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Abstract We have studied the optical spectra of low-dimensional semiconductor systems by calculating all possible optical
transitions between electronic states. Optical absorption and emission have been obtained under different carrier population
conditions and in different photon wavelengths. The line-shapes of the peaks in the optical spectrum are determined by the
density of electronic states of the system, and the symmetries and intensities of these peaks can be improved by reducing the
dimensionality of the system. Optical gain requires in general a population inversion, whereas for a quantum-dot system,

there exists a threshold value of the population inversion.
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Introduction

The development of low-dimensional semiconduc-
tor materials has been extensive[1]. To a large ex-
tent, the modern microelectronics industry is still large-
ly based on the conventional device components ( with
a reduced discrete device dimension following Moore's
law) , whereas the components in optoelectronics are
already dominated by low-dimensional systems[2].
Light-emitting - diodes are extensively applied, quan-
tum-well-based infrared photodetectors have been com-
mercialized [ 3 ], vertical-cavity surface-emitting laser
(VCSEL) sources have been widely and rapidly adopt-
ed in optical communication. With an artificially tailor-
ed energy band structure of charged carriers by control-
ling the dimensionality and geometric shape, low-di-
mensional system is expected to have superior device
characteristics in laser, detection and modulation ac-
tions.

Thus far, optical emission and optical absorption
have been extensively studied in a separated manner,
i.e., optical gain spectrum in laser[ 14}, photolumi-
nescence in material characterization[ 5], and optical
absorption in photodetector[6]. In this work we study
the optical properties of low-dimensional systems by
calculating their unified optical spectra. The general
formulation of the optical spectrum ( coefficient ) is
presented in Section [[ , while condition of optical ab-
sorption and emission, and the effects of the system's
dimensionality and external carrier injection condition
are to be discussed in Section II.
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1 General Description About Optical Spec-
trum

We start with the time-dependent Schrodinger e-
guation

in % = (H+ 1)y, (1)
where
2 2
H=- 2;’ +V(r) - ep(r),
(1]
H = Z—hA . V. (2)
(]

A and ¢ are vector and scalar potentials of the electro-
magnetic field. V(r) is the lattice potential. The total
wavefunction of the perturbed electron system (H +
H') is generally expressed as

Fleifr
v(r,t) = Zcid’ki( Yeibi; s

H‘f’k‘-(r) = Ekl-d}k,»(r)’ (3)
where k is the electron wavevector (for low-dimensional
system, k represents the set of quantum numbers char-
acterizing an eigenstate ).

We now consider the optical transition of one-pho-
ton emission/absorption process between an initial e-
lectron-photon state , Py np + 1), where n, is the
photon density. The first-order time-dependent pertur-
bation theory gives us the optical transition probability
from the initial to the final state by the Fermi golden
the

2 :
ft (Wuomp +1VH Ly 0, ) 1’8(E,, - E, - ho).
(4)
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Since the vector potential of the electromagnetic field is
written as

= [ B 5
A = Zws(b +b), (5)

where b* and b are photon creation and annihilation
operators, it is easy to obtain

W(n, +1)
(G mp +11TA- Vg, ,n,) = /—E—M—Q&,‘ji

a- V1 (]I,‘i> , (6)
where a is the polarization unit vector of the electro-
magnetic field.

The rate to emit a photon at fiw is

Wy () = 0 D 4yt an v g0
8(E, —E, - hw). M

from electron state ¢, to state ¢, .

At the same time ,optical absorption is expected
la- Vig,)I"8(E, -

E, + o), (8)
from state i, to state ¢, by absorbing one photon.
The total transition rate from electron state s, to state
Y, 18
W, ‘*},( hw)

i

2
Wil o) = 2 e

= Wk}sl(kw)f(Ekx) (1 - f(Eaj) 1 -
Wi, (ha)f(E,)[1 - f(E)], (9)

by including the Pauli exclusion principle, i.e. , an e-

lectron is capable of transiting from an occupied state

¢, 1o an empty state ‘:l‘k,-

At equilibrium status, the occupation of electron state

E is expressed by the Fermi function

E) = L 10
L (10)
xgT
where E, is the Fermi level.
Normally n_,>>1. Moreover, Wi =W, %, SO that
Wk}-k,-(ha’) = ijk‘(hw) [f(Ek,) ‘f(E;‘})J- (11)

The summation over all possible electron states gives us
the total optical transition rate

W(ho) = 3 W, (). (12)

We now relate the optical gain (laser action) and ab-
sorption ( detection action) coefficients to the optical
transition rate. When we consider a beam of photons
travelling along the z-axis, we can write a continuity e-
quation for the photon density as
dn,(hw) on,(hw) alcn,(hw)]
dt - a - dz > (03)
where, on the right side of the equality, the first term
represents the net gain/absorption rate of photons,

an, (hw)

(14)

and the second term describes photons leaving the re-
gion between z and (z'+dz) due to the photon propaga-
tion.

Here ¢ is the velocity of light in the medium. At steady
state, dn,/dt =0, so that Eq. {(13) becomes
ol e, () ]

= - 15
0 = W(hw) 2 (15)
having a solution of

n,(hw,z) = np;,(ﬁw,O)eg(h"’)’. (16)

which defines the gain/absorption coefficient g( sw)
2 2

g(hw) = 3 ZEC | (gl ax V1g) 178(E, ~

kK, my CwWe

E, + hw) [f(E,) “f(Egj)]- (17)
It is thus noticed by Eqs. (16,17) that when g{ hw)
>0, the intensity of the incident radiation becomes
amplified, light emission action is expected; Other-
wise, if g( hw) <0, the radiation intensity reduces a-
long its transmission through the medium, i. e., the

radiation becomes absorbed ( an absorption coefficient
is normally defined as & = —g when g <0).

It is concluded by Eq. (17) that the population
inversion, f(E, ) >f( E,) when E, > E, , is essential
in the generation/amplification of a radiation, whereas
at equilibrium status, f(E, ) <f(E,) when E, >E,.

2 Numerical Analysis and Discussions

We now discuss low-dimensional InAs model sys-
tems embedded between p~ and n-GaAs lavers. The
low-dimensional systems under investigation are quan-
tum dot, wire and well, which are described mathe-
matically as L, xL xL,, L, xL , and L. It is further
assumed that the InAs model systems are strained so
that its energy band gap becomes 1.2eV[7]. The ef-
fective masses of the conduction-band electron and va-
lence-band heavy hole are 0.0239m, and 0. 35m,[ 8],
respectively, where m, is the free electron mass (light
hole is not directly relevant in low-dimensional systems
concerning radiation emission ).

At forward bias, both the electrons and holes are
injected into the narrow-bandgap InAs region for the
required population inversion. The electron and hole
densities, n and p, are identical in the InAs active lay-
er. We further assume that the injected carriers are at
thermal equilibrium status which is described by the
Fermi distribution function. The Fermi levels are deter-
mined by

1 1
nzfz‘-“

E, -ES

1+ L

exp(=—r0)

_ b 2dx 1
n_LZZJ%r E +E -E'
1 + exp(——=<—L)

kg T
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1 2dk 1
= — . (18
" LE,.J@.,,): E +E, -E (18)
1 + exp( )
KST

where E; denotes the energy sublevel due to the quan-
tum confinement. E™'? denotes the Fermi level in the
0-, 1-, and 2-dimensionally extended system. The
quantum dot is three-dimensionally confined (0-dimen-
sionally extended) , the quantum wire is 1-dimension-
ally extended and k is the wave vector along this ex-
tended direction, and finally, the quantum well is 2-
dimensionally extended and k is the wave vector in this
extended plane (for more detail, see[5]). By assum-
ing spherical and parabolic dispersion relationship of
e
P (19)

where m " is the effective mass, and by assuming L, =
L, =Lz =L for simplicity, we have calculated the Fer-
milevels in quantum dot, wire and well as functions of
the electron density and the results are presented in
Fig. 1. The three-dimensionally-extended system
(bulk) is presented for comparison. As would be ex-
pected, the Fermi level converges to the one of the
bulk material when L increases, and the occupation of
high-energy states is clearly reflected ( especially in the
quantum dot when L is small), which appear as steps
in the E; — n relationship. The steps are due to the fact
that the Fermi level locates betwéeen the highest oc-
cupied state and the lowest empty state. When the car-

rier density is increased to such a value that one more
state becomes occupied, the Fermi level jumps from
below the state to above the state. The jump is still sig-
nificant in the quantum wire, it is however replaced by
a slight increase in the slope in the quantum well sys-

tem due to the much enhanced density of states of two-

1.5
Well
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>
3
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Carrier population density/cm®

Fig.1 Fermi levels as functions of concentration of injected
carriers. The thicker lines correspond to the bulk material.
Arrow indicates the increase of L (100,200,4004)

dimensional continuum states described by k.

Similar results about the Fermi levels of heavy
holes in the valence band are obtained.

Knowing the carrier distributions, we now calcu-
late the optical spectrum of Eq. (17). Typical results
are presented in Fig. 2. The optical spectrum in gener-
al consists of (1) an optical transparent region when
the photon energy is smaller than the energy band gap
of the system, (2) an optical gain regime, and (3) an
optical absorption in the short wavelength regime. The
energy band gap of the low-dimensional system is de- .
fined as the energy band gap of the InAs bulk material
plus the energies of the ground states of electron and
heavy hole measured respectively from the conduction-
and valenceband-edges.

Moreover, the optical coefficient decreases follow-
ing the decrease of the optical wavelength, especially
in the 2D system where the density of states is in the
form of staircase. This is due to the factor of 1/Aw in
Eq. (17).

The optical gain is obtained due 1o the population
inversion in the vicinity of the Fermi levels, while the
short wavelength region corresponds to transitions be-
tween high-electron-energy states and high-hole-energy
states. The high-electron-energy states are not popula-
ted by electrons when the electron energies are higher.
than the electron Fermi level, i.e., f(E, )—0 when
E, >E,. Similarly, the high-hole-energy states are not
occupied by holes, it is occupied by electrons so that f
(E Ej)-»l. Population inversion requirement is thus not
fulfilled in this short wavelength region, so that g( fiw)
<0 (optical absorption). In the infrared region, opti-
cal absorption is obtained due to the intra-band optical
transition ( the results are not presented).

The effect of the population inversion is further e-
lucidated by Fig. 2 when increasing the concentrations
of electrons in the conduction band and holes in the va-
lence band. With a carrier density of 1 x 10®cm ™2,
we obtain optical gains in 1D, 2D and 3D systems,
while the optical coefficient g ( fiw) of system OD is
negative in the whole optical wavelength region under
investigation. It is noticed that the density of states of
the OD system is 2/L’ at each energy level, where the

factor of 2 accounts for the spin degeneracy. It is 2 x
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Fig. 2  Optical spectra of low-dimensional systems. L =
100A, 7 =300K. Integer 0,1,2, and 3 indicate the dimen-
sionality of the system. Numerical values on the right sides
of the highest peaks peaks in (b) and {¢) are the peak in-
tensities

10'*cm ~® when L =100A. The ground levels { electron
and hole) are thus only half occupied when the injec-
ted carrier density is 1 X 10®cm ™ at zero temperature,,
i.e, f(Eg) =f({E,) =0.5 so that the optical coeffi-
cient g{ hw) =0 at iw =E 4, — E,, where E and £,
are ground states of electron and hole in the quantum
dot. At room temperature we expect thermal excitation
so that the occupation of the ground levels are less then
0. 5. The thermal excitation of the holes in the valence
band are more intensive than the one of electrons due
to the small energy separations between energy states
(large hole effective mass ), so thai the population in-
version between the two ground levels is net estab-
lished, resulting in a negative optical coefficient. The
physical phenomenon is demonstrated in Fig. 3.

A threshold value for the population inversion is
thus concluded in the quantum dot system for optical
gain, namely, two energy states must be more than half
occupied before the optical coefficient of the transition
between the two states becomes positive ( optical
gain ).

Another striking feature in Fig. 2 is about the
peaks corresponding to the energy sublevels in the low-
dimensional systems and the peak lineshapes corre-
sponding to the dimensionality-dependent densities of
states{ 5 ].

The optical transparency (g( fiw) =0) in the long
wavelength region is normally expected when the pho-
ton energy is smaller than the energy band gap, simply

because there is no carrier available to interact with

Alym

Fig. 3 The optical spectrum of a quantum dot system as a
function of the device temperature. L = 100A and n =1 x
10%cm ™

photons. However, close investigation in this transpar-
ency region reveals that below the energy band gap, g
( hiew) <0. The problem was discussed by Coldren and
Corzine in the context of the lineshape broadening{ 9],
that the delta function in Eq. (17), which is due to
the energy conservation, must be replaced by
I
(B, - E, + tiw): + I
or other forms to include energy relaxation processes
{10-141, where B/F is the lifetime of carrier, which
is about 0. 1 ps(I' =6.6meV). When fiw <E, - 10T,
r I
By —Br+h) v 10 (B, ~E, + ) 2D

which varies slowly with carrier’s energy. g{ hw) be-

(20)

comes negative after the performance of the integration
in Eq. (17) over k, and %;, since the population inver-
sion occurs only near the conduction-and valence-band
edges. The optical ahsorption rate reduces when the di-

mensionality of the system is reduced due to the in-
1
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Fig. 4 Same as Fig. 2b but in a different plot window
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Fig. 5 Optical specira of low-dimensional systems as func-
tions of the system size L. n =3 x 10"%em ~’. T=300K

creased energy band gap, as clearly demonstrated by
Fig. 4. The anomalous increase of the optical absorp-
tion in the quantum dot is due to its unique delta-
formed density of states; whereas extended states exist
in other systems.

On the other band, when I'>0, g(fiw)—0 when
hw <E_, resulting in a complete optical transparency.
However, an infinitely-long lifetime of carrier is not
physical.

The effect of the size of the low-dimensional sys-
tem is presented in Fig. 5, showing that the optical
spectra of low-dimensional systems approach the one of

bulk material as L increases.
3 Summary

We have studied the optical properties of low-di-
mensional systems by theoretically calculating the com-
plete optical spectra. The optical spectrum in general
consists of an optical transparent, an optical gain, and
an optical ahsorption regime. Reducing the dimension-
ality of the system improves the intensities and symme-
tries of the peaks.

It is found that due to the uniqueness in the densi-
ty of energy siates of the quantum dots, a threshold

population inversion exists for optical gain.
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