 Å, resting on a 5 Å thick wetting layer. The calculation
includes the potential from the single discrete dopant,
placed at several positions with common x, y coordinates
but different z coordinates. With respect to the quantum
dot, the dopant is centered along the y-direction and off-
center along the x-direction. The dopant is purposely
placed off-center laterally to destroy the symmetry along
the x-direction (in-plane). At the same time, it is also
located fairly close to the center in order to produce a suf-
Fig. 6. Low lying quantum dot energy levels (indicated by discrete
symbols) as functions of dopant position along the z-direction. A supercell
with lateral dimensions of 500 Å · 500 Å is used for the calculation.
Centered in each supercell is a single pyramidal InAs quantum dot with
base dimensions of 265 Å · 265 Å and height of 25 Å, resting on top of a
5 Å InAs wetting layer, and embedded in a GaAs matrix. A single dopant
is located at (40 Å, 0, z), i.e., off-center along the x-direction, with varying
z-position. The solid, dashed, and dotted lines respectively indicate the
s-, p-, and d-like state energy levels computed without the dopant
potential.
ficiently large perturbation on the quantum dot wave func-
tion. This asymmetry is reflected in the calculated energy
levels. For instance, the splitting between the px-like and
py-like states is quite apparent. The oscillator strengths
associated with the transitions from the ground state to
the three d-like states are shown in Fig. 7. Without the dop-
ant potential, the z-component of the oscillator strength
dominates, even when band structure effects are taken into
account. However, when the dopant potential is taken into
consideration, the x-component of the oscillator strength
can become even stronger than the z-component if the dop-
ant is located in a position where it can cause substantial
disturbance in the quantum dot wave function. We take
a specific dopant z location (one which produced the larg-
est x oscillator strength) and plots the oscillator strength
components against transition energy in Fig. 8. The s-like
state to px-like and py-like states transitions (not shown
in Fig. 7) respectively produce strong x- and y-component
(normal incidence) oscillator strengths, which, as men-
tioned earlier, do not produce significant photocurrents.
The oscillator strengths associated with transitions from
the s-like state to the three d-like states (which we label
d1, d2, and d3) are also shown (these are also plotted in
Fig. 7, at z = 40 Å). Without the dopant potential, the low-
est d-like state (d1) is odd in both x and y, and the next two
d-like states (d2 and d3) are even in both x and y. The s–d1
transition produces no oscillator strengths, and the s–d2
and s–d3 transitions produce only z oscillator strengths.
Fig. 7. Oscillator strengths associated with the transitions from the
ground state to the second set of excited states (d-like) for the same dot
geometry and dopant positions as described in Fig. 6. The dashed lines
indicate the z-component (x and y components are insignificant) oscillator
strength computed without the dopant potential.



Fig. 8. Oscillator strengths as functions of transition energy associated
with the transitions from the ground state to the first set of excited states
(the px-like and py-like), and to the second set of excited states (d-like) for
the same dot geometry as described in Fig. 6. The dopant is located 40 Å
off-center along the x-direction, and 5 Å above the dot base along the z-
direction. The oscillator strengths are indicated by discrete symbols. For
comparison, we also include oscillator strengths computed without
including dopant effects; the results are indicated by symbols with drop
lines.
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When the dopant potential is taken into consideration, all
three of the s–d transitions can produce significant normal
incidence (x or y) oscillator strengths. We should be point
out, however, that Fig. 8 illustrates the case where the dop-
ant potential is optimally located to produce very strong
perturbations on the quantum dot wave function. If the
dopant is outside the quantum dot, then its effect on the
quantum dot optical property is minimal.
4. Summary and discussion

We conducted theoretical studies on the influence of
band structure effects and discrete dopant effects on inter-
subband optical transitions in quantum wells and quantum
dots. For both quantum wells and quantum dots, we find
that although band structure effects could introduce non-
zero normal incidence oscillator strengths in cases where
simple one-band effective mass model would not, the effect
tends to be small. Discrete dopant effects tend to be more
noticeable in heavily doped quantum wells, and in quan-
tum dots where dopants are strategically placed.

In quantum wells, discrete dopant effects can induce
long wavelength infrared absorption through impurity
assisted intra-subband optical transitions. The resulting
intra-subband absorption tends to occur at lower transi-
tions energies than the intended inter-subband absorption.
In QWIP measurements, long wavelength absorption typi-
cally appears as an increasing baseline in the infrared spec-
trum, and is attributed to free carrier absorption in the
contact layers. Our results indicate that in a heavily doped
QWIP structure, dopant induced intra-subband absorption
could also contribute to this long wavelength infrared
absorption.

In QDIPs, we find that a dopant atom placed off-center
and inside a quantum dot can easily destroy the symmetry
and modify the selection rule. We showed that when dop-
ant effects are included, the x and y-components of the
oscillator strength associated with the s-like state to the
three d-like states transitions could become even stronger
than the z-component, even though the oscillator strength
should be dominated by the z-component when the dopant
potential is absent. This could provide a partial explana-
tion to the normal incidence absorption observed in a
low-aspect-ratio quantum dots, although other explana-
tions, such as transitions to even higher states or finite cav-
ity edge effects [10], are also possible.
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