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Introduction 

The development of low．．dimensional semiconduc．． 

tor materials has been extensive[1]．To a large ex— 
tent，the modelTl microelectronics industry is still large— 

ly based on the conventional device components(with 
a reduced discrete device dimension foUowing Moore s 

law)，whereas the components in optoelectronics are 

already dominated by low-dimensional systems[2]． 
Light—emitting diodes are extensively applied

， quan． 

turn-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． 

ed energy band structure of c 

W ith an artificially tailor- 

harged 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 

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 lI，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 lU． 
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1 General Description About Optical Spec— 

trum  

We start with the time-dependent Schrfidinger e． 

quation 

i／i ：( + ，)砂， a 、 一 ’ 

where 

= 一  r)’ 

： ．v． 
m 0 

(1) 

(2) 

A and击 are vector and scalar potentials of the electro． 

magnetic field．V(r)is the lattice potentia1．The total 

wavefunction of the perturbed electron system r H + 

H )is generally expressed as 

(r， )：∑ ci砂k ‘ ’以 ， 

却  (r)=Eki~bk ． (3) 

where k is the electron wavevector r for low．dimensional 

system，k represents the set of quantum numbers char． 

actenzmg an eigenstate)． 

W e now consider the optical transition of one．pho． 

ton emission／absorption process between all initial e． 

1ectron-photon state，l 
， ，nP̂+1>，where nP̂is the 

photon density．Th e first-order time-dependent pertur． 

bation theory gives us the optical transition probability 

from the initial to the final state by the Ferm i golden 

the 

I< ，n +1 1日 I )I 8(E 一}lcc，)． 
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IDtrod.uction 

The development of low-dimensional semiconduc
tor materials has been extensive [ 1 J. To a large ex
tent ，也emodεm microelectronics industry is stilllarge
ly based on the conventional device compone时s (with 
a reduced discrete device dimension following Moore t s 

law) , whereas the components in optoelectronics are 
already dominated by low-dimensional systems [2]. 
Light-emitting . diodes are extensively applied , qu四

tum-well-based infrared photodetectors have been com
mercialized [ 3 ], vertical-cavity surface咽nitting laser 
( VCSEL) sources have been widely and rapídly adopt‘ 

ed in optical communicatìon. With an artificially tailor

ed energy b船d structure of charged carriers by control
ling the dimensionality and geometric shape , low-di
mensional system Ís expected to have superior device 
characteristics in laser , detection and modulation ac
t 1Ons. 

τ'hus far. optical emissìon and optical absorption 
have been extensively studíed ìn a separated manner , 
í. e. , optical gain spectrum in laser [ 14 ] , photolumi
nescence in material characterization [ 5 ], and optical 
absorption ìn photodetector[ 6]. In this wor主 we study 
the optìcal properties of low-dimensional systems by 
calculating their unified optical spectra. The general 
form吐ation of the optical spectrum ( c优缸cient ) is 
presented in Section n:, whìle condition of optical ab

sorption and emission , and the effiεcts of the system' s 
dîmensîonalîty and 臼temal carrier injection condition 
are to be discussed in Section JH. 
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1 General Description About Optical Spec
trum 

We start with the time-dependent SchI1δdinger e
quahon 

ili ~生 = (H + H')ψ ， 
δt 

、
、
.
，
，
，

'I 
J
'
'、

where 
矿'ïJ 2

H = J~_一 + V(r) - eφ (r) , 
~.忡。

H = 兰EA-1(2)
，忡。

A andφare vector and scalar potentials of the electro
m郁etic field. V ( r) is the lattice potential. 白le total 
wavefunction of the perturbed electron system (H + 
日t) is generally expressed as 

ψ(r ， t) = 2， ciψKYAY元，

Hψk， (r) = Ekiψk/
r). (3) 

where k is the electron wavεvector (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-
lectro泣-photon state , Iψ鸟 ， n纠+ 1> , where n民 is the 
photon density. 峦le 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 

于 〈丸，比川 IHI 队，与> I 2
8(Ek, -气 -1ïω)

(4) 

稿件收到臼期 2∞2 -09 -02，修改稿收到日期 2∞3 - 08 - 18 

T--' ?ττ-

~22 ~~6:WI 
2003 ~ 12 fi 

tr ~~ 1=j ?l * i1t ~ * Vol. 22. No.6 
[)eceniber,2CK>3 J. Infrared Millim. Waves 

OPTICAL SPECTRA OF -LOW -DIMENSIONAL 
SEMICONDUCTORS 

Fu Y Chiragwandi Z Gothberg P Willander M 

(Laboratory for Physical Electronics and Photonics. [)epartment of Physics and Engineering Physics. 

Chalmers University of Technology. 541296 Goteborg,Sweden) 

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 detennined 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. 

Key words optical spectrum. low-dimensional semiconductor. optical gain. population inversion. 

Introduction 

The development of low-dimensional semiconduc
tor materials has been extensive [ 1 J. To a large ex
tent, the modem microelectronics industry is still large
ly based on the conventional device components (with 
a reduced discrete device dimension following Moore t 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 IT, 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 JH. 
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1 General Description About Optical Spec
trum 

We start with the time-dependent Schrodinger e
quation 

iii M!. = (H + H')I/I. at 
where 

n2 '1/ 2 
H=---+V(r) -e<p(r) , 

2mo 

(1) 

H' = ieli A . '1/. (2) 
mo 

A and <p 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 t) is generally expressed as 

1[/( r t) = ~ c .• I. (r)eiEkf"1t 
~ ~ J.'Ykj " 

i 

HI/I,,_(r) = Ekl/lk(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, II/Ik

j
, nph + 1), where nph 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 

21T I < ' 2 
J" I/I",nph + 11 H II/I",nph) I 8(E,,_ -E". -nw). n J L 'J 

(4) 
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Since the vector potential of the electromagnetic field is 

written as 

A = (b +6)， (5) 

where b and b are photon creation and annihilation 

operators，it is easy to obtain 

( 川A =√ ( 
a ·7 I 

：)， (6) 
where a is the polarization unit vector of the electro— 

magnetic field． 

The rate to emit a photon at is 

( )： I( 口．v I I z 

6(E 一 一 )· 

from electron state to state · 

At the same time ．optical absorption is expected 

(7) 

( ： 口．V 
’ m n E 

E 
．
+hto)， (8) 

from state k to state j by absorbing one photon． 

Th e total transition rate from electron state to state 

lf， is 

如(}i ) = (hw)f(Ek )[1 一 f(Eki)] 一 

(鼬 ) E )[1-f(E )]，(9) 
by including the Pauli exclusion principle，i．e。，an e— 

lectron is capab le of transiting from an occupied state 

lf， f to an empty state lf， · 
At equilibrium status，the occupation of electron state 

E is expressed by the Fermi function 

E)= 
exp(E-S—V1 )’ (10) 

where Ef is the Fermi leve1． 

Normally rtph~ l·M0re0Ver， = 
。

SO that 

k( )= ( )Ef(E )一f(Ekj)]． (11) 
The summation over all possible electron states gives us 

the total optical transition rate 

(hto) (卉 )· (12) 

We now relate the optical gain(1aser action)and ab— 

sorption(detection action)coemcients 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 

：  一  

， (13) dt a￡ az ’ 、 一 

where，on the right side of the equality
， the first term  

represents the net gain／absorption rate of photons
， 

：w(h )，ot 。。，， (14) 

and the second term  describes photons leaving the re— 

gi0n between z and(z‘+dz)due to the photon propaga— 

tion． 

HeTe c is the velocity of light in the medium．At steady 

state．dnph／dt=0，so that Eq．(13)becomes 

0： (hto)一坐 
， (15) 

having a solution of 

rtp̂(鼬 ，z)=n,ph( ，0)e ㈨ ． (16) 

which defines the gain／absorption coefficient g( ) 

) I< VI — 

E 
．

+ ) E )一 E )]． (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( )<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 = 一g when g<0)． 

It is concluded by Eq．(1 7)that the population 

inversion， E
î
)> E ，)when E e>E is essential 

in the generation／ amplification of a radiation，whereas 

at equilibrium status，，(Ek。)< E )when E >E 

2 Numerical Analysis and Discussions 

W e now discuss low—dimensional InAs model sys— 

tems embedded between P— an d rt—GaAs lavers． Th e 

low．．dimensional systems under investigation are quart— 

tum dot．wire and well，which aye described mathe— 

matically as L ×L xt，L xLy，and L ．It is further 
assumed that the InAs model systems aye strained so 

that its energy band gap becomes 1．2eV[7]．，rhe ef_ 
fective masses of the conduction．．band electron and va．． 

1ence—band heavy hole aye 0．0239m0 and 0．35m0[8]， 

respectively，where m0 is the free electron mass(1ight 
hole is not directly relevant in low—dimensional systems 

concerning radiation emission)． 
At forward bias，both the electrons and holes aye 

injected into the narl'ow—bandgap InAs region for the 
required population inversion． Th e electron and hole 

densities， and P，aye identical in the InAs active lay— 

er．We further assume that the injected carriers aye at 

therm al equilibrium status 

Ferm i distribution function． 

mined by 

1 
n 

L 

1 
rt 

∑ 

which is described by the 

Th e Ferm i levels aye deter— 

exp( 

f 2一dK J 
27r 

墨二 ：、 
K口 

／ 

1 
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Sìnce the vector potential of the electromagnetic field Ìs 

written as 

A=JZi(户 b) , (5) 

where b + and b are photon creatÌon and annihilation 

operators , it is easy to obtain 

111〈鸟h + 1) 
〈 ψkj "与 +11A. \1 1ψk1 ， n沪) =~..， ._~ωE 〈队

α. \1 1 队) , (6) 
where a ìs the polarization unit vector pf the electro

magnetic field. 
白le rate 怡 emìt a photon at tuv is 

凡 (Iiω) =而叭于+ 1~ 1 (ψk， 1α. \1 1 巩) 12 

Tno ú足'

以Ek， 一旦 - tuv). (7) 

from electron state 电台 k ， to state ψk， . 

At the same time , optical absorption is expected 
..2 2 

Wkh (以=些尹坠 1 (队iiG·V ik〉 izk吼一
mo óJE 

Ek, + 险J) ， (8) 
from state ψk， to state ψk， by absorbìng one photon. 

The to时 transition rate from electron stateψk， to state 

ψki IS 

wiAj hω 〉 = Wkj<, ( 加)JREkz)[1-FIR-r〉]一
W地(Iíω 〉JIEKJ)[1-JIEkz 汀， (9) 

句 includìng the Paulì exclusìon princìple , ì. e. , an e
lectron Ìs capable of transitìng from an occupied state 

队 to an empty state ψk1. 
At equilibrium status , the occupation of electron state 

E is expressed by the Fenni functìon 

f(E) = 一一一」
E - Er 

1 + exp( 一一云)

(10) 

KBl 

where Ef ìs the Fenni level. 
Normally FZptz> L Moreovey , WKJJ=wka sothat 

W乌 k，( Iíω)=WMz〈元ÓJ )[f( Ek) - f( Eρ]. (1 1) 
The summatìon over all possìble electron states gives us 
the total optìcal transìtìon rate 

W( 加) =买飞(加) (12) 

We now relatεthe optical gaìn (laser action) and ab
sorption (detection action) coefficìents to the optìcal 
transìtìon rate. When we consìder a beam of photons 
travellìng along the z-axÌ5, we can write a contìnuìty e
quatìon for the photon density 缸

生注豆豆 -δnph (11ω) δ [cnph (加) ] 
出一 ðt 一-缸， (13) 

where , on the right sìde of the equali巧， the first tenn 
represents the net 伊in/absorption rate of photons , 

δnDh (11ω) 
」亏ι = W(耐(14 ) 

and the second tenn describes photons leavìng the re
gion between z and (z' + dz) due to the photon propaga

t lOn. 
Here c ìs the velocìty of light in 出.e medium. At steady 

state , dnDJdt =0 , so that Eq. (13) becomes 
δ [cn泸(元ω) ] o = W( 元ω) _ v L ~'.ph , ..~ / ~ ( 15) 

θz 

havìng a solution of 
n

ph 
(11ω ， z) =nph (11ω ，O)é(缸， )z (16) 

which defi配s the gain/ absorptÌon coefficient g ( tuv ) 
..2 2 

g( 加) =艺互手~l (ψk; 1 a' \1 1 风) 1 2δ(Eki -

ξk， mo cωe 
E k , + tuv) [J( Eρ-JREKJ)].(17) 

lt Ìs thus noticed by Eqs. (16 , 17) that when g ( 险。
> 0 , the ìntensity of the incident radiation becomes 

amplified , lìght emlSSlOn action ìs expected; Other
wìse , ìf g( tuv) < 0 , the radiation intensity reduces a

long its transmÌssion through the medium , î. e. , the 

radiation becomεs absorbed (an absorption coefficìent 

Ìs nonnally defined asα= - g when g < 0) . 
It is conclu ded by Eq. (17) that the populatìon 

inversìon , f( Ek) > f( Eρwhen EK > EKJ'is essendal 
ln 出e generatìon/ amplificatìon of a radiatîon , whe陀as

at equilìbrium status , f( E k,) <只 EKJ when Ekz 〉 E扩

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 ar号 quan

tum dot , wìre and well , which are described mathe

matically as Lx X Ly x Lz , Lx x Ly , and Lx' It ìs 缸rther

assumed that the InAs model systems arεstraÍned so 

that its energy band gap becomes 1. 2e V [ 7 J .写le ef
fective masses of the conduction-band electron and va

lεnce-band heavy hole are O. 0239mo and O. 35mo [ 剖，
而spectìve峙， where mo ìs the free electron mass (lìght 
hole is not directly relevant ìn low-dimensional systems 
conceming radiation emission). 

At forward bias , both the electrons and holes are 
injected in如 the narrow-bandgap InAs 陀gion for the 
required population ìnversìon. The electron and hole 

densities , n and p , are identìcal in the InAs active lay
er. We further assume that the înjected carriers are at 
thennal equilibrium status which ìs described by the 
Fenni dìstribution function. 写le Fenni levels are deter
mìned by 

n = 士，
L J ~ E _ Ero 

- 1 + exp(~云斗
KBl 

n = ~ y (2dK 
e '7' J 21T E +E - E} 

1 + exp(-' -" -J) 
KBl 
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Since the vector potential of the electromagnetic field is 

written as 

(5) 

where b + and b are photon creation and annihilation 

operators, it is easy to obtain 

(I/Ikj,nph + 11 A· 1/1 I/Ik"nph) = h( nph + 1) ( I 
2 I/Ik 

WE j 

a • 1/ I 1/1 k) , (6) 

where a is the polarization unit vector pf the electro

magnetic field. 
The rate to emit a photon at hw is 

1T1i2 e2 (nph + 1 ) 
WkJ, (hw) = 2 I (I/Ik I a· 1/ I I/Ik) 12 

T' Tno WE J 

8(Ek - Ek - hw). 
, j 

(7) 

from electron state 1/1 k, to state 1/1 k, • 

At the same time ,optical absorption is expected 
",2 2 

( ) 
1Tn e nph ( ) 2 

WkJ, liw = 2 I I/Ik< I a • 1/ I I/Ik I 8(Ek -
r~ moWE t J j 

E k
i 

+ Iiw) , ( 8 ) 
from state I/Ik

i 
to state I/Ik

i 
by absorbing one photon. 

The total transition rate from electron state I/Ik, to state 

1/1 k i is 
Wk.k.( tiw) = 

'1 
Wk/" (Iiw )f( Ek,)[ 1 - f( Ek) ] 
Wk#</liw)f(Ek) [1 - f(E k)] , (9) 

by including the Pauli exclusion principle, i. e. , an e
lectron is capable of transiting from an occupied state 

I/Ik to an empty state I/Ik' 
, J 

At equilibrium status, the occupation of electron state 

E is expressed by the Fenni function 

f(E) = IE _ E ' 
1 + exp(--J) 

KBT 

where EJ is the Fenni level. 

Nonnally nph>-I. Moreover, Wkk = Wu so that 
t J r' 

(10) 

Wkjk.c liw) = Wkjk, (liw Hf( Ek) - f( Ek) ]. (11) 
The summation over all possible electron states gives us 
the total optical transition rate 

W( hw) = L Wkjk,{ liw). 
kj Itt 

(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 

dnph ( liw) _ anph ( liw) a [ cnph ( liw) ] 
dt - at az (13 ) 

where, on the right side of the equality, the first tenn 
represents the net gain! absorption rate of photons, 

iJnph ( liw) 
iJt = W( liw) , (14 ) 

22~ 

and the second tenn describes photons leaving the re
gion between z and (z' + dz) due to the photon propaga

tion. 
Here c is the velocity of light in the medium. At steady 

state, dnpJdt =0, so that Eq. (13) becomes 

o = W(liw) _ iJ[enph(liw)] , (15) 
iJz 

having a solution of 
nph ( liw ,z) = nph ( liw ,0) eg

( Iuv)z. (16) 
which defines the gain! absorption coefficient g ( hw ) 

li2 2 

g ( liw) = L 1T 2 e I (1/1 k I a' 1/ I 1/1 k) I 28 ( E ki -

k}k, mo ewe j 

E k + Iiw Hf( E k) - f( E k) ]. (17 ) 
, '1 

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 nonnally defined as ex = - g when g < 0) . 
It is concluded by Eq. (17) that the population 

inversion, f( Ek) > f( Ek ) when Ek > Ek , is essential 
t J" t J 

in the generation! amplification of a radiation, whereas 

at equilibrium status, f( Ek ) <f( Ek) when Ek > Ek · 
I J I J 

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 Lx x Ly x Lz , Lx x Ly' and Lx' It is further 
assumed that the InAs model systems arestra1ned so 

that its energy band gap becomes 1. 2e V [ 7 J. The ef
fective masses of the conduction-band electron and va

lence-band heavy hole are O. 0239mo and O. 35mo [8 J , 
respectively, where mo 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, nand p, are identical in the InAs active lay
er. We further assume that the injected carriers are at 
thennal equilibrium status which is described by the 
Fenni distribution function. The Fenni levels are deter
mined by 

I 1 
n = L3 ~ -------

~ E _EO 
• 1 + exp(' J ) 

KBT 

n = 1- L f 2dK ___ -----...:1=---__ _ 
e i 21T I E + E - E 1 

+ exp(' K J ) 
K8 T 
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n =  

⋯

2d

．

K  

⋯ xp( ) ． (18) 

where E denotes the energy sublevel due to the quan 

tum confinement．E，0 denotes the Fermi level in the 
0一， 1一， and 2-dimensionally extended system． The 

quantum dot is three—dimensionally confined(0-dimen- 

sionally extended)，the quantum wire is 1一dimension— 
ally extended an d k is the wave vector along this ex— 

tended direction，and finally，the quantum well is 2一 

dimensionally extended and k is the wave vector in this 

extended plane(for more detail，see[5])．By assum— 
ing spherical an d parabolic dispersion relationship of 

E‘： =ti -tc-
． (191) I · ， 

where m is the effective 

L =Lz=L for simplicity， 

mass，and by assuming L = 

we have calculated the Fer- 

milevels in quan tum dot．wire and well as functions of 

the electron density an d the results are presented in 

Fig． 1． Th e three—dimensionally—extended system 

r bulk)is presented for comparison．As would be ex— 

pected． the Ferm i 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 smal1)，which appear as steps 
in the E，一n relationship．Th e steps are due to the fact 

that tile Fermi level locates between the highest oc— 

cupied state an d 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．Th e jump is still sig— 

nifican t in the quan tum wire，it is however replaced by 

a slight increase in the slope in the quantum well sys— 

tem due to the much enhan ced density of states of two 

1_5 

1．0 

0．5 

0．0 

Dot I WeII 

T=3ooK 

C,~ -ier population density ／cm3 

Fig．1 Fermi levels as functions of concentration of injected 

carriers．The thicker lines correspond to the bulk materia1
． 

indicates the increase of L(100，200，400k) 

dimensional continuum states described by k． 

similar results about the Ferm i levels of heavy 

h0les in the valence band ale 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 ban d gap 

of the system，(2)an optical gain regime，and(3)an 

optical absorption in the short wavelength regime．Th e 

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— 

an d 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．Th is is due to the factor of 1／t~o in 

Eq．(17)． 

Th e optical gain is obtained due to the population 

inversion in the vicinity of the Ferm i levels，while the 

short wavelength region corresponds to transitions be— 

tween high·-electron·-energy states and high--hole·-energy 

states．The hi gh—electron—energy states are not popula- 

ted by electrons when the electron energies are higher 

than the electron Fermi level，i．e．， Ek) 0 when 

E 
．

> ．Similarly，the high—hole—energy states are not 

occupied by holes，it is occupied by electrons so that f 

(E ) 1．Population inversion requirement is thus not 

fulfilled in this short wavelength region，so thatg( ) 

<0(optical absorption)．In the infrared region，opti— 

cal ab sorption is obtained due to the intra—band optical 

transition(the results are not presented)． 

Th e effect ofthe population inversion is further e— 

hcidated by Fig．2 when increasing the concentrations 

of electrons in the conduction ban d and holes in the va- 

lence ban d． W ith a carrier density of 1× 10培cm 一
．  

we obtain optical gains in 1D，2D an d 3D systems， 

while the optical coefficient g( )of system 0D is 

negative in the whole optical wavelength region under 

investigation．It is noticed that the density of states of 

the 0D system is 2／L at each energy level，where the 

factor of 2 accounts for the spin degeneracy．It is 2× 
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dîmensîonal contînuum states described by k. 

Simîlar results about the Fermì levels of beavy 

boles in the valence band are obtained. 

Knowing the carrier distributíons , we now calcu

late the optìcal spectrum of Eq. (17). Typìcal results 

are presented in Fîg. 2. The optìcal spectrum in gener

al consìsts of (1) an optìcal transparent regìon when 

the pboton energy is smaller than the energy band gap 

of the system , (2) an optical gaín regìme , and (3) an 

optical absorptîon în the short wavelength regìme. 在le

energy band gap of the low-dîmensîonal system ìs de

fined as the energy band gap of the InAs bulk material 

plus tbe energìes of the ground states of elec垃on and 

heavy hole measured respectîvely from the conductíon

and valenceband-edges. 

Moreover , the optîcal coefficÎent decreases follow

ing the decrease of the optical wavelength , especíally 

in the 2D system where the densìty of states ìs in the 

form of staírcase. This is due to the factor of 1/1ùù ín 

Eq. (17). 

The optícal gaîn is obtained due to the population 

înversîon în the vìcínîty of the F ermí levels , whìle the 

short wavelength regìon corresponds to transítíons be

tween hìgh-electron-energy states and hígh-hole-energy 

states. The hígl同lectron-energy states are not popula

ted by electrons when tbe electron energìes 缸毛 hígher.

than the elec柱。n Fermi ievel , i1. , f(EKJ • o when 

Ek, > Ef" Sîmílarly , the hîgh-hole-energy states are not 

occupìed by holes , ìt îs occupíed by electrons so that f 
(E乌〉→1. Populatíon înversion requîrement îs 出us not 

fulfilled în this short wavelength regìon , so 出at g( 险。

< 0 (optìcal absorptíon). In the ínfrm芭d regìon , optí

cal absorptíon ís obtaìned due to the íntra-band optical 

transìtíon (the results are not presented). 

The effect of the populatíon ìnversíon ís further e

lucîdated by Fíg. 2 when ìncreasíng the concentratíons 

of electrons în the conductìon band and holes in the va

Wíth a cm垣er densìty of 1 x 1018 cm -3 , 

we ohtain optical gaíns ìn lD , 2D and 3D systems , 

while the optícal coefficíent g ( 缸。 of system 0 D ís 

negatìve în the whole optìcal wavelength regìon under 

ìnvestígation. It ís notîced that the density of states of 

the OD system ís 2/L3 at each energy level , where the 

factor of 2 accounts for the spín degeneracy. It ís 2 x 

1 ~ [ 2dK 1 
n = L + J (2王)2 • , E+E" -E 2J 

1 + exp(' 'T' ) 

KB 1 

where E, denotes the energy sublevel due to the quan

tum confinement. E/.l.2 denotes the Fermì level in 也怠
。卜， and 2-dímensíonally extended system. 峦le

年lantum dot Îs three-dímensionally confined (O-dímen
SIO咽ally extended) , the quantum wire ìs l-dìmensìon
ally extended and k Îs the wave vector along thís ex
tended directìo币， and finally , the quantum well îs 2-
dìmensíonally extended and k ís 由e wave vector in this 
extended plane (for more detail , see [ 5] ). By assum
íng spherical and parabolic dispersíon relatîonshíp of 

Ez-hzk2. - ---
2m. 

where m. is thεeffectíve mass , and by assuming L", = 
Ly = Lz = L for sîmplícìty , we have calculated the Fer
mílevels ìn quantum dot , wire and well 部 functions of 
the electron density and the results are presented ín 
Fîg. 1. The three-dimensíonally-extended system 
(bulk) îs presented for comparison. As would be ex
pected , the Fermi level converges to the one of the 
bulk material when L încreases , and the occupation of 
hîgh-energy states ís clearly reflected (especíally în the 
quantum dot when L ís smal日， whîch appear as steps 
扭曲e Ef - n relatîonshíp. The steps are due to the fact 
that the Fermî level locates betwéen the hìghest oc
cupîed stah王 and the lowest empty state. When the car-

rier densíty ís íncreased to such a value that one more 

s蚀te becomes occupíed , the Fermì level jumps from 

below the state to above the state. 白le jump ís stíll síg

nmcant în the quantum wí町， ít is however replaced by 

a slíght increase în the slope ín the quantum well sys

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

(18) 

(19) 

1.5 

1.0 

0.5 

〉
曾
d
a
z
-
-
a
g
h

lence band. 

T=300K 
0.0 

10" 10" 
Carrier population density /1目n'

Fig.l Fenni levels 臼 functions of concentration of injected 
carners. The thicker lines coπespond to the hulk material 
Arrow îndicates the íncrease of L (1∞，Z∞，4∞幻

10口1016 
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1 (18) 1 ~ f 2dK 
n = L -4 (277")2 E,. + E" - El2 . 

, 1 + exp( T -) 
KB 

where E, denotes the energy sublevel due to the quan

tum confinement. E/,I,2 denotes the Fermi level in the 
0-, 1-, and 2-dimensionally extended system. The 
quantum dot is three-dimensionally confined (O-dimen
sionally extended), the quantum wire is I-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 

t;2 k2 

Ei = 2m.' (19) 

where m· is the effective mass, and by assuming L", = 
Ly = 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 Ef - n relationship. The steps are due to the fact 
that the Fermi level locates between 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 .,-------r------rr-------, 

Dot Wire . Well 

1.0 

~ 
j 

0.5 ·e 
~ 

0.0 

1016 Ion 10" 10" 
Carrier population density /cm' 

Fig. 1 Fenni levels as functions of concentration of injected 

carriers. The thicker lines correspond to the hulk material. 
Arrow indicates the increase of L (lOO,200,400A) 

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 I/1icv in 

Eq.(17). 

The optical gain is obtained due to 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. , I( Ei .) --0 when , 
E k , > Ef' Similarly, the high-hole-energy states are not 

occupied by holes, it is occupied by electrons so that I 
( E k ) --I. Population inversion requirement is thus not 

J 

fulfilled in this short wavelength region, so that g( 1icv ) 

< 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 1018 cm -3 , 

we obtain optical gains in ID, 2D and 3D systems, 

while the optical coefficient g ( 1icv) of system 0 D is 

negative in the whole optical wavelength region under 

investigation. It is noticed that the density of states of 

the OD system is 2/L3 at each energy level, where the 

factor of 2 accounts for the spin degeneracy. It is 2 X 
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Fig. 3 The optical spectrum of a quantum dot system as a 
function of the device temperature. L = 1∞Åandn=lx 
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Fi墨. 2 Optical spectra of low-dimεnsional systems. L 

1∞λ ， T=3∞K. Inte军.er 0 ,1.2 , and 3 indicate the dimen
sionalìty of the system. Numerical values on the right sides 
of the highest peaks peaks in (b) and (c) are the peak in
tenslues 

photons. However , close investìgation in thís transpar

ency region reveals that below the energy band gap , g 

(缸片<O. The problem was discussed by Coldren and 

Corzine in the context of the lineshape broadening[ 9] , 
that the delta functÍon in Eq. (17). which is due to 

the ener军y conservatíon , must be replaced by 

f 
(E乌 - Ek, + 先ω )2 +r2' 

。r other forms to ìnclude energy rel阻ation processes 

[ 10-14] , where 1iI r is the lìfetime of carrier , which 

is aboutO.l ps(r=6.6meV). 骂他en 元ω<E，;-lOr ，

F 
2' (21) 

(E马一旦ι+ 缸，)2÷FZ 〈 EKJ-EKz+hω)
which varies slowly wìth carrier' 8 energy , g ( Iilù) be

comes negative after the pe主formance of the integration 

in Eq. (17) over k i and 鸟， since the popu1ation ínver

sion occurs only near the conductíon-and valence-band 

edges. The optical ab创rption rate reduces when the dí

mensionality of the system is reduced due to the Ín-

(20) 

101ß cm- 3 when L = 100Á. The ground levels (electron 

and hole) are thus only half occupied when the injec

ted carrier density is 1 X 10 1且cm -3 at zero tεmperature ， 

í.e , f(E ðJ ) =f(E曲) = O. 5 so that the optical coeffi

cient g( htò) =0 at htò = E ðJ - E曲， where E ðJ and E呻

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 th础

。， 5. 在le thermal excitation of the holes in the valence 

band are more intensive than thεone of electrons due 

to the small energy sep缸'ations between energy states 

(large hole e能ctive mass) , so that the population ìn

version betweεn the two ground levels is not estab

lished , resultíng in a negative optical coefficient. The 

physical phenomenon is demonstrated ín Fig. 3. 

A threshold value for the populatíon inversion is 

thus concluded in the quantum dot system for optícal 

gain , namely , two energy stat出 must be more than half 

occupíed befo陀 the optical coefficient of the transítion 

between the 
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gain) . 

Anoth号r striking feature in Fig. 2 ìs about the 

peaks corresponding to the energy sublevels in the low

dimensional systems and the peak lineshapes corre

spondíng to the dimensíonality-dependent densities of 

states[5] . 

白le optical transparency (g( 险。=0) in the long 

有avelength region is normally expected when the pho

ton energy Ís smaller than the ener苍y band gap , simply 

because there is no carriεr available to interact with 

po81tIve becomes states two 
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Fig. 2 Optical spectra of low-dimensional systems. L = 
looA, T = 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 (c) are the peak in

tensities 

101S cm- 3 when L = looA. The ground levels (electron 

and hole) are thus only half occupied when the injec

ted carrier density is 1 x 10lilcm -3 at zero temperature, 

i. e, f( EtfJ) = f( E,f.) = O. 5 so that the optical coeffi

cient g( htv) =0 at htv = EtfJ - E,f.), where EtfJ and E,f.) 

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 than 

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 that the population in

version between the two ground levels is not 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 hefore the optical coefficient of the transition 

hetween 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 ( 1iuJ) = 0) in the long 

wavelength region is normally expected when the pho

ton energy is smaller than the energy band gap, simply 

hecause there is no carrier available to interact with 
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Fig. 3 The optical spectrum of a quantum dot system as a 

function of the device temperature. L = looA and n = 1 X 
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photons. However, close investigation in this transpar

ency region reveals that below the energy band gap, g 

( htv) < O. The prohlem was discussed hy Coldren and 

Corzine in the context of the lineshape hroadening[ 9] , 

that the delta function in Eq. (17). which is due to 

the energy conservation, must be replaced by 

r (20) 
. (E k] - E hi + liw) 2 + r2 , 

or other fOnDS to include energy relaxation processes 

[ 10-14] , where hi r is the lifetime of carrier, which 

is about 0.1 ps( r =6. 6meV). When htv <E,; -lOr, 
r r 

( 
2 2 = 2' (21) 

Ek - Ek + hw) + r (Eh - Ek + liw) 
'} ! J I 

which varies slowly with carrier's energy. g ( htv) be-

comes negative after the performance of the integration 

in Eq. (17) over k i and kj' since the population inver

sion occurs only near the conduction-and valence-band 

edges. The optical absorption rate reduces when the di-

mensionality of the system is reduced due to the in-
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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 r ，g(}i(cJ) when 

}i(cJ<Eg，resulting in a complete optical transparency． 

However，an infinitely-long lifetime of carrier is not 

physica1． 

Th e 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 

W e have studied the optical properties of low-di- 

mensional systems by theoretically calculating the com- 

plete optical spectra． Th e optical spectrum in general 

consists of an optical transparent，an optical gain
，
an d 

an optical absorption regime．Red ucing 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 states of the quantum dots． a threshold 

population inversion exists for optical gain
．  
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creased energy band gap , as clearly demonstrated by 

Fig.4. The anomalous increase of the optical absorp

tion in the 华lantum dot Îs due to its unique delta

formed density of states , whereas extended states exist 

in other systems. 

On the other band , when r • 0 , g( 加)→Owh栩

如 < E 8' resulting in a complete optical transparency. 

However , an infinitely-long lifetime of carrier is not 

physical. 
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3 Summary 

We have studied the optical properties of low-di

mensional syst号ms by theoretically calculating the com
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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. 
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Iiw < E 8' 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 absorption 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 states of the quantum dots, a threshold 

population inversion exists for optical gain. 
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