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In the Summer Bulletin I introduced you to basic concepts of low 
dimensional materials (LDM). To review: LDM’s include such struc-
tures as superlattices, quantum wires, quantum dots, nanotubes and 
metamaterials, and are used in numerous applications, including thin 
film solar cells, dye sensitized solar cells, photonic crystals, negative 
refractive index materials (cloaking devices and super lenses for exam-
ple), light emitting devices,  optical switching devices, quantum cascade 
lasers, nanolaminates and thermoelectric devices. Detailed examination 
of all LDM applications is beyond the scope of this review, and to this 
end, we will address an example of each type of LDM structure (super-
lattice, nanowire and quantum dot) in the ensuing series of Bulletin
articles. 

Both metal and semiconductor superlattice (2D) structures dem-
onstrate enhanced optical, electrical and mechanical properties [1-13]. 
The two major types of 2D structures are semiconductor superlattices 
and tribological superlattices (also called nanolaminates). The first type 
are concerned with physical properties such as electrical and optical 
properties, opto-electronic properties, thermal properties and magne-
tism, while the second type deals with mechanical properties such as 
wear resistance, hardness and lubricity. We first address semiconductor 
superlattices. Experimental and theoretical work on superlattices is 
extensive; just for Physical Review B alone there are 3500 citations. Two 
of the most interesting recent superlattice applications are superlattice 
solar cells and high efficiency thermoelectric devices  [1,2,3,8,9,10]. 
However, superlattices are also used in quantum cascade lasers, ultrafast 
infrared detectors and photodiodes focal plane arrays. Quantum dots 
have are also being developed for many of these applications. Recall 
that a superlattice is a structure consisting of closely spaced quantum 
wells, such that the localized discrete energy levels in the quantum 
wells become delocalized minibands across the entire structure, in both 
conduction and valence bands. These minibands thus from an effective 
bandgap Ege for the superlattice considered as a whole. Typical layer 
thickness is between 10 and 50 nm. Figure 1 shows a HRTEM picture 
of a GaAs/AlAs superlattice [13]. Dark layers are GaS while lighter 
layers are AlAs. In addition to layer thickness, there are a number of 
ways to engineer the energy band structure of superlattices, some of 
which include adding strain to the lattice and forming heterojunctions 
and homojunctions. 

Three superlattice applications will be highlighted to provide a 
deeper understanding of this low dimensional structure:

Each application focuses on a particular aspect of these structures, 
conductivity, emission and absorption.

Optical absorption and emission processes in semiconductors are 
the basis for photoconduction,  photoactivation and other optical 
effects, and depend directly on the structure of the density of states 
(refer to the Summer Bulletin to review density of states for LDM). 
According to Fermi’s golden rule, the rate of electronic transitions, or 
transition probability, W from an initial state |i> to the final state |f> is 
given by [12,13].

W = 2 / ħ(|Mif|2 f) = 2 / ħ(|<f|H’|i>|2 f)

Here |<f|H’|i>| is the matrix element, f is the density of final states 
and H’ is the interaction Hamiltonian which is related to the dipole 
moment and polarization (H’ = p·e). The density of states resembles that 
shown in the Summer Bulletin and (forgive the math) can be expressed 
as

f = (Ef – Ei – ħ )f(Ei)[1-f(Ef)] where
f(E) is the Fermi-Dirac probability that state at energy E is occupied. 

We know that the light intensity after passing a distance x (see 
Figure 2) through the absorbing superlattice is given by

I(x) = I(0)e-a(ħw)x

( ) = frequency dependent absorption coefficient
And (ħ ) = i,fW, where  = geometric constant.

The knowledge of initial and final states gives us the necessary infor-
mation to find . Calculation of consists of summing the dipole matrix 
elements for all electron-hole transitions, both subband-subband and 
excitonic contributions. Figure 3 shows schematically the types of elec-
tron and hole transitions taking place in a quantum well and superlat-
tice [13]. Optical transitions in the QW’s only occur in conduction and 
valence subbands of the same parity (same order: from l = 1 (valence) to 
l = 1 (conduction) and l = 0). 

Recall that the 2D density of states looks like a staircase (Figure 7a in 
Summer Bulletin), defined by the relation

g2D(E) = (m*/ ħ2) n (E – En) [14] 
where (E) is the Heaviside function and n is the order number. The 
resultant absorption has an abrupt threshold at the smallest electron-
hole subband gap and a straircase variation for higher energies. This 
is depicted exactly in Figure 4, showing the absorption coefficient of a 
Al0.34Ga0.66As/GaAs quantum well with an 80 Å period. Note the stair-
like general shape of the absorption, mirroring the density of states (see 
inset). Figure 5 compares the absorption of a 100-layer Al0.3Ga0.7As/
GaAs superlattice to that of a GaAs film with the same thickness. 
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Figure 1. High resolution transmission electron microscope image 
of GaAs/AlAs superlattice [13].
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A redshift in the absorption edge is evident along with the step-like 
structure of the curve

Figure 4. Optical absorption spectrum for an Al0.34Ga0.66As/GaAs quantum well with an 
80 Å period [13]. 

Figure 2. Optical absorption in a superlattice of width x. 

Figure 3. Excitation of an electron in a quantum well [13].

Figure 5. Optical absorption spectrum for a 100-layer Al0.3Ga0.7As/GaAs quantum well  
compared to that of a GaAs thin film [15].

Quantum well structures are important in optoelectronics because 
they offer the benefits of highly confined electron and hole popula-
tions and a tunable band structure. One emerging application is the 
quantum well solar cell (QWSC) [3,13,14,16]. Before we  address these 
devices, it will be instructive to review how lattice strain affects the band 
structure of semiconductors and LDM [13,17]. Strain in a superlattice is 
caused by mismatch of lattice constants between layers, particularly in 
heterostructures. Figure 6 shows how strain due to lattice mismatch can 
affect band structure and Figure 7 shows how strain changes the band 
structure of silicon (Si) [17]. Referring to Figure 6, sandwiching InGaAs 
between GaAs layers causes compressive strain that effectively reduces 
the band gap. Increasing compressive strain on the Si lattice shifts every 

continued on page 32
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branch of the energy band structure and in most cases, the band gap is 
reduced. If it can be controlled, lattice strain is thus a viable mechanism 
to engineer the band gap to extend long wavelength absorption, and to 
expand the wavelength range of a solar cell. 

Figure 6. Change in band structure due to lattice mismatch between  InGaAs and GaAs 
layers [13].

We will not get involved with the detailed theory of solar cell opera-
tion. It will suffice to say that a simple single band photovoltaic device 
works by absorbing incident photons of energy greater than the band 
gap and separating the charges that are produced to deliver electric 
current to an external load. In a semiconductor solar cell, charges are 
separated by the built-in electric field of a p-n or p-i-n junction. Not all 
light energy in the solar spectrum, however, can be absorbed by a single 
solar cell material or design, and not all the energy absorbed by the 
cell can be converted to electrical energy since photogenerated carriers 
quickly recombine and decay back to their ground state, losing excess 
energy as (wasted) heat. Hence the conversion efficiency of a solar cell 
is always < 1. It is obvious that a photon with energy  absorbed by the 
semiconductor of band gap Eg is not capable of delivering electrical 
potential energy > Eg to the load. To this end, increasing Eg will also 
increase cell voltage. An intermediate  Eg will thus cover more of a 
broad band incident spectrum.

The restriction of the band gap is evident in the maximum effi-
ciency achievable by a monolithic cell. For an air mass 1.5 (AM1.5) 
solar spectrum and a single threshold cell with band gap 1.35 eV, the 
maximum conversion efficiency is ~ 31% [18]. Third generation photo-
voltaics have advanced designs that can potentially significantly increase 
efficiency. These include multijunction, or tandem cells, triple junction 
cells, hot electron cells, multiple energy level cells, thermophotovoltaic 
cells and low dimensional cells. 
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Figure 7. Change in the band structure of silicon due to compressive strain [17].

Quantum well structures are candidates for photovoltaic cells and 
have the potential to compete with multi-band gap cells and tandem 
cells. QW structures added to the space charge region (i-region) of the 
humble p-i-n cell can extend its spectral response to longer wavelengths 
and thus increase photocurrent. For example, Figure 8 compares the 
spectral response of an Al0.33Ga0.67As p-i-n cell with and without 50 87 
Å GaAs  quantum wells [13]. Virtually every aspect of the response is 
enhanced, particularly the  long wavelength response. Because the QW’s 
act as recombination centers, recombination is also slightly enhanced, 
however, the improved photocurrent more than makes up for this loss. 

Figure 8. Calculated spectral response of an Al0.33Ga0.67/GaAs p-i-n cell with and 
without 50 87 Å GaAs  quantum wells [13].
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Additionally, it is possible to engineer the band structure of the 
superlattice sandwiched in the solar cell. Figure 9 shows how change in 
number of layers and layer (period) thickness can change the spectral 
response. Optimum spectral response is obtained by adding 100 layers 
with 140 Å periods to the i-region of a Al0.33Ga0.67/GaAs p-i-n cell. 
Thus we see that the role of quantum wells is to enhance and expand 
the range of spectral response, or absorption. Thus, the QW solar cell is 
primarily a broad band absorbing device.

Although theoretical modeling of superlattice solar cells looks 
promising, based on experimental results, we still have a long way to go. 
An example is strain compensated InGaP/GaAsN/InGaAs superlattice 
solar cells [3]. Lattice strain between layers (see above) was balanced 
out in this case because it was found that cells with strained layers did 
not have sufficient long wavelength absorption to overcome loss in 
open circuit voltage (VOC) due to lattice dislocations. Figure 10  shows 
the structure of this cell. As with the previous cells, the superlattice is 
placed in the i-region and sandwiched between p-InGaAs/p-GaAs and 
n-GaAs layers. Thickness of the GaAsN/InGaAs superlattice is 0.6 mm. 

As a result of the superlattice structure, the long wavelength absorp-
tion was extended beyond that of a p-n InGaAs cell. This is demon-
strated in Figure 11. According to the discussion above, we should see 
an increase in conversion efficiency.

Figure 12 compares the I-V characteristics of the strain compen-
sated GaAsN/InGaAs superlattice cell with those of a p-n InGaNAs cell, 
both under AM 1.5 illumination. Increases in ISC and VOC achieved 
by the GaAsN/InGaAs strain-compensated superlattice cell exceed 
those of the InGaNAs cell. The power conversion efficiency of the 
GaAsN/InGaAs strain compensated cell was 4.3%. The highest power 
reported conversion efficiency of the InGaNAs cell was 4.6% [19-21], 
however, the GaAsN/InGaAs strain-compensated cell had neither a 

Figure 9. Calculated spectral response for Al0.33Ga0.67/GaAs p-i-n QW solar cell with 
the following structures: (a) 0.3 mm p-region, 0.48 mm i-region, 30 85 Å periods, (b) 
0.15 mm p-region, 0.48 mm i-region, 30 85 Å periods, (c) 0.15 mm p-region, 0.8 mm 
i-region, 50 85 Å periods, (d) 0.15 mm p-region, 0.48 mm i-region, 50 140 Å periods, 
(e) 0.15 mm p-region, 1.6 mm i-region, 30 140 Å periods.

continued on page 34
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back surface field (BSF) nor an antireflection coating (both of which 
would have increased efficiency). Thus, the power conversion efficiency 
was comparable to that of InGaNAs cell and could be further improved 
by introducing thinner base layers. With possible improvements the 
band gap of the strained compensated cell can be further reduced to 1.2 
eV and eventually to 1.0 eV, which is comparable to that of the conven-
tional InGaNAs epitaxial layer. These results show significant promise 
for third generation multijunction photovoltaics.

Figure 10 Layer structure of superlattice solar cell [3].

Figure 11. Comparison of quantum efficiency of strain compensated superlattice solar cell 
with that of a InGaAs cell [3].

Virtually every type of low dimensional structure is being developed 
for thermoelectric power generating applications. Semiconductors such 
as Bi2Te3, Bi-Sb, skutterudites, Si-Ge, PbTe, TeAgSb/Ge (TAGS), Sb2Te3,
and clathrates are receiving the most attention [10]. To understand the 
concept of the thermoelectric superlattice, consider a semiconductor 
superlattice with multilayers in the x-y plane and current flow in the x 
direction. Assuming that electrons in the valence and conduction bands 
reside in parabolic energy bands, and that they have the lowest energies 
in the quantum well, the electronic dispersion relation can be expressed 
as [9]

Low Dimensional Materials: 2D Structures
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Figure 12. Comparison of I-V characteristics of strain compensated GaAsN/InGaAs super-
lattice cell with those of a p-n InGaNAs cell, both under AM 1.5 illumination [3]. 

E(kx,ky) =ħ 2kx2/2mx +ħ 2ky2/2my+ħ2 2/2mza2

Here kx and ky are reciprocal lattice vectors, mx, my and mz are effec-
tive mass components on the constant energy surfaces and a is the width 
of the quantum well. The electrical conductivity (s), Seebeck coefficient 
(S) and thermal conductivity (ke) of the superlattice are

 = (1/2 a)(2kBT/ħ2)(mxmy)1/2F0emx
S = -(kB/e)(2F1/F0 - ) and

e =  ( ħ2/4 a) )(2kBT/ħ2)2(mx/my)1/2[kB(3F2 – 4F12/F0)] 
Here kB is the Boltzmann constant and Fi is the Fermi-Dirac func-

tion and is the reduced chemical potential  = (  -ħ 2 2/2mza2)/kBT. 
The thermoelectric figure of merit ZT is a measure of thermoelectric 

(TE) power generation and cooling effectiveness, and combines the 
Seebeck coefficient, electrical conductivity and thermal conductivity. ZT 
of conventional TE materials has plateaued at values < 1. In order for 
TE devices to be economically feasible, ZT should be > 2. For a 3D bulk 
solid Z3DT = S2 T/( e + ph), where e = electron thermal conductivity 
and ph = phonon thermal conductivity. Essentially, to optimize ZT, we 
must increase S and  and decrease . Z3DT and Z2DT are compared  in 
Figure 13 and are plotted against a variable B or B’ that is a function of 
effective mass, thermal conductivity, quantum well width and electron 
mobility [1,2]. Note the enhance values of Z2DT compared to Z3DT: for 
example for B = B’ = 10-1, Z3DT = 0.8 and Z2DT = 1.4. An increase by a 
factor of 3 is apparent at higher values of B and B’. Figure 14 shows the 
dependence of Z2DT and Z1DT on width of quantum well and compares 
with bulk Bi2Te3[2]. Obviously reducing dimensionality and well width 
significantly enhances thermoelectric properties. Simply by restricting 
dimensionality from 2D to 1D, ZT is increased by as much as a factor of 
2, and by a factor of 13 over 3D. 

Semiconductor superlattices are fabricated using a number of tech-
niques, including molecular beam epitaxy (MBE) [16], metal organic 
chemical vapor deposition (MOCVD) [3], and magnetron sputtering 
[4], high power pulsed magnetron sputtering (HPPMS) [25], filtered 
cathodic arc ion plating [26].

Superlattice structures are also used to enhance mechanical proper-
ties (hardness, friction coefficient, wear resistance) [22-31]. As early as 
the 1990’s and particularly during the last decade, attention has shifted 
from thin films to multifunctional nanostructured, nanolaminate, super-
lattice and nanocomposite triboligical materials; improving mechanical 
and structural properties (stiffness, ductility, hardness, wear resistance, 
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Note that these structures are completely different functionally than 
the 2D structures discussed above. Tribological nanolaminates and 
superlattices function by diffusing the energy of crack propagation at 
each layer interface [32]. Figure 15 shows how hardness increases with 
decreasing layer thickness for several bimetal systems [32]. At layer 
thicknesses on the order of 10 nm, where the hardness approaches max-
imum, the mechanical properties of nanolaminates and superlattices 
are strongly influenced by the nature of the mismatch of their crystal lat-
tices at the interfaces as well as the very high ratio of interface volume 
to total material volume.

Figure 15. Results of hardness measurements showing the effect of layer thickness [32].

Nanostructured and superlattice coatings are primarily deposited by 
magnetron sputtering (planar, unbalanced, closed field, HIPPMS, cylin-
drical, pulsed), molecular beam epitaxy (MBE), CVD (PACVD, PECVD, 
MOCVD and conventional CVD) and filtered cathodic arc deposition 
(FCAD). Dual ion beam sputtering and pulsed laser deposition are also 
used but are harder to scale up to industrial processes. 

The most technologically important multilayer and superlattice 
ceramic/ceramic coatings are TiN/VN, TiN/NbN, TiN/CrN, TiN/
(VxNb1-x)N, TiN/AlN, TiAlN/TiN, TiAlN/CrN, CrN/NbN, CrN/CrAlN 
and TiAlN/CrAlN [25]. Figure 16 shows the structure of a generic nano-
laminate coating. As expected, in addition to deposition process and 
conditions, properties such as hardness, wear resistance and lubricity 
depend on materials combination, layer thickness and number of layers 
(periods). Figure 17 shows a HRTEM image of a nc-TiN/a-(W,Ti)C0.83
superlattice with a period of 10 nm deposited by arc ion plating and 
dc magnetron sputtering with a microhardness of 52 GPa (hardness > 
40 GPa is considered “superhard” [25,33]. Dependence on deposition 
conditions is demonstrated by the hardness of a TiN/NbN superlattice 
deposited by unbalanced magnetron sputtering, which peaked at ~ 48 
GPa for a substrate bias of -150 V, as shown in Figure 18 [27]. Highest 
hardness of 48 GPa was achieved with a period of 7.3 nm and substrate 
bias of -150V.

Table 1 lists coating systems and applications of transition metal 
nitrides [22]. Note the importance of TiN in these coatings. 

Figure 13. Comparison of Z3DT and Z2DT [1,2].

Figure 14. Dependence of Z2DT and Z1DT on quantum well width and quantum wire width 
for Bi2Te3 [2].

strength, stress, weight). These materials can have superior wear resis-
tance, known as “superhard” properties and enhanced lubricity, which 
has increased and expanded biomedical, transportation, aerospace and 
manufacturing applications . continued on page 36
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Table 1. Applications of transition metal nitride based nanolaminate coatings [22].

Coating System Application
TiN/NbN

TiAlN/CrN
used in aerospace industry

  semi-solid processing
CrN/NbN

   and surgical blades

TiAlN/VN
   alloyed and Ni based steels

Dry high speed machining of Al alloys

   and automotive components
TiN/AlTiN

High speed machining of stainless steel
TiAlxN/TiAlyN

   cast iron
TiAlNx/TiAlNy

   (CrNiMoTi, CrMo, etc.)
TiN/CrN

   solid processing
TiN/TaN
TiN/SiNx Hard disk and tribological applications
TiN/CrN-Ti/Cr-TiN/CrN
TiAlCrN/TiAlYN

   used in aerospace industry
TiAlCrN/NbN

   end H 13 steel
CrNx/a-Si3N4

Figure 16. Layer structure of generic nanolaminate coating [22].

Low Dimensional Materials: 2D Structures
continued from page 35

Figure 17. HRTEM image of nc-TiN/a-(W,Ti)C0.83 superlattice [25].

Figure 18. Dependence of the hardness and critical load of a TiN/NbN superlattice on sub-
strate bias [27].

Magnetron sputtering is most often used to deposit multilayer and 
nanolaminate structures. TiAlN/CrN nanolaminate coatings are depos-
ited by unbalanced magnetron sputtering [34,35]. As with virtually all 
multilayer coatings, the substrate was rotated from sputtering target 
to target to deposit individual layers. Substrates were rotated between 
Ti50Al50 and Cr targets in Ar + N2 gas mixtures for a total of 800 
layers. Hardness peaked at 4000 kg/mm2for layer thickness of 6.5 nm. 
Nanoindentation measurements carried out after heat treatment of the 
films showed that the multilayer films retained hardness as high as 2600 
kg/mm2 even at 800 °C while hardness of TiAlN films decreased sharply 
to 2200 kg/mm2 at 700°C. Hardness of TiN and CrN film decreased to 
1000 kg/mm2 and 700 kg/mm2 respectively.

Figure 19 shows a TEM micrograph of a magnetron sputtered Cu/Au 
nanolaminate film deposited on PET. In addition of high hardness, this 
film could also be free standing [36]. Films with 5000 alternating Cu and 
Au layers with thicknesses of 2 and 3 nm respectively were deposited in 
a vacuum roll coater using Ar gas. The web substrate was continually 
rotated over Cu and Al targets to obtain the large number of layers. The 
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nanolaminate had a hardness of 6.5 GPa, impressive for an all “soft” 
metal system. This type of structure is being developed for ultralight 
deployable mirrors in space. The nanolaminte could be mounted on a 
mandrel to fix its final figure and then coated with a highly reflective 
metal such as Au, Al or Ag.

Figure 19. TEM picture of magnetron sputtered  nanolaminate film deposited on PET [36].

This has been a brief review of two dimensional low dimensional 
structures. The numerous applications range from electronic, opto-
electronic, to mechanical and structural. Materials are determined by 
the application with semiconductors used primarily in electronic, opto-
electronic and thermoelectric devices, ceramics used mainly in wear 
resistance and tribological surface treatments, magnetic oxides mag-
netic recording and sensing, and metals used in structural applications.
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