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Ge/Si Self-Assembled Quantum
Dots and Their Optoelectronic
Device Applications
Integration of optical and electronic devices has been achieved by growth of

germanium dots, for photodetectors and LEDs, on silicon substrate.

By Kang L. Wang, Fellow IEEE, Dongho Cha, Jianlin Liu, and Christopher Chen

ABSTRACT | In recent years, quantum dots have been

successfully grown by self-assembling processes. For opto-

electronic device applications, the quantum-dot structures

have advantages such as reduced phonon scattering, longer

carrier lifetime, and lower detector noise due to low-

dimensional confinement effect. Comparing to traditional

optoelectronic III-V and other materials, self-assembled Ge

quantum dots grown on Si substrates have a potential to be

monolithically integrated with advanced Si-based technology.

In this paper, we describe the growth of self-assembled, guided

Ge quantum dots, and Ge quantum-dot superlattices on Si. For

dot growth, issues such as growth conditions and their effects

on the dot morphology are reviewed. Then vertical correlation

and dot morphology evolution are addressed in relation to the

critical thickness of Ge quantum-dot superlattices. In addition,

we also discuss the quantum-dot p-i-p photodetectors (QDIPs)

and n-i-n photodetectors for mid-infrared applications, and the

quantum-dot p-i-n photodetectors for 1.3–1.55 �m for commu-

nications applications. The wavelength of SiGe p-i-p QDIP can

be tuned by the size as grown by various patterning methods.

Photoresponse is demonstrated for an n-i-n structure in both

the mid-infrared and far-infrared wavelength ranges. The p-i-n

diodes exhibit low dark current and high quantum efficiency.

The characteristics of fabricated light-emitting diode (LED)

devices are also discussed, and room-temperature electro-

luminescence is observed for Ge quantum-dot LED. The

results indicate that Ge dot materials are potentially applica-

ble for mid-infrared (8–12 �m) detectors as well as fiber-optic

(1.3–1.55 �m) communications.

KEYWORDS | Infrared detectors; light-emitting diodes; nano-

technology; optoelectronic devices; quantum dots

I . INTRODUCTION

There have been tremendous efforts in Si-based SiGe

microelectronics after successful invention of heteroepi-

taxial growth, followed by the fabrication of individual

devices with high performance [1]–[7]. Due to some

unique physical properties of Ge (and/or Si) such as

indirect bandgap and comparatively large effective mass

[8], the research effort of Si-based photonic components

for both mid-infrared and fiber-optic communication
wavelengths is much smaller in scale. The primary devices

by the use of engineering both interband and intersubband

transitions are mostly based on III-V semiconductors like

AlGaAs/GaAs and InGaAsP/InP. A clear advantage of

investigating Si-based photonics is to integrate optical and

electronic devices on a Si substrate by using well-

developed Si VLSI technology to achieve low cost. The

challenge in the Si-based optoelectronic devices comes
from various different features of SiGe heterostructures.

Among them, the 4.1% lattice mismatch of Ge and Si as

well as the near zero conduction band-offset makes the

strategy for both growth and device engineering different

from those of III-V compounds.

Ge self-assembled quantum dot (SAQD) grown by

molecular beam epitaxy (MBE) and chemical vapor de-

position (CVD) is one of promising candidates to achieve
the deposition of pure Ge without the presence of a large

Manuscript received March 7, 2007; revised April 30, 2007. This work was

supported in part by the MURI program supported by Army Research

Office (Dr. William Clark) and in part by the FCRP Focus Center on Functional

Engineered Nano ArchitectonicsVFENA (under Dr. Betsy Weitzman).

K. L. Wang and D. Cha are with the Department of Electrical Engineering,

University of California at Los Angeles, Los Angeles, CA 90095 USA

(e-mail: wang@ee.ucla.edu; dhcha@ee.ucla.edu).

J. Liu is with the Department of Electrical Engineering, University of California at

Riverside, Riverside, CA 92521 USA (e-mail: jianlin@ee.ucr.edu).

C. Chen was with the Department of Electrical Engineering, University of California

at Los Angeles, Los Angeles, CA 90095 USA. He is now with Altera Corporation,

San Jose, CA 95134 USA (e-mail: chrchen@altera.com).

Digital Object Identifier: 10.1109/JPROC.2007.900971

1866 Proceedings of the IEEE | Vol. 95, No. 9, September 2007 0018-9219/$25.00 �2007 IEEE



density of dislocations, leading to lower leakage current.
Multilayer Ge dots interlaced with thin Si layers can then

be grown for increasing the quantum efficiency. The

ability of self-assembled Ge quantum dots by the Stranski–

Krastanov (SK) method to form the energy-quantized

islands without any artificial masking and patterning as

well as their compatibility with the current Si technology

provides potentials for the fabrication of novel devices on

Si [9]–[11]. On the other hand, the long-standing issues of
Ge SAQD on Si, such as size control and exact placement

of dots, have been the problems. More recently, these

problems are resolved by guided growth, usually selective

epitaxial growth on patterned mesas or patterned holes

with nanometer-scale width, depth, and period [12]–[16].

By the use of these patterning-assisted quantum dots

(PAQDs) with uniform size and placement, high density

has been achieved on Si.
Ge/Si quantum dots exhibit a type-II band lineup

[17]. The large valence band offset leads to an effective

confinement of holes in the Ge region while electrons

are mostly presented in the Si layers. In case of

interband transition, one has to change the dot size or

Ge mole fraction in dots to tune the photoresponse to

the desirable spectral region, like around 1.55 �m. The

Ge/Si SAQD system may also have potential applications
for fabricating on-chip light-emitting sources. There

were some theoretical results on an indirect-to-direct

conversion of the optical transition of SiGe quantum

dots due to small enough size of the quantum dots [18],

[19]. Photoluminescence studies have been carried out

extensively on the Ge/Si quantum dots [20]–[25], and

the electroluminescence of Ge quantum dots was

observed up to room temperature in the spectral region
around 1.3–1.5 �m [26].

In this paper, we mainly deal with the fabrication of Ge

SAQDs, PAQDs, and multilayered quantum dots (MLQD)

on Si (100), their optoelectronic properties, and related

optoelectronic devices. First, the growth of Ge quantum

dots and the corresponding formation mechanism will be

discussed. Then, the results of near-infrared properties of

Ge quantum dots by photoluminescence studies will be
described, followed by the description of mid-infrared

properties of boron-doped Ge quantum dot and phospho-

rus �-doped Ge quantum dot. Finally, optoelectronic

devices based on Ge quantum dots are reported.

II . SELF-ASSEMBLED AND GUIDED Ge
QUANTUM DOTS

In heteroepitaxial growth, there are generally three growth

modes: namely, the Frank van der Merwe (FM), the

Volmer–Weber (VW) and the SK growth modes [27]. They

can be described as layer-by-layer growth, island growth,

and layer-plus-island growth, respectively. Ge films grown

on Si follow the SK growth mode. The dot formation via

the SK mode uses the transition from the 2-D layer growth

to 3-D island growth. A lattice constant mismatch between
the Si and Ge atoms is a key driving force for the dot

formation. At the beginning of the growth of Ge on Si,

misfit strain is built up and fully accommodated. Once the

Ge film thickness exceeds its critical thickness of a few

monolayers, the strain starts to relax, small pyramidal

islands are formed, and the film morphology becomes

rough. Those small islands may evolve to large domes after

more Ge is deposited. When Ge deposition exceeds 2 nm,
misfit dislocations and threading dislocations form to

relieve the additional strain arising from the accumulation

of the film thickness [28]. This strain-related self-

assembled dot formation offers the possibility to fabricate

islands with uniform size without any substrate patterning

process.

Fig. 1 shows a 2-D AFM image of Ge SAQDs on Si (100)

substrate. Ge dots were grown at 550 �C by MBE [29]. The
growth method employed in this study is MBE unless

specified otherwise. The nominal Ge thickness is 1.7 nm.

Two kinds of Ge dots are shown. The larger dots are

multifaceted domes (A) and the smaller dots are square-

based pyramids (B). They have a distinct shape and a

distinguishable size distribution. They are referred to as a

bi-modal distribution [30]. A bi-modal distribution of Ge

dots is a typical experimental result for Ge/Si (100).
Based on kinetic and thermodynamic analyses, there

are two basic interpretations for the experimental ob-

servations. In real-time low-energy electron microscopy,

Ross et al. [31] studied the evolution of Ge SAQDs and

Fig. 1. 2-D AFM image of typical bi-modal Ge dots: (A) multifaceted

domes and (B) square-based pyramids [29].
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found that the size of large dots increased at the expense
of small dots and concluded that it was a kinetic process

driven by an Ostwald ripening effect. Based on

thermodynamic analysis, Shchukin et al. [32] proposed

that for some systems, there are minima in the free

energy of self-assembled dot ensembles showing the size

with a stable Boltzmann distribution. Kamins et al. [33]

conducted annealing experiments to distinguish the

stages of the two mechanisms, Ostwald ripening and
equilibrium distribution. They found that dot evolution

was slowed with increasing annealing time at 550 �C

and 600 �C. It would finally reach an equilibrium

distribution.

For many potential applications, the control of the dot

size distribution is one essential issue. A narrow distribu-

tion or high uniformity is desirable. A bi-modal or multi-
modal distributions of dots in Ge/Si (100) system are
obstacles for accomplishing a uniform size of dots. The

uniformity of dots has been found to depend critically on

the growth parameters, such as growth temperature,

growth rates, Ge deposited coverage, and holding time at

the growth temperature after Ge deposition. Uniform

mono-modal quantum dots can be obtained by properly

controlling these growth conditions. The study of the

growth temperature influence on the formation of the
self-assembled Ge dots on Si (001) substrates was

reported. For the Ge growth rate of 0.2 Å/s and the Ge

coverage of 1.5 nm, the growth temperature for achieving

a high uniformity in the dot size was found to be around

600 �C. Fig. 2(a) shows a 2-D AFM image of the highly

uniform Ge dots on Si (100) substrate at a growth

temperature of 600 �C [34]. Fig. 2(b) is the composed 3-D

view. The dots are all dome-shaped with the base size and
the height of about 70 nm and 15 nm, respectively. The

areal density of the dots is about 3 � 109 cm�2 and the

height deviation of the dots is about �3%. This result

demonstrates the possibility of uniform Ge dots on Si

(100). The possible mechanism associated with the highly

uniform distribution was attributed to the enhanced
diffusion [35].

Fig. 3 plots the number ratio of the pyramids to the

domes versus the growth temperature as reported in [29].

It is interesting to find a nearly symmetric behavior with

the center temperature at 600 �C. As the temperature

increases from 500 �C, the ratio of the bi-modal dots

reduces and reaches a minimal value at about 600 �C, and

then increases again beyond this temperature. The opti-
mum growth temperature for the formation of the mono-

modal distribution of the Ge dots occurs at 600 �C. The

formation of the mono-modal distribution was attributed to

the enhanced diffusion kinetics at higher growth tempera-

tures. The dot size increases as the temperature increases,

leading to the accommodation of larger strain in the dots,

especially around the dot edges. On the other hand, the

intermixing may occur and becomes pronounced as the
temperature increases beyond 650 �C [36], which results

in the modification of the interface strain distribution, and

thus leads to the reoccurrence of bi-modal dots. Due to the

intermixing of Si with Ge, the wetting layer is no longer a

pure Ge layer, but a SiGe-like layer, and then the lattice

mismatch becomes smaller than 4.1%, and the strain

energy is thus reduced leading to the larger pyramids at

higher temperatures [37]. Meanwhile, the relaxation of the
strain around the edges will cause dislocations to develop,

which increase the intermixing by lowering the intermix-

ing barrier. However, at lower temperatures ð� 550 �CÞ,
the diffusion is limited and impedes the formation of

uniform dots.

In order to clarify the dependence of dot density on

temperature, the values of the average dot spacing (also

Fig. 2. (a) 2-D AFM image of the uniform self-organized Ge dots

on Si (0 0 1) at the growth temperature of 600 �C. The Ge thickness

is about 1.5 nm. The base size and the height of the dots are about

70 nm and 15 nm, respectively, and the height uniformity of the dots

is about �3%. The areal density of the dots is about 3 � 109 cm�2.

(b) The corresponding 3-D AFM image [34].

Fig. 3. The number ratio of pyramids to domes versus growth

temperature. The optimum temperature is about 600 �C for

the formation of mono-modal morphology dots. Note that the

at high temperature, small dots occur in the precursor state are

not counted [29].
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called the characteristic length) Lc, which was defined as
the inverse of the square root of the areal density �, were

calculated from the experimental results. Fig. 4 plots the

Arrhenius relation of the average dot spacing Lc versus

growth temperature [29]. It is found that a discontinuity

of Lc occurs at the temperature of 600 �C with two

slightly different slopes, corresponding to the activation

energies of 0.88 eV and 0.91 eV, respectively. These

suggest that diffusion is not the only driving force for
determining the dot density at higher temperatures.

Intermixing of Si with Ge taking place at the temperature

of above 600 �C [38], [39] may also be responsible for the

observed discontinuity. The change of activation energy

also indicates the change of the mechanism from en-

hanced diffusion at lower temperatures to the intermixing

of Si with Ge at higher temperatures investigated.

For electronic and signal processing applications,
controlled spatial arrangement is usually required. In

order to control spatial distribution, much effort has been

devoted using a variety of techniques, such as growth on

miscut substrates with surface steps [40] and on relaxed

templates with dislocation networks [41], [42] and

stacking growth of multilayers of dots [43], [44]. One of

the most effective approaches is using selective epitaxial

growth (SEG) mesas as templates for subsequent Ge
growth [34]. Fig. 5(a) shows a 3-D AFM image of self

organized Ge dots on the h110i oriented Si stripe mesas,

formed on the exposed Si stripe windows with a window

width of 0.6 �m and a separation between two stripes of

0.1 �m. Perfectly aligned and regularly spaced 1-D arrays

of the Ge dots are formed on the ridges of the Si stripe

mesas. This almost perfect alignment of the dots along

the Si stripe mesas is due to the formation of the ridges,

which results from the full reduction of the top surface of

the stripe mesas. Fig. 5(b) depicts the 2-D image of the
dot arrays in Fig. 5(a). The cross-sectional profile of the

mesas and an array of the dots are shown in Fig. 5(c).

The average sizes of the Ge dots are about 80 nm wide

and 20 nm high, and the period is about 120 nm. The

regimented arrangement is the result of cooperative

interaction from the neighboring dots caused by the

balance of diffusion, the strain energy, and the repulsive

interaction among the dots. The repulsive interaction
comes from the elastic tensile deformation of the sub-

strate by the dots [45], [46].

The patterned substrates can be used for fabricating

quantum dots (PAQD) with uniform size and placement,

and high density. One method to get these nanopatterned

substrates as a template is to use a self-assembled diblock

Fig. 4. The characteristic length (Lc) versus the temperature,

where the square of the length (L2
c ) is defined as inverse areal dot

density. Note that the y-coordination is in a logarithmic scale to

clarify the Arrhenius relation [29].

Fig. 5. (a) A 3-D AFM image of the self-assembled Ge dots on the

h110i oriented Si stripe mesas with a window width of 0.6 �m.

Self-aligned and well-spaced 1-D arrays of the Ge dots are formed

on the ridges of the Si mesas after the deposition of 10 ML Ge.

(b) The 2-D image of the dot arrays in (a). (c) The cross sections

of the mesas (line AA0) and one array of the dots (line BB0),

respectively [34].
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copolymer [47], [48]. Here, we show Ge quantum-dot
growth in nanopatterns on Si (100) substrate by solid-

source MBE [49]. Si substrates with hexagonally ordered

hole patterns on the surface are prepared using a self-

assembled diblock copolymer. Typical diblock copolymer

used in our work is polystyrene-block-poly(methylmetha-

crylate) (PS-b-PMMA) [50], [51]. The process is described

in Fig. 6(a). A 30 nm layer of SiO2 is deposited on the

wafer by low-pressure chemical vapor deposition
(LPCVD). Then, a 30 nm layer of PS-b-PMMA is spin-

coated on top of the SiO2. With an annealing at 170 �C in

vacuum, PMMA become spatially separated from PS in a

hexagonal close-packed configuration. After exposure to

ultraviolet (UV) for 35 min, the PS is cross-linked and the

PMMA is separated. After rinsing in acetic acid, cylin-
drical pores are produced in the PS matrix. By a CHF3

dry etch, the hexagonally organized cylindrical pattern of

PS-b-PMMA on the top layer is transferred to the under-

lying SiO2 layer forming hole patterns with a diameter of,

e.g., �30 nm, a center-to-center distance of �40 nm, a

depth of �20 nm, and a density of �1011 cm�2. The

growth conditions are chosen to be selective in the pat-

terned holes. The typical growth rates of Si and Ge are 0.4
and 0.25 Å/s, respectively. To ensure desorption of GeO

and SiO, the growth temperatures are kept at 620 �C for

Si and 530 �C for Ge layers. Fig. 6(b) is a plan-view SEM

image of the Ge dots with the SiO2 mask etched away.

The Ge dots are grown at 530 �C with a 4 nm coverage.

Fig. 6. (a) Ge PAQD growth on the nanopattern. (1) PMMA separated from PS in regularly spaced hexagonal-close-packed arrangement.

(2) Removal of PMMA by ultraviolet radiation and rinsing in acetic acid. (3) Dry etch of oxide in CHF3 plasma. (4) MBE growth of Ge PAQD

capped by Si. The dots are selectively grown on Si substrate. (b) Plan-view SEM image of Ge PAQDs with the SiO2 mask etched away.

Dots are grown at 530 �C with a 4 nm coverage. It shows hexagonally ordered small Ge quantum dots with an average height of �5 nm,

a lateral size of �30 nm, and a high density of �1011 cm�2.

Wang et al. : Ge/Si Self-Assembled Quantum Dots and Their Optoelectronic Device Applications

1870 Proceedings of the IEEE | Vol. 95, No. 9, September 2007



The hole-patterns provide the preferential nucleation sites
for the Ge dots. The Ge PAQDs have an average height of

�5 nm and a lateral size of �30 nm. It also shows a high

density of �1011 cm�2 and a high ordering with hexa-

gonal symmetry. These pattern qualities could not be

easily achieved using planar nonpatterned substrates.

These results show that the use of the template growth is

an important alternative approach to obtain dots for

device applications, such as IR, diode, lasers, and single-
electron devices. The approach of using a self-assembled

diblock copolymer to achieve nanopatterns on Si sub-

strates for ordered Ge quantum dots holds a high promise.

III . MULTILAYERED Ge QUANTUM DOTS
(Ge MLQD)

For some applications such as optoelectronics, multi-
layered Ge quantum-dot superlattices are very important.

An interesting feature observed in the multilayered

structures is vertical correlation during deposition of Ge/

Si multilayer structures. The origin of the vertical cor-

relation may be attributed to preferential nucleation due

to an inhomogeneous strain field induced by buried dots

[52]. The Si cap layers are tensilely strained above the buried Ge dots, but the surface is usually not flat after the

Si cap layer growth, even if the Si capping layer thickness
exceeds the island height. The surface roughness is

strongly correlated with the mechanism of the vertical

alignment of Ge islands on Si for a multilayer structure. In

many publications, the evolutions of the dot size, the size

distribution, and the density of dots in the Ge dot mul-

tilayers have been observed [52], [53]. Here, we report the

morphology of Ge dots and misfit dislocations as a func-

tion of the number of multilayers.
Fig. 7 shows the cross-sectional TEM images of

samples. The difference of the samples was the multilayer

period. The samples were grown at 540 �C by the SK

growth mode having the Ge and Si nominal thicknesses of

1.5 and 20 nm in each period, respectively. Coherent

vertical-correlated Ge dots were observed for all four

samples. But, a high-density dislocation was generated

when the film reached the 25th period for the 50 period
sample. The dislocations penetrated to the subsequent

layers on top. Fig. 8 shows the AFM images of the top

surfaces of the Ge quantum-dot superlattice samples with

different periods of 2, 5, 10, 20, 35, and 50. For the

samples with fewer than 35 periods, the size uniformity

of Ge quantum dots increases with an increasing number

of periods. The surface under the dot layer is relatively

flat. For the sample having 50 periods, the surface under
the dot layer shows some circular holes induced by

threading dislocations. Fig. 9 shows the Ge dot density

and the root-mean-square (rms) dot height relative to the

average dot height (h�Hi=hHi indicates nonuniformity)

as a function of the number of periods. The density of

dots decreases dramatically as the period increases and

saturates at �2 � 109 cm�2 when the period exceeds 20.

Fig. 7. Cross-sectional TEM images of (a) 10, (b) 20, (c) 35,

and (d) 50-period Si (20 nm)/Ge (1.5 nm) superlattice samples.

Vertically correlated dots are observed for all four samples,

but the high-density of dislocations is evident for the

50-period sample. The samples are grown at 540 �C by

the SK growth mode.

Fig. 8. AFM images of Si (20 nm)/Ge (1.5 nm) multilayers

having (a) 2, (b) 5, (c) 10, (d) 20, (e) 35, and (f) 50 periods.

The increasing uniformity is clearly observed as the period increases

(G 35 periods). The surface under the dot layer for the 50-period

sample exhibits clearly some circular holes with one of them

decorated by a circle, which are induced by threading dislocations.

The dots near to these holes tend to nucleate near the edges.

The samples are grown at 540 �C by the SK growth mode.
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After 35 periods, the density increases slightly, indicating

the change of growth mode or the generation of threading

dislocations in the samples. The increasing uniformity
with the multilayer period fewer than 35 is evident. It

comes from the increasing uniformity of the strain

distribution in the upper layers as predicted by the elastic

continuum model [54]. For samples having greater than

35 periods, the uniformity becomes worse, showing a very

high density of threading dislocations due to strain

relaxation.

The strain-related vertical correlation is related to
spacer layer thickness. The strain field from the under-

lying coherent dots can penetrate through the thin Si

spacer layers. When the spacer layer becomes thicker than

a critical value, the random arrangement of Ge dots is

resulted. Therefore, the Si spacer layer thickness is the

key factor to keep vertical correlation and can influence

the distribution of the misfit strain on the surface.

Rahmati et al. [55] found that the strain field from the
buried islands was too weak to induce vertical correla-

tion when the Si spacer layer thickness was greater than

100 nm. Kienzle et al. [56] examined the vertical cor-

relation of Ge dots as a function of Si spacer layer thick-

ness. They found the increase of the average island size

with increasing the number of layers. There seems to have

a transition regime from the perfect correlation to random

arrangement as the thickness of the Si spacer layer in-
creases from 30 to 100 nm. Tersoff et al. [54] examined the

influence of the areal density of the initial Ge dot layer on

the subsequent Ge dot layers, and calculated that the areal
density of the subsequent Ge dot layer also varied with the

Si spacing layer thickness.

IV. INTERBAND AND
INTERSUBBAND PROPERTIES

For near-infrared optoelectronic applications, it is very

important to understand interband optical properties.
Fig. 10 shows a low-temperature photoluminescence

(PL) spectrum at 4.2 K of the Ge quantum-dot super-

lattice with a Ge dot height of 12 nm and a base dia-

meter of 110 nm. This sample contains ten periods of

Ge/Si (20 nm) layers. It was grown at the temperature

of 540 �C. The peaks at 1.153, 1.132, 1.095, 1.061, and

1.027 eV are presumably originated from Si and they

correspond to nonphonon (NP) replica, transverse
acoustic (TA), transverse optical (TO), 2TA þ TO, and

TO þ O� peaks, respectively. The broad peak with the

peak energy at 0.963 eV is attributed to the Ge wetting-

layer. The peak at 0.771 eV is from the Ge quantum

dots. The inset shows the possible mechanism for the NP

peak arising from the Ge quantum dots. The Ge/Si mul-

tilayer structure has a type-II band alignment. Radiative

recombination occurs between electrons in the Si layers
and holes confined in the Ge dots, giving rise to the Ge

quantum-dot peak in the PL spectrum. To the first-order

estimation, the energy of the ground state mainly stems

from the vertical quantum confinement due to the height

of the dots. The lateral sizes of our dots are more than

110 nm, a value that is too large to induce lateral

confinement.

The PL spectra of three samples with different Ge
coverages are shown in Fig. 11. Each sample contains ten

periods of Ge/Si (20 nm) layers. These samples were grown

Fig. 9. Ge quantum-dot density and rms height relative to average

height as a function of the period for Si (20 nm)/Ge (1.5 nm)

multilayers. The dot density decreases dramatically as the period

increases and saturates at about 2 � 109 cm�2 when the period reaches

20. After 35 periods, the density increases slightly, indicating the

change of growth mode or the generation of threading dislocations

in the samples. The increasing uniformity with the multilayer period

fewer than 35 is observed. After the first 35 periods, the uniformity

becomes worse. The trend of the data for both the density and the

height of dots suggests the change of growth mode or the generation

of threading dislocations in the thick samples.

Fig. 10. Typical low-temperature PL spectrum of a 10-period Ge

quantum-dot film at 4.2 K. The inset shows the mechanism of the

emission of the quantum-dot peak at 0.771 eV.
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on Si (100) substrates at 540 �C. AFM measurements

indicate that the dot heights are 12, 14, and 16 nm, while

the dot base diameters are 110, 122, and 122 nm, re-

spectively. As the dot height increases from 12 to 16 nm, the

NP peak of the quantum dots shifts by 28 meV to the low

energy along with a decrease in the integrated peak
intensity under each dot peak. The latter fact further

supports the argument in favor of the type-II band

alignment for the Si/Ge dot system; the holes and electrons

are separated in the Ge and Si in a type-II structure,

respectively (shown in Fig. 10, inset). As the dot size

decreases, the energy increases, and the hole wave function

penetrates more into the Si layer; likewise, the electron

wave also penetrates into the Ge dot. As a result, the
oscillation strength becomes larger with the overlap of

these wave functions.

Fig. 12(a) shows the PL results for samples with the

different numbers of periods. Each period consists of Si

(20 nm)/Ge (15 nm). Fig. 12(b) gives the quantitative

summary of the quantum-dot peak energy as a function of

the number of periods. The effect of the period on the

quantum-dot peak is obvious. As the period increases to
about ten, the peak energy decreases first and then in-

creases. This is because before the first ten periods, the

coarsening effect plays an important role and the average

dot size increases. Therefore, the dot peak shows a red

shift. After the tenth period, there is no significant change

in the dot size. The increase of the peak energy with the

number of the period is presumably due to the strain

relaxation of the dots. This can be seen from the spectra
that starting from the 20-period sample, the dislocation

related peak, D2, at around 0.86 eV appears. The strain

relaxation becomes larger as the number of periods

increases. Therefore, the ground state of quantum dots

decreases, leading to the blue shift of the quantum-dot
peak. The integrated PL intensity of the quantum-dot peak

increases as the number of periods increases to 35, then

suddenly decreases afterwards. In this case, due to the

strain relaxation, threading dislocations appeared to

degrade PL.

Intersubband transition in quantum confined semi-

conductor nanostructures is a subject of interest both for

fundamental physics as well as for the development of
infrared photodetectors and sources in the mid-infrared

region. Self-assembled quantum dots (SAQDs) based on

the SK growth mode are pancake-like dots with relatively

large base dimensions of 50–100 nm, short heights of

7–10 nm, and a low areal dot density of 109 � 1010 cm�2.

Such SAQDs have poor lateral confinement, and thus does

not have normal-incidence absorption characteristics,

similar to the quantum well case.
We have demonstrated infrared absorption in Ge

PAQDs grown on nanopatterned substrates. The process

has been described in the previous sections. In order to

achieve infrared absorption between two valence band sub-

strates, the dots are doped with boron to a concentration

Fig. 11. PL spectra at 4.2 K for a series of samples with different

dot heights of 12, 14, and 16 nm. As the dot size increases,

the quantum-dot NP peak shifts to the low-energy side.

The energy shifts by about 28 meV for the dot height changing

from 12 to 16 nm.

Fig. 12. (a) PL spectra of multilayered Ge quantum-dot samples with

different periods (2–50). (b) The plot of quantum-dot peak energy

versus the number of periods from (a).
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of 1020 cm�3. The nominal Si1�XGeX deposition thickness

is 7 nm for samples A and B and 5 nm for sample C; the

Ge content is x ¼ 0:5 for sample B or Si0:5Ge0:5, while

x ¼ 1 for the other two.

Fig. 13 shows the measured absorption spectra of

samples A, B, and C at the 0� polarization angle. Ab-

sorption peaks are found near 3380 cm�1 (3.0 �m) and

2900 cm�1 (3.5 �m) for sample A and B, respectively.
The peaks are attributed to intersubband transitions in

the Ge quantum dots. Due to the reduced valence-band

offset with decreasing x and reduced subband energy

differences with decreasing Ge fraction (x) [57], [58],

sample B has a longer wavelength transition between the

ground state and the continuum band edge. For sample C,

an absorption peak is found near 3.1 �m. The shift in the

intersubband absorption peak for sample C is due to the
small size of Ge dots in the sample (5 nm in height). As

the dimension of the quantum dots decreases, the ground

state energy of the system increases. Therefore, a tran-

sition between the increased ground state and the con-

tinuum band edge induces a red shift in the absorption

spectra for sample C.

Fig. 14(a) shows the polarization dependence of

sample A. A similar result is obtained for sample C. The
absorption reaches the maximum at the 0� polarization

angle and decreases with increasing polarization angle.

Sample A still shows a significant absorption even at the

90� polarization angle. These results show that sample A

exhibits normal incidence absorption. Since the effective

mass of the heavy hole is larger than that of the light
hole, we expect a heavy hole ground state in the valence

band. The transition matrix elements from the heavy hole

ground state to an light hole state may not vanish for

normal incident light [59]. If the quantum dots are

sufficiently small, this normal incidence absorption may

also arise from the quantum confinement of a finite

lateral dimension. Since, the average lateral size of our

samples is 15 nm, a significant normal absorption may
come from a stronger quantum confinement of the small

lateral size.

The measured polarization dependent absorption

spectra of sample B at the 0� and 90� polarization angles

are shown in Fig. 14(b). It is interesting to note that the

absorption at the 90� polarization angle is similar of that at

the 0� polarization angle. Such strong normal incidence

absorption of sample B may be explained by an eight-band
k � p theory [60]. The momentum matrix consists of the

band-edge Bloch part and the envelope wave function part.

Fig. 13. FTIR absorption spectra for samples A, B, and C (A: Ge dots

with 15 nm base and 7 nm height, B: Si0:5Ge0:5 dots with the 15 nm base

and the 7 nm height, C: 15 nm base and 5 nm height). For the spectra,

the background spectra have been subtracted. The polarization angle

is defined in the inset. Here, the 90� polarization angle means that

the electric field of the incident light is parallel to the surface of the

sample, along the layer (or perpendicular to the growth direction),

while the 0� polarization angle is that the electric field makes a

45� angle with the growth direction [49].

Fig. 14. (a) Polarization dependent absorption spectra of sample A

(Ge dots with 15 nm base and 7 nm height). (b) Polarization dependent

absorption spectra of sample B (Si0:5Ge0:5 dots with 15 nm base

and 7 nm height) [49].
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For the angular incidence case, the band-edge Bloch part
dominates, while the envelope wave function part also has

a significant contribution for the normal incidence case,

different from the quantum well case. This difference may

come from the shape and strain of quantum dots. The

dominant part also depends on the Ge content according to

the theoretical work. For example, for low Ge, the two

parts are comparable in magnitude and thus normal

incidence detection can be significant. It is also possible,
however, that the transitions of the heavy hole to the light

hole substates contribute to the absorption and thus

detection.

V. OPTOELECTRONIC DEVICE
APPLICATIONS

The 3-D confinement provided by quantum dots allows for
special electrical and optical properties. Quantum-dot

system offers a great potential in photonic and electronic

applications. Furthermore, the growth of Ge dots on Si

substrates offers the potential for integration with existing

CMOS platforms. For different applications, different

requirements are needed. For quantum-dot infrared

photodetector (QDIP), high density and very uniform

dot size are the critical factors. For light-emitting diodes
(LEDs) and perhaps laser application eventually, low

defect density and high size uniformity are the most

important requirements. The precise control of dot size,

shape, and site are the most important for nanoelectronics

applications such as single-electron devices. Here, we

describe two kinds of applications of Ge quantum dots: Ge

QDIP and Ge LED.

QDIP is a promising candidate to rival the current
HgCdTe detectors in mid-infrared applications. Quantum

dots have several advantages over conventional quantum

wells for this application. One is that it has the selective

rule to enable normal incidence photon detection when

the lateral size is further reduced, which makes the design

of the detector structure much easier compared with the

quantum well infrared photodetector (QWIP) [61].

Another important advantage is that it has low dark
current, higher detectivity, and responses at elevated

temperatures, due to reduced carrier-phonon interactions

in the quantum-dot system, which leads a predicted long

carrier lifetime in excited states [62].

LEDs might be possible using multilayered Ge dot

superlattices. The superlattices can be used as a gain media

in which interband transitions in indirect semiconductors

like Si and Ge occurs as assisted by phonons. Using
quantum-dot superlattices, the phonon dispersion can be

changed by quantum confinement and the phonon group

velocity can be controlled, leading to Bphonon en-

gineering[ of the structure. Thus, the dot superlattice

can be used as a phonon filter when both quantum-dot size

and a distance between dots are comparable with the

phonon wavelength.

VI. MID-INFRARED Ge QUANTUM DOT
p-i-p PHOTODETECTORS

For the last decade, much progress has been made in the
fabrication of the Ge quantum-dot mid-infrared photo-

detectors [63]–[66]. These detectors are basically con-

sisted of a photoconductor with an active region, which

consists of doped semiconductor quantum dots. Under

infrared excitation, carriers are photoexcited via intersub-

band absorption and give rise to the photocurrent.

The Mid-infrared diode structure was fabricated on

double-side-polished Si (100) wafers with a boron doping
density of 1 � 1019 cm�3 (Fig. 15). The active region was

embedded between two Pþ Si layers (200 nm) with a Si

(100 nm) intrinsic spacer on each side. The active region

consists of 20-period of boron-doped Ge quantum-dot

layers separated by 20 or 50 nm Si barriers. Different

doping levels from 0.6 to 6 � 1018 cm�3 for Ge layers were

used. The nominal Ge deposition thickness was 1.5 nm.

The growth rates for Si and Ge were 0.2 and 0.025 nm/sec,
respectively. The growth temperature was kept at 540, 600

and 700 �C during the growth for different samples. Mesas

of the size of 250 � 250 �m2 and 500 � 500 �m2 were

processed by standard photolithography. Ti/Al ohmic

contacts were formed by 1 min annealing at 400 �C by

RTP. I–V measurements were carried out with a HP4145

semiconductor parameter analyzer. The photocurrent was

measured in the normal incident configuration with a
monochromator and a lock-in amplifier.

Fig. 16(a) shows the I–V curves of three samples, A, B,

and C at 77 K. The Si spacers has a thickness of 20, 20, and

50 nm and the Ge doping levels of 6 � 1018 cm�3,

0.6 � 1018 cm�3, and 6 � 1018 cm�3, respectively for

sample A, B, and C [67]. Nonsymmetric I–V curves for

the reverse and forward biases are due to the growth

direction, for both the wetting layer and the dot shape.
Comparing the results for A and C, one can see that by

increasing spacer layer thickness, the dark current

Fig. 15. Schematic drawing of a mesa-type Ge QD photodetector.

The active layer consists of 20 periods of boron-doped Ge QD layers

separated by 20 nm Si barriers.
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decreases. This is mainly due to the reducing of the
electrical field. The difference of the current is about 2.5

times for þ1 V and 5.7 times for �1 V. Comparing A and

B, one can see that by increasing the doping level 10

times, the dark current increases by 4–5 orders of

magnitude. This is in part due to the use of a higher

carrier density. In addition, the Fermi level increases by

doping. A higher doping level causes carriers to fill the dot

to a higher energy, so that the Fermi level is elevated (or
downward in the valence sublevel) [Fig. 16(b)].

Fig. 17 shows the normal incidence photoresponse

spectra of the sample grown at 700 �C at different mea-

surement temperature. The device has a response in the

range of 2.8–4.8 �m, with the peak at around 3.5 �m.

This response is due to the hole absorption of photons

between the valence subbands of the Ge dots. Once the

holes in the Ge dots are excited to the band edge, they are
swept by the applied electrical field. This is schematically

shown in the inset of Fig. 17. The wide spectra may come

from the following reasons. First, the transition comes

from the bound subband to the continuum, which

typically yields a large width of the absorption peak

[68]. Second, the dot size and the Ge content variations

may also play an important role. The Ge dot uniformity

at this growth temperature is not very high [29]. Third,

the use of high doping level may be another factor.

Holes can be excited from many sublevels to the valence
band edge, thus broadening the absorption spectrum.

Next the intensity increases with increasing tempera-

ture. This is reasonable since at lower temperatures,

holes are frozen and the absorption is reduced. The dips

in the spectra are most likely due to the interference of

the epi-layer as well as the absorption in the

atmosphere.

VII. MID-INFRARED AND
FAR-INFRARED Ge QUANTUM DOT
n-i -n PHOTODETECTORS

For high responsivity applications, photodetectors with

n-type active regions are favorable since p-type devices

usually have very low carrier lifetime due to the large

effective mass and the complicated valence band struc-
ture in Si and Ge [69], [70]. But there is a major obstacle

for n-type SiGe based materials; a much smaller band

offset in the conduction band as compared to the valence

band [71], [72]. For low Ge contents, there is the

vanishing normal incidence absorption for intersubband

transitions due to the Si-like band structure. For high Ge

contents, n-type detectors with normal incidence detec-

tion may be possible due to the nonvanishing off-diagonal
mass tensor in (100) Ge dots grown on Si substrate. In

this case, the sublevels in the active region of the photo-

detector are formed by using a phosphorus �-doping,

for example, [73], [74]. Also the carrier lifetime can be

increased due to the quantum confinement effect in

the dots.

A 500 nm nþ doped Si buffer layer was first grown at

600 �C on n-type Si (100) substrates by solid-source MBE.
A set of a doped Ge dot layer and a 200 nm intrinsic Si

Fig. 16. (a) Dark current-voltage curves measured at 77 K for

samples A, B, and C with different doping densities in the

Ge dots and different spacer layer thicknesses. The device size was

500 � 500 �m2. (b) Band diagrams showing that a higher doping

level (right) tends to have holes filling the dot to higher hole

energy sublevels comparing to the low doping level case (left) [67].

A higher dark current is resulted from the higher doping density

as shown in (a).

Fig. 17. Photoresponse spectra at different measurement

temperatures. The growth temperature for the sample was

700 �C, and the doping level was 6 � 1018 cm�3 [67].
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spacer was repeated two times at 540 �C. Then Ge dot
layer with a nominal coverage of 1.5 nm and a phosphorus

doping of 5 � 1019 cm�3 was grown. The structure was

completed with a 50 nm heavily doped Si on top as the

contact layer. The samples were processed into

500 � 500 �m2 mesa diodes and Ti/Al films were

deposited to form the contacts. The I–V characteristics

were measured with HP4145B. The photoresponse was

characterized at normal incidence using a glow bar
coupled with a monochromator whose light was chopped

at 2 kHz.

Dark current-voltage characteristics at four different

temperatures are shown in Fig. 18. A strong temperature

dependence is evident as the direct result of the thermal

activation of electrons in the active region. At 15 K, the

current is 6.7 nA at þ3 V. The relatively flat region below

þ1.7 V at 15 K is due to the photocurrent from the room
temperature background radiation. The device has a

breakdown voltage of �7 V in the forward bias.

The response spectrum in the mid-IR region is shown

in Fig. 19(a). The spectrum shows that the device has a

response covering the whole mid-IR range. The dips in the

spectra are considered to be from the atmospheric

absorption and/or the interference effect of the epi-layer.

Fig. 19(b) shows the response spectra in the far-IR range.
To clarify the signal in the 16–20 �m region, which could

possibly be originated from the 2nd order diffraction of

8–10 �m light, an mercury cadmium telluride (MCT)

detector with a cutoff wavelength at 12 �m was used to

check the system. By the different features presented in

the spectra for MCT and our devices, it was concluded

that our device had a response in the 16–20 �m range.

Thus, the device has a response covering all the mid-IR
through far-IR ranges. Fig. 19(b) also indicates that the

response intensity is significantly enhanced with the

increase of the bias. The results show a �50 times signal

enhancement for 6 V compared to 1.5 V bias. The undu-

lation in the spectra may also be due to the atmospheric

absorption.

The photoresponse is ascribed to the transitions of
electrons in the Ge dots. Without doping, it is well es-

tablished that the Ge dot on Si has a type-II band

alignment with the main offset in the valence band, as

shown above. However, with phosphorus-doping in the

Ge regions, self-consistent potential wells are induced in

the conduction band in this case. Quantized energy levels

are formed due to the reduced dimensionality of a few

nanometers height Ge dots in the growth direction.
Electrons occupy the low-energy levels. Excitation of

electrons from the ground state to higher-energy levels

and the conduction-band edge by absorbing photons

generates photocurrent under the applied electric field.

The broad response spectra may come from different sizes

of the dots, as well as from the fact that more than one

quantum levels are involved in the absorption.
Fig. 18. Dark current-voltage curves at 15, 25, 50, and 77 K for the

500 � 500 �m2 device.

Fig. 19. (a) Photoresponse spectrum in the mid-IR range at 1.5 V bias

taken with a 2–5 �m bandpass filter. (b) Spectra in the far-IR range

at various biases taken with an 8–25 �m bandpass filter. Note that

in this plot, the y axis is in a logarithmic scale. Normal incidence

was used for both (a) and (b).
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Since the energy minima in the conduction band for
Ge lie in the L ellipsoids along h111i directions, the inverse

electron mass tensor for Ge (100) has nonvanishing off-

diagonal elements [75]. Thus, there is a normal incidence

absorption induced via intersubband transitions of elec-

trons for the Ge wells grown on Si (100) substrate.

VIII. NEAR-INFRARED p-i -n Ge
QUANTUM DOT PHOTODETECTORS
OPERATING AT 1.31–1.55 �m

In this section, we describe the fabrication and properties

of near-infrared p-i-n Ge quantum-dot photodetectors.

This approach takes the advantage of the interband

transition in the type-II aligned band structure as well as

full compatibility with modern Si technology. By properly

tailoring growth parameters, it is possible to apply Ge
quantum dots for 1.3–1.55 �m optical communication

applications.

Using a normal-incidence configuration, the photo-

current (PC) of a p-i-n photodetector was measured at

both 77 K and room temperature. A tungsten lamp was

used as a light source. The light passed through a 34 cm

monochromator and cast normally onto the diode. An

850 nm low-pass filter was placed in front of the device.
Fig. 20 shows both PC data for the fabricated dot

diode and a standard Si photodiode with no bias

applied. The quantum-dot sample has two peaks. One is

related to the Si absorption at the low wavelength,

ranging from 850 to 1250 nm and the other at the

higher wavelength is related to the Ge dots. The

photoresponse range of the Si photodiode extends to 1.

15 �m, which corresponds to the Si bandgap. The main
peak of the quantum-dot sample extends to 1.25 �m.

This may come from the absorption of the interdiffused
wetting layers [76].

The PC spectra of the quantum-dot p-i-n photodiode

measured at both room temperature and 77 K are shown in

Fig. 21(a). As the temperature decreases from room

temperature to 77 K, the peak shifts from 1.4 to 1.32 �m.

The FWHM also shrinks from 95 to 70 meV and the

photoresponse intensity shows a clear decrease. Fig. 21(b)

illustrates a possible mechanism to explain the observed
photoresponse of the diode. Previous works indicate that

Ge dots embedded in Si have a type-II band alignment. For

the PC process, the photocurrent only originates from the

Ge/Si interface regions when the photon energy is low.

The absorption occurs both in the regions near the

interfaces and in the dots when the energy is high enough.

The electron–hole pairs then contribute to conduction

current via thermionic emission. It is clear that the photo-
current peak response comes from the electron–hole pairs

generated in the energy range from the transition from the

valence band ground state level of the Ge dot to the

conduction band of Si, to the energy from the valence edge

of Si to the conduction band of Ge. On the other hand, for

PL, the excited holes nearby will drift to the Ge dots very

rapidly, and electrons will drift away from dots. As a result,

the recombination responsible for the observed PL peaks
occurs at the Ge/Si interfaces.

Fig. 20. A comparison of the photoresponse spectra between a

quantum-dot diode and a Si photodiode at room temperature with

no bias. The quantum-dot diode exhibits two peaks, which are related

to Si absorption at a shorter wavelength range and Ge dots at a

longer wavelength range, respectively.

Fig. 21. (a) Two short circuit photocurrent curves of the Ge dot

detector at room temperature and 77 K, respectively. At room

temperature, the response covers the range from 1.3 to 1.52 �m

with a peak response at 1.4 �m. The response peak shifts to 1.32 �m

at 77 K. (b) Schematic band diagram of the dot structure at no bias.

Wang et al. : Ge/Si Self-Assembled Quantum Dots and Their Optoelectronic Device Applications

1878 Proceedings of the IEEE | Vol. 95, No. 9, September 2007



Fig. 22 presents the dependence of the photoresponse
spectrum on applied reverse bias at room temperature. As

the bias increases, the photoresponse increases but the

shape of the curve remains almost unchanged. There is no

clear shift in the cutoff wavelength (less than 10 nm).

Due to the low applied voltage on the devices, the

quantum confined Stark effect is weak. The high mea-

surement temperature may also obscure the quantum

confined Stark effect. Similar results were also observed
in SiGe quantum wells and superlattices [77]. The ex-

ternal efficiency at the peak wavelength of 1.4 �m is 8%

at 2.5 V estimated from the excitation power of 360 nW.

This efficiency is comparable to that of the Ge/Si strained

layer superlattice (12%) grown by MBE operating at

1.3 �m under a waveguide coupling mode as reported by

Splett et al. [78].

The PC spectra of three samples at room temperature
are shown in Fig. 23. These samples contain nominal Ge

thicknesses of 1.2, 1.5, and 1.8 nm in each period. All the

samples show a photoresponse peak in the region of

between 1.3 and 1.55 �m. It also shows that as the Ge

nominal growth thickness increases, the photoresponse

peak shifts slightly to longer wavelength. This is due to the

fact that the Ge dot height increases with increasing

nominal growth thickness, and this in turn reduces the

ground state energy of holes in the dots. However, the shift

is small. It is important to note that the dots are not pure
Ge. From a separate grazing incidence X-ray diffraction

measurement [79], the average Ge content of the dot is

about 55%. A 0.88 eV fundamental gap can be extracted

for this content according to Reiger and Vogl’s theoret-

ical work [71]. The result is in agreement with our PC

result that shows the peak response of around 0.88 eV.

The cutoff transition energy is, however, 0.83 eV, i.e.,

50 meV lower. The possible reason for this difference
is the presence of the conduction band offset, which has

a negative contribution to the transition energy.

IX. Ge QUANTUM DOT
LIGHT-EMITTING DIODES

The development of optical networks based on wavelength

division multiplexing is stimulating the research for low-
cost optical components. Low-cost components in the fiber

optic communication wavelengths based on silicon are of

great interest due to the possible integration with the well-

developed Si-based technology. These components such as

photodetectors and light-emitting sources are expected to

operate in the near infrared spectral range around the 1.3–

1.55 �m. Due to the indirect band nature of Si, a

luminescence efficiency of Si-based structures is very low.
Thus, there are tremendous efforts to make efficient light

emitters on Si through the incorporating of Ge/Si self-

assembled nanostructures in an active layer of a diode.

Fig. 22. (a) Photoresponse spectra at different applied reverse biases.

(b) The photoresponse intensity as a function of reverse bias under

an illumination power of 360 nW. The response wavelength is

selected at 1.4 �m. The maximum external efficiency is estimated

to be 8% at 2.5 V.

Fig. 23. Photoresponse spectra for three samples with different dot

thicknesses at room temperature. As the nominal Ge thickness

increases from 1.2 to 1.8 nm, the peak response shifts slightly to a

longer wavelength, due to the lower transition energy of the shallower

hole sublevel energy.
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A p-i-n structure consists of 10-period intrinsic
multilayered Ge quantum dots sandwiched with an n-type

and a p-type Si layers on an n-doped Si (100) substrate. For

this sample, the growth temperature was kept at 550 �C.

After an 100 nm undoped Si buffer layer, a 300 nm nþ Si

layer was grown with an Sb doping concentration of

�2 � 1018 cm�3, followed by a 50 nm intrinsic Si. Then

ten multilayers were grown with an 8 ML Ge layer and an

undoped Si barrier layer of 20 nm thick; after a 100 nm
undoped Si space layer a 100 nm pþ Si contact layer was

then grown with a boron doping concentration of

5 � 1018 cm�3. Mesas were defined by optical lithography

and dry etching with CF4=O2 or wet etching with

tetramethylammonium hydroxide (TMAH). The mesa

size is 150 � 300 �m2. A 220 nm SiO2 isolation layer was

deposited by plasma enhanced chemical vapor deposition

(PECVD) and an Al/Ti layer was deposited for contact.
The current–voltage characteristics of a typical diode at

room temperature are shown in Fig. 24. A low leakage

current of 3 � 10�5 A/cm2 at �1 V was obtained and the

breakdown voltage was measured to be 7 V at room

temperature. This is similar to the results of obtained by

Splett, where Si/Ge strained layer superlattices were used

instead [78]. Due to high generation rates in Ge, there was

a high leakage current. The electroluminescence (EL) was
excited with square electrical pulses at a low frequency

with a 1 : 1 duty cycle. A liquid-nitrogen cooled Ge

photodiode was used for EL spectra measurement.

Fig. 25(a) shows EL spectra measured at 77 K as a

function of the current density. The NP-Si peak occurs at

around 1.1 �m, while the peak at about 1.33 �m is due to

the EL from the quantum dots, which may consist of two

peaks of NP and TO-assisted ones. The broad peak at

around 1.48 �m may be due to a radiative intraband

transition [80]. The EL results at room temperature are

shown in Fig. 25(b). The EL peak of 1.33 �m from the

quantum dots is clear. The results demonstrate the fea-

sible application of Ge quantum dots for low-cost optical

emitters operated at the telecommunication wavelengths

and integrated on Si. However, the quantum efficiency
will be still low and hence for practical applications,

research in search for new highly efficient emission

mechanisms remains the most important challenge.

X. SUMMARY

In summary, we have discussed the major issues involved in

the growth, processing, and characterization of Ge dots,
interband and intersubband properties of Ge dots, and their

related optoelectronic devices on Si substrates. Self-

assembled and guided Ge quantum dots, and Ge

quantum-dot superlattices grown on Si (100) substrates

were discussed. The morphology of dots was shown to

Fig. 24. Current–voltage characteristics of a Ge dot p-i-n diode at

room temperature. The breakdown voltage is 7 V. The inset gives a

semilog plot of the I–V characteristic, showing clearly a dark current

density of 3 � 10�5 A/cm2 at �1 V.

Fig. 25. Electroluminescence spectra at different biases measured at:

(a) 77 K and (b) 300 K. Electroluminescence from quantum dots was

observed at around 1.33 �m.
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relate to growth rate, growth temperature, deposited
coverage, postgrowth holding time, and doping. Uniformity

and alignment controls of ultrasmall Ge dots and arrays are

two key challenges for self-assembly grown Ge dots. Self-

assembled Ge quantum dots with a lateral size as small as

30 nm, a height of �5 nm, and a density as high as

1011 cm�2 selectively grown in nanopatterns on a Si (001)

substrate was demonstrated. This approach of using a self-

assembled diblock copolymer to achieve nanopatterns on Si
substrates for ordered Ge quantum dot holds a high

promise. The vertical correlation was observed and

analyzed in multilayered Ge quantum-dot layers. It was

shown that the vertical correlation was maintained until

the effective critical thickness of the superlattice was

reached at which point, the threading dislocations devel-

oped. The dots then tended to nucleate around the edge of

the pits induced by the threading dislocations. PL and FTIR
were used to study the interband and intersubband

transitions in the Ge dots. The PL on thicker superlattice

showed dislocation-related peaks. Mid-infrared absorption

was observed in Si1�XGeX quantum dots on prepatterned Si

substrates prepared by a diblock copolymer process. The

polarization dependence results show significant normal
incidence absorption. Si-based IR photodetector with

embedded Ge quantum dots was successfully developed.

The devices grown at 700 �C had a normal-incident

response range from 2.8 �m to 4.8 �m peaked at 3.5 �m.

The response was due to the intersubband transitions of the

holes in the self-assembled Ge dots. Normal incidence

photodetectors were demonstrated using n-type Ge dot

arrays grown on Si (100) substrate. The devices with n-i-n
structures had a dark current density of 3 nA/cm2 at þ3 V

with the response spectra covering the mid-infrared and

far-infrared ranges. Pin intersubband photo-detectors using

Ge dots were also discussed for the 1.3–1.5 �m commu-

nication applications and the response to this wavelength

range was demonstrated. We have also demonstrated Ge

quantum-dot light-emitting diodes. The wavelength of

emitting light was in the region of 1.3–1.55 �m. h
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