
tains a quantum well sandwiched between
two electrodes. It was grown layer by layer
using molecular beam epitaxy (MBE) by
Loren Pfeiffer and Ken West at Bell Labo-
ratories, Lucent Technologies. On top of
an n+ (1 x 17 cm-3) GaAs substrate, an 
AlGaAs tunnel barrier 14.7 nm thick and
then a GaAs quantum well 17.5 nm thick
are grown. Next, there is an AlGaAs block-
ing barrier 70 nm thick so that there is no
electrical conduction over the range of the
gate bias. A GaAs cap layer, grown above
the blocking barrier to which ohmic con-
tact is made, serves as a gate for the sam-
ple. The layer structure of the samples is
shown in Fig. 1 (a). Metallic discs 300 um
in diameter act as gate contacts and also
serve as etch masks for fabrication mesas.
The energy band diagram is shown in Fig.
1 (b). For a 2DEG of electron density N,

the Fermi energy is EF =                    and for 

a 3D crystal, it is EF = (3�2N )2/3.

For N=1017 cm-3 as in the GaAs substrate,
EF is equal to 11.7 meV. The density of
states (DOS) in 2D, g(E) which represents
the number of states per unit area in a unit
energy interval at E is then

g(E, 2D)=         =            =          �(E-En),

En<E<En+1 (1)

where �(x-x0) is a step function. In three
dimensions, the DOS is

g(E, 3D)= (      ) = (2)

Consequently, the density of states has a
step-like behavior with a step size of
m/�h- 2=2.79 x 1013 cm-2 for meff =0.067 me

and step edges of the sub-band edge ener-
gies En.

The change in the DOS due to size
quantization is the most important factor
for the development of quantum well
lasers. The conditions for population in-
version in a quantum well can be achieved
more easily than in a 3D system. Photons
are bosons and the amplitude for stimu-
lated emission of a photon with exactly the

Quantum Well Lasers
And the Ground State

Jerry Moy Chow

W hen a thin GaAs layer 17.5 nm
thick with a bandgap of 1.52 eV is

sandwiched between two wide layers of
Al0.3Ga0.7As with a larger bandgap of
1.87 eV, a square potential well 240 meV
deep and 17.5 nm wide, the so-called
quantum well, is formed by the combina-
tion of the conduction bands of the two
semiconductors, while the combined va-
lence bands form a square potential barri-
er 110 meV high. But the wavelength of
the quantum well laser is not determined
by the gap energy because the energy is
quantized to a discrete spectrum in the
well so that the electrons are not excited to
the well edge but to the ground state. In
the ground state only two, rather than
three, components of the electron mo-
mentum change. The electrons behave as
a two-dimensional gas (2D gate potential
or 2DEG) in the quantum well with an ef-
fective mass of 0.067 me. The wavelength
of the laser depends on the ground state
energy in the quantum well. Since differ-
ent types of lasers are made using differ-
ent materials, engineering quantum wells
allows for the design and manufacture of
new and useful materials that cannot be
found in nature by choosing proper
ground-state energies. Although quantum
wells have been studied using many tech-
niques, until now, the ground state energy
had not been measured.

In this research, the ground-state ener-
gy of a GaAs quantum well is measured
for the first time as (12.9±0.8) meV using
capacitance spectroscopy developed by
Ashoori.1 In comparison with the predic-
tion of the quantum mechanical 
independent particle approximation of
13.2 meV, the agreement between the ex-
perimental and theoretical values is very
satisfactory.

Materials and methods
To perform capacitance measurements of
the quantum well, an electrical contact has
to be made. Therefore, the sample con-
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The first prize in the OSA-sponsored Excel-
lence in Optics Competition at the Intel In-
ternational Science and Engineering Fair
was awarded to physics contestant Jerry
Moy Chow, an 18-year-old salutatorian
from Stuyvesant High School in New York
City. Chow is a highly accomplished though
unassuming young scientist whose fledgling
career already vaunts a number of distin-
guished achievements. Comfortable with his
mistakes, which he considers a learning ex-
perience, Chow takes his successes in stride,
demonstrating a maturity beyond his years.

The judges, five OSA members with
decades of optics experience between them,
unanimously chose Chow for his work on
quantum well lasers and the ground state.
In his project, Chow theoretically and exper-
imentally determined the color of the quan-
tum well by the ground state of the well,
not—as in three-dimensional (3D) bulk
semiconductor lasers—by the band. He ex-
perimentally measured energy of the
ground state of the GaAs quantum well by
capacitance spectroscopy.

Before finishing high school, Chow began
taking courses on quantum physics at Co-
lumbia University. His research was carried
out this past summer in the Condensed
Matter Laboratory at the Massachusetts In-
stitute of Technology (MIT). During the
competition, confidently and without mis-
takes, Chow answered all the judges' ques-
tions on quantum physics and his project.
Asked what he does to relax, he said he plays
both the piano and the violin. Chow has
been a pianist for over 14 years and a violin-
ist for seven. His other hobbies include bas-
ketball, swimming, working out, and watch-
ing sports. Here, Chow outlines the award-
winning project he presented at the Intel In-
ternational Science and Engineering Fair in
San Jose, California in May 2001.

Chow Wins OSA's First Prize 
At Intel Science Fair 
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same energy state is proportional to √n+1
if there are already n photons in a state �n�.
The amplitude for the creation of a pho-
ton in the same state is given by a+�n�
=√n+1�n+1� where a+ is the creation oper-
ator.2 This shows that the effect of confin-
ing electrons and holes in a quantum well
will enhance the probability of stimulated
emission so that less heat is generated by a
quantum well laser than by a diode laser.

The procedure that gives the impetus
for this experiment is capacitance spec-
troscopy. A gate bias is applied through the
sample to induce electrons to tunnel into
the well. The capacitance of the quantum
well sample is measured for various gate
bias voltages changing from 600 mV to 
-200 mV using a computerized capaci-
tance bridge with a standard known ca-
pacitance for different values of magnetic
fields: 6 T, 4.5 T, 3 T, 1.5 T, and 0 T. The
data are stored in the PC in the Condensed
Matter Physics Laboratory at MIT and in
my own PC. Parts of the graphs of the data
are shown in Figs. 2(a) and (b).

Data and results
Figure 2 (a) shows the capacitance of the
sample as a function of the gate bias volt-
age at zero magnetic field. At the gate bias-
es below 0 mV, the quantum well is deplet-
ed of electrons and the capacitance is just
equal to that between the gate and the
substrate, ��0A/dg, which should be a con-
stant if the electrodes are metals. A slight
rise in the capacitance occurs because as
the gate bias increases, electrons move
closer to the gate so that dg decreases
slightly. As the gate bias is increased, the
bound state energy in the well drops be-
low the Fermi energy in the substrate so
that electrons from the 3D layer tunnel
into the well. The DOS of the 2DEG in-
creases sharply, and there is a sharp rise in
capacitance. The bound state in the well
can be identified but there is no energy
scale to measure it. When the DOS of the
2DEG becomes infinite, the capacitance is
equal to that between the gate and the
quantum well, Cgw=��0A/(dg-dw). It should
be a constant if the gate is a metal. The
slight decreasing slope of the capacitance
is because a positive charge in the n-doped
GaAs can only be formed by removing
electrons and leaving the positive donors
behind. The number density of donors of
GaAs, unlike a metal, is quite small. As the
positive charge on the top or bottom elec-
trode is increased, there is a region increas-
ing in thickness where there are no elec-

trons and only positive donors. Conse-
quently, the separation between the two
capacitor plates effectively increases, lead-
ing to a decrease in capacitance as the gate
bias increases.

Figure 2 (b) plots the capacitance as a
function of gate bias in a magnetic field of
3T perpendicular to the plane of the sam-
ple. Electrons start to tunnel, accumulat-
ing in the ground state of the quantum
well at 60 mV, and there is a sharp rise in
capacitance. The ground state of the quan-
tum well can be accurately measured if
there is an energy scale. As the gate bias is
increased further, the capacitance begins
to oscillate as a function of the gate bias.
When the Fermi energy of the 2DEG
reaches the centers of the Landau levels,3

the capacitance peaks to a maxima. The
capacitance develops minima when the
Fermi energy of the 2DEG falls between
two Landau levels. The minima are very
sharp, and they can be measured very ac-
curately. The distance between two Lan-
dau levels is 5.18 meV corresponding to a
gate bias voltage difference of 165 mV for
B = 3T. Therefore, it provides an accurate
energy scale for the measurement of the
ground state energy. From the data in Fig.
2 (b), using the following two equations
given in reference (1):

where Cgeom=��0A/dw = 252 pF for �=13,
dw=32.2 nm; and Cgw=70.06 pF is the ca-
pacitance for zero DOS, the  ground state
energy can be estimated and was found to
be 12.9±0.8 meV.

Conclusion and discussion
The ground state energy in the quantum
well can be determined by choosing the
dimensions of the well and the depth of
the well, and these can now be measured
experimentally using capacitance spec-
troscopy. Unlike the diode laser (3DEG) in
which a large proportion of the recombi-
nation occurs by spontaneous emission
rather than stimulated emission, in the
quantum well (2DEG) the ground state
energy band is broad so that many elec-
trons can be accommodated in this band
as shown in the almost flat portion of the
capacitance curve in Fig. 2(a). Many elec-
trons can combine simultaneously with
holes to produce photons with identical
energy. The effect of confining electrons in
a quantum well greatly enhances the prob-
ability of stimulated emission.
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Figure 2. Capacitance of the sample
versus the gate bias (a) OT, (b) 3T.

Figure 1. (a) Layer structure diagram of sample (b) Band structure
diagram of the quantum wells sample.

(b)

(a)
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Top Surface

Cap Layer I GaAs (n+*) 10000 angs

Cap Layer II GaAs (n+ el7) 3000 angs

Spacer GaAs (intrinsic) 25 angs

Blocking Barrier AlGaAs (intrinsic) 700 angs

Quantum well GaAs (intrinsic) 175 angs

Superlatice
Tunnel Barrier GaAs/AlGaAs** 147 angs

Spacer Layer GaAs (intrinsic) 300 angs

Bottom 
Electrode I GaAs (n+ el7) 3000 angs

Bottom 
Electrode II GaAs (n+ el8) 3000 angs

Substrate GaAs (n+)

x=.3 in all AlGaAs
* as heavily doped as possible for contact
** monolayers of AlGaAs/GaAs alternated 

6 times, ends with AlGaAs


