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(57) 
A photodetector capable of normal incidence detection over 
a broad range of long wavelength light signals to efficiently 
convert infrared light into electrical Signals. It is capable of 
converting long wavelength light signals into electrical 
Signals with direct normal incidence Sensitivity without the 
assistance of light coupling devices or Schemes. In the 
apparatus, Stored charged carriers are ejected by photons 
from quantum dots, then flow over the other barrier and 
quantum dot layers with the help of an electric field pro 
duced with a voltage applied to the device, producing a 
detectable photovoltage and photocurrent. The photodetec 
tor has multiple layers of materials including at least one 
quantum dot layer between an emitter layer and a collector 
layer, with a barrier layer between the quantum dot layer and 
the emitter layer, and another barrier layer between the 
quantum dot layer and the collector. 
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QUANTUM DOT INFRARED PHOTODETECTOR 
(QDIP) AND METHODS OF MAKING THE SAME 
0001. This application is a division of U.S. application of 
U.S. Ser. No. 09/291,020 filed Apr. 14, 1999. 

FIELD OF THE INVENTION 

0002 This invention relates to apparatus and methods for 
converting light signals into electrical Signals. More particu 
larly, the invention relates to a Semiconductor photodetector 
device and a method for converting electromagnetic radia 
tion Such as infrared Signals into electrical Signals using 
Self-assembled Semiconductor quantum dots. 

BACKGROUND TO THE INVENTION 

0.003 Presently, state-of-the art photodetectors are either 
based on interband transitions in bulk material or quantum 
Wells, or interSubband transitions in quantum wells. The 
interband transition devices operate mainly in the visible and 
near infrared wavelength range due to the energy difference 
between the conduction and Valence band of Semiconduc 
tors. The interSubband devices operate with multiple layers 
of quantum wells, in which carriers are confined to quantum 
dimensions in 1 direction (perpendicular to the Surface of the 
device), and are free to move in the other 2 directions (in the 
plan of the quantum wells). 
0004 Such quantum well infrared photodetectors 
(QWIPs) are being used successfully for detecting InfraRed 
(IR) light for detectors and sensors and for imaging pur 
poses. A major limitation of these QWIPs is that due to the 
transition Selection rules they are not Sensitive to normally 
incident light, and only have narrow response range in the 
IR. Consequently, normal incidence detection over a broad 
range in the IR can only be achieved with complicated light 
coupling devices and/or Schemes, and by combining layers 
with different Sets of quantum wells each having its own 
narrow response range. 

SUMMARY OF THE INVENTION 

0005) Multiple layers of Self-Assembled Quantum Dots 
(QD) can be grown by epitaxy of highly strained semicon 
ductors embedded in barrier Spacers. Due to the Small size 
of the quantum dots, which typically have diameters of 
about 200 Angstroms, quantum mechanics dictate the 
energy position of energy levels allowed in the quantum 
dots. Infrared light detection is achieved by the transitions of 
charged carriers from confined energy levels in the quantum 
dots to higher confined energy levels in the quantum dots, 
and/or from confined energy levels in the quantum dots to 
higher energy States in the wetting layer which is formed 
underneath the quantum dots in the Self-assembling growth, 
and/or from confined energy levels in the quantum dots to 
higher energy States in the barrier material. 
0006. In contrast to the QWIPs, QDIPs are sensitive at 
normal incidence, and have a broad response range. The 
ODIPS do not Suffer from the normal incidence limitation 
because of the unique Symmetry resulting from confining the 
carriers in all 3 directions, and have a much broader 
response range in the infrared compared to the present 
QWIP design because the self-assembled quantum dots 
naturally grow with an inhomogeneous broadening in the 
Size dispersion and with interSublevel energies which are 
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both Suitable for the long wavelength range. Growth and 
fabrication can be accomplished with well established and 
Simple growth and fabrication techniques. 
0007. There has been a real need for photodetectors 
capable of normal incidence detection over a broad range to 
efficiently convert infrared light into electrical Signals, 
which is satisfied by the present invention, which provides 
an apparatus and method capable of converting broad ranges 
of long wavelength light Signals into electrical Signals with 
good efficiencies. 
0008. The present invention also provides an apparatus 
and method capable of converting broad ranges of long 
wavelength light signals into electrical Signals with direct 
normal incidence Sensitivity without the assistance of light 
coupling devices/Schemes. 
0009. These and other embodiments are realized by appa 
ratus and a method in which Stored charged-carriers are 
ejected by photons from quantum dots, then flow over the 
other barrier and quantum dot layers with the help of an 
electric field produced with a Voltage applied to the device, 
therefore resulting in a detectable photovoltage and photo 
Current. 

0010. The apparatus takes the form of a photodetector 
comprising multiple layers of Semiconductor materials 
including a least 1 quantum dot layer between an emitter 
layer and a collector layer, with a first barrier layer between 
the quantum dot layer and the emitter layer, and another 
barrier layer between the quantum dot layer and the collec 
tor. In the case where multiple quantum dot layers are used, 
barrierS Separate the quantum dot layers. The emitter and 
collector are preferably doped to act as a reservoir of charge 
carriers and to conduct the current during detection and for 
operation under applied bias. The charge carriers are intro 
duced in the quantum dot layer by either doping the barrier 
and/or the dot layers, and/or after redistribution of the charge 
carriers and adjustment of the Fermi level. The level of 
doping in the various regions of the device and the Scheme 
of doping is preferably adjusted to Set the Fermi level Such 
that the desired number of energy levels in the quantum dots 
are occupied with charge carriers to achieve the targeted 
range of detection wavelengths. Also preferably, the Size and 
the number of quantum dots per unit area is adjusted from 
the growth parameters in conjunction with the doping to 
achieve the desired detection range while optimizing the 
detection efficiency for the wavelengths of interest. Simi 
larly, the choice of the barrier material, height, and thickneSS 
is adjusted in conjunction with the quantum dot size to Set 
the detection range, to Select a balance between low detector 
capacitance and low carrier transit time, and to achieve the 
desired growth mode in the Self-assembling growth. For 
multiple layers of quantum dots very thin barriers will result 
in coupled Zero-dimensional States in Vertically Self-orga 
nized quantum dots, thicker barriers will result in isolated 
Zero-dimensional States in Vertically Self-organized quantum 
dots, and thick barriers will result in isolated Zero-dimen 
Sional States in uncorrelated independent quantum dot lay 
CS. 

0011. In a preferred form of the invention the layers of the 
Semiconductor materials are grown on a Substrate from 
materials consisting essentially of gallium, indium, alumi 
num, arsenic, phosphorus, and possibly nitrogen, using 
known techniques Such as molecular beam epitaxy, or meta 
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lorganic chemical vapor deposition, or chemical beam epi 
taxy, with dopant Such as Silicon, beryllium, or other. The 
carriers are introduced by n-doping or p-doping the quantum 
dots and/or the barriers, either continuously, or using modu 
lation doping layers. 

0012. On GaAs substrates, the quantum dot material can 
be InGaAs, AlInAS, InP, or other alloys of AlGainASP, with 
barriers of AlGaAs or AlGainP. On InP Substrate, the quan 
tum dot material can be InGaAS. Alloys with nitrogen can be 
used with the above group III-V materials in cases where 
high band gap materials are desirable. On group IV Sub 
strates, Si can be used for the barrier, and SiGe or Some of 
the group III-V materials mentioned above for the quantum 
dot material. The Substrate is needed to give structural 
integrity to the very thin layers of the device and to allow 
proper crystal growth. The emitter and the collector are 
preferably doped with the type of carriers which will be used 
in the quantum dots to detect the infrared light. The type of 
charged carrier is preferably chosen in conjunction with the 
Size of the quantum dots, and with the thickness and height 
of the barriers, to obtain the desired spectral response. 
0013 The photodetector is exposed to electromagnetic 
radiation, and in particular infrared radiation, having no 
required specific orientation of the polarization vector with 
respect to the Surface of the device. Light of Substantially all 
polarizations and angles of incidence can be detected 
because of the Symmetry and shape of the Self-assembled 
quantum dots which preferably take a form resembling an 
hemispherical cap, a lens shape, a disk shape, a pyramidal or 
truncated and/or rounded pyramid shape. The Self-as 
Sembled quantum dots are obtained with the Spontaneous 
island formation during the epitaxy of highly Strained Semi 
conductor materials. The details of the Self-assembling 
growth are preferably arranged to establish the shape, Sym 
metry, and size of the quantum dots and therefore Set the 
quantum dot energy levels to optimize the detection 
response in the desired spectral range. 

0.014. In accordance with an embodiment of the inven 
tion, a photodetector is comprised of multiple layers of 
Semiconductors with an emitter, a collector, a Series of 
quantum dot layers disposed between the emitter and col 
lector layer with barrierS Separating the quantum dot layers, 
a first barrier layer between the emitter layer and the series 
of quantum dot layers, and a last barrier layer between the 
collector layer and the Series of quantum dot layers. The 
quantum dot layerS have one or more Zero-dimensional 
levels confined below the barrier energy, with the quantum 
dot energy levels containing Some charge carriers that can be 
excited to higher energy levels using incident photons and 
flow from the quantum dots to the collector with the charge 
carriers that can be replaced by other charge carriers origi 
nating from the emitter. 

0.015. In accordance with another embodiment, a method 
of producing Self-assembled quantum dots having an adjust 
able number of confined levels and having an adjustable 
interSublevel Spacing which relies on Spontaneous island 
formation during the epitaxy of highly Strained Semiconduc 
tors comprises Selecting a barrier material and a quantum dot 
material wherein the amount of their lattice-mismatch dic 
tates the critical thickness required to obtain the Spontaneous 
island formation, and their bandgap difference determines 
the possible number of confined States in conjunction with 

Oct. 11, 2001 

the interSublevel spacing, growing Some thickness of the 
barrier material which has a lattice constant close to the 
lattice constant of the Substrate used, depositing, at a speci 
fied growth rate, the quantum dot material at a Substrate 
temperature which will produce quantum dots having the 
appropriate size to obtain the interSublevel spacing, Stopping 
the growth of the quantum dot material after the desired 
number of quantum dots per unit area is reached, pausing 
the-growth for a predetermined amount of time to allow for 
Self-assembling growth to form the quantum dots in shapes 
and sizes which will give the interSublevel spacing, and 
growing a thickness of the barrier material to cover the 
quantum dots and return to a planar growth front at a 
Substrate temperature which may be varied during the 
growth and which will optimize the quality of the quantum 
dots. 

0016. In accordance with another embodiment, a method 
of converting light Signals to electrical Signals is comprised 
of Storing charged carriers in Semiconductor quantum dots 
having Zero-dimensional levels established by the size and 
composition of the quantum dots and the height of the 
confining potential of the barriers, exposing the quantum 
dots to electromagnetic radiation having Sufficient energy to 
eject Stored carriers from the quantum dot layers by photo 
emission, and applying a bias Voltage acroSS emitter and 
collector layers between which a Series of quantum dot 
layers containing the quantum dots are located and which 
quantum dot layers, emitter and collector layers are sepa 
rated by barriers, and cause the carriers ejected from the 
quantum dot layers by photoemission to flow to the collec 
tor, while replacing the ejected carriers from the quantum 
dot layers with carriers originating from Said emitter. 
0017. In accordance with another embodiment, a photo 
detector is comprised of multiple layers of quantum dots and 
a barrier Separating each layer of quantum dots from an 
adjacent layer of quantum dots, an emitter layer and a 
collector layer, and a corresponding barrier Separating each 
of the emitter layer and collector layer from an adjacent 
layer of quantum dots on respective opposite ends of the 
multiple layers of quantum dots, conductors for applying a 
bias Voltage between the collector and emitter, and means 
for allowing electromagnetic radiation to be exposed to at 
least Some of the layers of quantum dots. 

BRIEF INTRODUCTION TO THE DRAWINGS 

0018. A better understanding of the invention can be 
gained from the following detailed description of the pre 
ferred embodiments when read in conjunction with the 
accompanying drawings in which: 
0019 FIG. 1 is a partial, greatly magnified view of the 
layer Structure of a photodetector in accordance with an 
embodiment of the invention; 
0020 FIG. 2 is a schematic energy level diagram depict 
ing transitions which can be used to detect the light with the 
photodetector of FIG. 1; 
0021 FIG. 3 is a 77K photoluminescence spectra dem 
onstrating the good optical quality of a QDIP photodetector 
structure grown with 50 layers of InAs quantum dots with 
GaAS barriers, and revealing interband transitions involving 
the energy levels depicted in FIG. 2; 
0022 FIG. 4 is an example of spectral response mea 
sured with a QDIP photodetector with 50 layers of InAS 
quantum dots with Aloss Gaoss AS barriers, and 
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0023 FIG. 5 is an example of the responsivity measured 
as a function of the voltage applied on the QDIP photode 
tector of FIG. 4 for a detection wavelength of 5 microns. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS OF THE INVENTION 

0024 FIG. 1 illustrate a portion of the photodetector in 
accordance with an embodiment of the invention. The 
photodetector comprises multiple layers of Semiconductor 
materials. These layers include, from bottom to top, a 
bottom contact layer 6 which Serves as a collector or an 
emitter which will preferably be doped to provide carriers 
and for conductivity, a first barrier layer 12 which can be 
doped continuously or modulation doped as shown to pro 
vide carriers and for conductivity, and at least a first quan 
tum dot layer 14. 
0.025 For enhanced performance, the photodetector will 
preferably have multiple layers of quantum dots, in which 
case a barrier 18 will separate the first quantum dot layer 14 
from a second quantum dot layer 24. The barrier 18 can be 
doped continuously or modulation doped (16 and 20) to 
provide carriers and for conductivity. In the case of modu 
lation doping, multiple layers of doping can be used in the 
barrier 18. For example FIG. 1 illustrates the case where two 
modulation doped layers 16 and 20 are used. 
0026. The distance d3 between the quantum dot layer 14 
and the doped layer 16 can be adjusted to optimize the 
number of carriers and to engineer the built-in field after the 
charge transfer which occurs in modulation doping. Simi 
larly additional quantum dot layerS and barriers can be 
added until the preferred number of quantum dot layerS is 
reached, the quantum dot layers being Separated by a barrier, 
giving a repeating Sequence with a period d4. The last 
quantum dot layer 25 is followed by the last barrier layer 26 
which can be doped continuously or modulation doped as 
shown at 28 to provide carriers and for conductivity. 
0027. Following the last barrier layer 26, a top contact 30 
serves as the other of a collector or an emitter which will 
preferably be doped to provide carriers and for conductivity. 
These layers are very thin; for instance in a preferred form 
of the device described below, the thickness d2 of a quantum 
dot together with the wetting layer which forms below the 
quantum dots is about 45 Angstroms. Hence, it is necessary 
to provide a Substrate 2 on which to grow the layerS and to 
give Structural integrity to the device. The Substrate 2 should 
typically have a thickness between 0.1 and 1 mm and should 
be covered with a buffer layer 4 below the bottom contact 6. 
The buffer layer 4 serves to initiate proper growth conditions 
and to establish the desired conductivity between the Sub 
strate 2 and the bottom contact 6. 

0028. The substrate 2 and buffer layer 4 can be either 
conductive or insulating depending on the optical and elec 
trical properties desired for these layers. Undoped buffer 4 
and Substrate 2 is preferred in the cases where the transmis 
Sion of the long wavelength light through the bottom of the 
Structure is of consideration, and conducting buffer 4 and 
Substrate 2 is preferred in the cases where it is desirable to 
have a bottom electrical contact 8 be conductive through to 
the Substrate 2. 

0029. In a preferred embodiment a planar geometry is 
obtained by exposing the bottom contact 6 in Some region of 
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the device using lithography and etching techniques Such as 
wet etchings or dry etchings after mask patterning. Photo 
current and photovoltage 10 can be measured between the 
bottom metal contact 8 and a top metal contact 32 which 
makes ohmic contacts with the top contact 30. Contacts 8 
and 32 can be used to apply a bias Voltage 34 to the 
photodetector. 

0030. As mentioned above, in a preferred form of the 
invention the layers of the Semiconductor materials are 
grown on a Substrate 2 from materials consisting essentially 
of gallium, indium, aluminum, arsenic, phosphorus, and 
possibly nitrogen, using known techniqueS Such as molecu 
lar beam epitaxy, or metaloorganic chemical vapor deposi 
tion, or chemical beam epitaxy, with dopant Such as Silicon, 
beryllium, or other. The carriers are introduced by n-doping 
or p-doping the quantum dots and/or the barriers, either 
continuously (for example throughout most of the top con 
tact 30 and bottom contact 6), or using modulation doping 
layers (for example 12, 16, 20,28, etc. in the barrier layers). 
0031. On GaAs substrates 2, the quantum dot material 14 
and 24 can be InGaAS, In, 2Al-AS, InP, or other 
alloys of Al-41-Ga(1-1-3).In 3ASP-1. With barriers 
of AlsCa1-5AS or Al(1-7(1-6)Gax7(1-6)Inso P. On InP 
Substrate, the quantum dot material can be InGasAS. 
Alloys with nitrogen can be used with the above group III-V 
materials in cases where high band gap materials are desir 
able. On group IV Substrates, Si can be used for the barrier, 
and SioGeo or Some of the group III-V materials men 
tioned above for the quantum dot material. In the exemplary 
embodiment of the invention, the Substrate 2 is GaAs, the 
quantum dot layers (14, 24, etc) consist essentially of 
In GaAS wherein X1 equals 0.15 to 1, preferably about 
0.5 to 1 and specifically 1; the barriers (12, 18, 26, etc) 
consists of AlGaAS with X5 equals to 0 to 1, preferably 
about 0 to 0.4, and more preferably 0. 
0032. The emitter and the collector are preferably doped 
with the type of carriers which will be used in the quantum 
dots to detect infrared light. The type of charge carrier is 
preferably chosen in conjunction with the size of the quan 
tum dots, and with the thickness and height of the barriers, 
to obtain the desired spectral response. In the exemplary 
embodiment of the invention, the carriers are electrons 
provided by Silicon doping. 

0033. In the case where multiple layers are used to 
increase the response of the photodetector, preferably, all 
barriers (12,18,26, etc) and quantum dot layers (14, 24, etc) 
can respectively have the same nominal alloy composition 
and thicknesses, but alternatively, the value of the alloy 
composition, doping, and thicknesses of each layer can be 
Set individually to tailor the response of the photodetector to 
Specific requirements. In particular, the material chosen, the 
alloy and size of the quantum dots can be changed through 
out the Stack of multiple layers to vary the quantum dot 
energy levels and therefore provide a wider range of Spectral 
response. 

0034. The amount of semiconductor material required to 
form the Self-assembled quantum dots (14, 24, etc.) depends 
on the relative strain between the Substrate 2 and the 
quantum dots. The number of quantum dots per unit area can 
be adjusted by varying the amount of material deposited in 
the quantum dot layers. The Size of the quantum dots can be 
adjusted by the Substrate temperature used during the growth 
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of each quantum dot layer. AS mentioned above, the Size and 
the number of quantum dots per unit area is adjusted from 
these growth parameters in conjunction with the doping to 
achieve the desired detection range while optimizing the 
detection efficiency for the wavelengths of interest. Simi 
larly, the choice of the barrier material, height, and thickneSS 
is adjusted in conjunction with the quantum dot size to Set 
the detection range, to Select a balance between low detector 
capacitance and low carrier transit time, and to achieve the 
desired growth mode in the Self-assembling growth. For 
multiple layers of quantum dots, verythin barriers will result 
in coupled Zero-dimensional States in Vertically Self-orga 
nized quantum dots, thicker barriers will result in isolated 
Zero-dimensional States in Vertically Self-organized quantum 
dots, and thick barriers will result in isolated Zero-dimen 
Sional States in uncorrelated independent quantum dot lay 
CS. 

0.035 FIG. 2 illustrates a partial band diagram for a 
quantum dot layer of the device of FIG.1. In this figure, the 
Vertical direction represents the energy of the carriers in the 
Structure, and the horizontal direction represents the position 
of the carriers within the photodetector structure. Due to the 
Small size of the quantum dots 14, quantum mechanics will 
dictate the values of energy levels (32.34.36.38,40.44) local 
ized in the low band gap material 14,by the barriers 12 and 
18. The shape of the Zero-dimensional potential gives rise to 
a series of discrete, atomic-like, energy levels EP (32), 
EOD (34), EP, (36), EP (38), EPs (40), below the 
wetting layer subband EY" (44). For self-assembled quan 
tum dots, the degeneracy of these levels is typically 2n 
where n is the index of the level with, n=1 for the ground 
State, n=2 for the first excited State, etc., where the factor of 
2 comes from the Spin degeneracy, and the factor n origi 
nates from the various allowed angular momenta. 
0.036 The self-assembled quantum dots effectively give a 
Zero-dimensional potential with a quasi-parabolic confine 
ment, and consequently the energy Spacing between the 
adjacent levels (also called the interSublevel spacing) is 
roughly constant between the various levels. The number of 
allowed energy levels and interSublevel spacing is deter 
mined by the Shape and Size of the quantum dot, the height 
of the confining potential between the barriers (12, 18) and 
the quantum dot (14), and by the carrier effective mass. 
Experimental assessment of these energy levels can be 
obtained by probing the interband transitions and observing 
the State filling in photoluminescence. 

0037 For example, FIG. 3 is a 77K photoluminescence 
Spectra which demonstrate the good optical quality of an 
exemplary QDIP photodetector structure grown with 50 
layers of InAS quantum dots, modulation-doped with elec 
trons in GaAs barriers. The spectra of FIG.3 reveal inter 
band transitions involving the energy levels depicted in FIG. 
2, with the wetting layer transition and 4 quantum dot 
transitions. The interSublevel spacing measured for this 
photodetector is about 60 meV for the total of both the 
electron and the hole contributions, of which about 2/3 
originates from the electron interSublevel spacing. It can 
therefore be concluded that the electron intersublevel spac 
ing for these quantum dots is about 40 meV. 

0.038. The carriers are introduced by doping and fill the 
quantum dot energy levels up to the Fermi level E (42) (See 
FIG. 2) in accordance with the level degeneracy, Hund's 
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rule for filling orbitals, and Coulomb interaction and 
renomalization energies. For example, first the ground State 
E', (32) can accommodate 2 carriers, one spin up, and one 
spin down, then the first excited state EP (34) can accom 
modate 4 carriers 2 Spin up and 2 Spin down, etc. The level 
of doping is therefore determined taking into account the 
desired position of the Fermi level 42 in the quantum dot to 
fill the appropriate number of energy levels. This will 
determine which energy levels and interSublevel transitions 
will participate in the photodetection given that transitions 
are improbable to originate from empty energy levels above 
the Fermi level and improbable if the final energy level is 
completely filled. 

0039. For example, modulation doping to a level of 
1x10 cm gives 1000 carriers/um', giving 10 carriers/QD 
for a quantum dot density of 100 QD/um. The infrared light 
detection will be achieved by the photon-mediated transi 
tions of charged carriers from confined energy levels in the 
quantum dots (32.34.36.38) to higher confined energy levels 
in the quantum dots (40), and/or from confined energy levels 
in the quantum dots (32.34,36.38) to higher energy states in 
the wetting layer (44) which is formed underneath the 
quantum dots in the Self-assembling growth, and/or from 
confined energy levels in the quantum dots (32.34.36.38) to 
higher energy States in the barrier material (48). Light of 
Sufficient energy will eXcite the carriers from a lower quan 
tum dot energy level to the upper energy levels allowing the 
carriers to overcome the barrier 18, and then relax moving 
along the band edge toward the collector 30. An electric field 
46 can be applied to the photodetector by applying a bias 
across the emitter 6 and the collector 30 (FIG. 1), to assist 
with the photocarrier flow 48 and the tunneling across the 
barriers due to the electric field 46. If light is continuously 
applied to the quantum dots 14, a continuous Stream of 
carriers will be excited out of the quantum dots and travel 
along the band edge to the collector 30. The barrier layer 
dimensions are Such as to allow a continuous tunneling of 
carriers from the emitter 6 through the barriers to the 
quantum dots 14 at a rate Sufficient to replace the carriers 
depleted from the quantum dots by photoemission. There 
fore it is possible for the QDIP photodetector to continu 
ously convert the energy of a light Signal into an electrical 
Signal. 

0040. When used as a photodetector for high speed, the 
pulsed light Signal will cause a burst of carriers to be excited 
out of the quantum dots and flow to the collector 30. The rate 
at which-the carriers can tunnel though the barrier layers to 
the quantum dots must then at least be as great as the rate at 
which the carriers are depleted from the quantum dots by the 
pulsed light signal through photoemission. 

0041) The QDIPs will not suffer from the normal inci 
dence limitation because the unique Symmetry resulting 
from confining the carriers in all 3 directions will give finite 
matrix elements for interSublevel transitions with a polar 
ization vector in any arbitrary direction. It is also expected 
that the localized nature of the level of origin in the 
interSublevel transition can contribute to having low dark 
current. The QDIP photodetector will have a much broader 
response range in the infrared compared to typical QWIP 
designs because the Self-assembled quantum dots naturally 
grow with an inhomogeneous broadening in the size, and/or 
composition and/or Strain. For example a photodetector with 
an active area of 100 microns by 100 microns with 50 layers 
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of quantum dots having an average density of 100 
QD/Square-micron will contain 50 million quantum dots 
having Small differences in the values of their energy levels. 
With various possible scenarios for the intersublevel tran 
Sitions as described above, a broad Spectral range of 
response in the infrared with good efficiency is obtained. 
0.042 FIG. 4 is an example of spectral response mea 
sured with light incident normal on a QDIP photodetector 
with 50 layers of InAS quantum dots with AlossGaoss AS 
barriers modulation doped with electrons, and FIG. 5 is an 
example of the responsivity measured as a function of the 
voltage applied on the same QDIP photodetector of FIG. 4 
for a detection wavelength of 5 microns. It can be appreci 
ated that the QDIP photodetector has a broad range of 
detection (here between about 3.5 microns and 6.2 microns), 
with peak responsivity reaching close to 1 A/W at a wave 
length of 5 microns. It should be noted from the above that 
the QDIP has a good response at normal incidence over a 
broad range of wavelengths. For many applications, it is 
believed that the overall responsivity would be proportional 
to the wavelength-integrated response which would be 
higher than the one shown in FIG. 5 by a factor directly 
proportional to the bandwidth of the response. 
0043. Because the fabrication of the quantum dots relies 
on the Self-assembling growth which can combine highly 
mismatched semiconductor material, the QDIP photodetec 
tors provide an enhanced liberty in the choice of the Semi 
conductor used for the fabrication. This results in a great 
coverage of possible wavelengths of operation, in addition 
to the broad range of response for any particular design of 
device as discussed above. The upper limit in energy is 
limited by how deep the level 32 can be with respect to level 
48 (FIG. 2), giving a minimum wavelength of about 1.2 
microns for a high barrier and a deep quantum dot. There is 
no similar restriction at long-wavelengths because the quan 
tum dot Size and energy levels can be tailored to make the 
transitions shallow and/or adjust the interSublevel spacing to 
a Small value allowing detection up to 50 microns and 
possibly beyond. For longer wavelengths however, it will be 
desirable to operate the device at lower temperatures to 
avoid thermal excitation of the carriers to the upper levels 
which causes larger dark current and reduced detectivity. 
0044) The QDIP as described herein is based on Zero 
dimensional heterostructures and can benefit from the prop 
erties unique to quantum dots. One obvious advantage 
gained from using quantum dots in the present invention is 
that the ODIP is sensitive at normal incidence. The ODIP 
can also have a broad response range due the inhomoge 
neous broadening in the ensemble of quantum dots and due 
to the possibility of various intersublevel transitions. For 
QDIPS having a wide wavelength response range, the wave 
length-integrated responsivity is greatly enhanced. For 
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QDIPS where the wavelength response range is made as 
narrow as possible, the peak responsivity is greatly 
enhanced. The QDIP also provides low dark currents. The 
Self-assembled growth method used offers a wide range of 
possible materials with large lattice mismatched between the 
Semiconductors, therefore increasing the choice of available 
material for fabrication. 

0045. A person understanding the above-described inven 
tion may now conceive of alternative designs, using the 
principles described herein. All Such designs which fall 
within the Scope of the claims appended hereto are consid 
ered to be part of the present invention. 
We claim: 

1. A method of producing Self-assembled quantum dots 
having an adjustable number of confined levels and having 
an adjustable interSublevel spacing which relies on Sponta 
neous island formation during the epitaxy of highly Strained 
Semiconductors comprising: 

Selecting a barrier material and a quantum dot material 
wherein the amount of their lattice-mismatch dictates a 
critical thickness required to obtain the Spontaneous 
island formation, and their bandgap difference deter 
mines a possible number of confined States in conjunc 
tion with the interSublevel Spacing, 

growing Some thickness of the barrier material which has 
a lattice constant close to the lattice constant of the 
Substrate used; 

depositing, at a specified growth rate, the quantum dot 
material at a Substrate temperature which will produce 
quantum dots having an appropriate Size to obtain the 
interSublevel spacing, 

Stopping the growth of the quantum dot material after a 
desired number of quantum dots per unit area is 
reached; 

pausing the growth of the quantum dot material for a 
predetermined amount of time to allow for Self-assem 
bling growth to form the quantum dots in Shapes and 
Sizes which will give the interSublevel Spacing, and 

growing a thickness of the barrier material to cover the 
quantum dots and return to a planar growth front at a 
Substrate temperature which may be varied during the 
growth and which will optimize the quality of the 
quantum dots. 

2. The method of claim 15 wherein the interSublevel 
spacing is between 5 meV and 150 meV, the number of 
confined States is between 1 and 20, the Substrate is GaAS, 
the barrier material is AlGaAS and the quantum dots 
are comprised of All 41-3)Ga(1-xp(1-x3Ins3AS. 
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