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Abstract 

In this paper we analysed the influence of unbounded states on electron con­
centration in n-modulation doped quantum well. The expression derived for unbound 
electron concentration is general and applicable for any s_ymetric structure with its paten-· 
tial vanishing at infinity. The influence •of effective mass mismatch is also discussed. 

The numerical results are given for GaAs quantum wells, 3 nm - 20 nm thick, 
at temperatures T = 77 K and 300 K. Relative concentration of unbound electrons is con­
siderably for lower mole fractions x (independent of well thickness) and for longer values 
of x (for thinner wells). The results obtained may have implication on HEMT design. 

1 . INTRODUCTION 

With the advent of the technology for creating high-quality quantum wel ls 
(OW) and superlattices has come a remarkably rroad and promising vista of future new
semiconductor physics and device applications 1 . Therefore, the nature of the e lectronic
states in such structure is of �reat current interest, because semiconductor OW as known
to efficiently col lect carriers2 

The first step of OW analysis is the determination of e lectronic structure. 
Papers concerning this subject mostly treated only the discrete part of energy spectrum, 
(bound states� which certainly is of greatest importance in some applications. The treat­
ment given in included unbounded states solved in a model system consisting of a single 
we l l  surrounded by finite length barriers ending with infinite potential step (i.e. it deals 
with bound states of the ful l  system). 

In this paper we shall consider unbound states exactly, and also their influence 
on total e lectron concentration. 
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2. DETERMINATION OF E LECTRON CONCENTRATION I N  QUANTUM WELL

A quantum well compraises a thin semiconductor layer (GaAs) , tens or hund­
reds of angstroms thick, imbeded in a higher band gap semiconductor bulk (AlxGa1 -xAs) . 
Considering an n-doped structure, the hole concentration is regligible. 

I nitia l ly, we consider the same structure a�)
in2 , having only discrete states,

and use the expression for local electron concentration : 

1 
n(z) = -

1T 
( 1 )  

where fFo is the Fermi -Dirac d istribution function, Ei( k/ )  - the i-th level k/ dependen­
ce and I/Ii kt(z) the e lectron envelope wave function. With increasing L the number of 
states above the wel l  increasis and that in the wel l  remains constant for any definite kt
value (kt is transversal wavevector) . As L � + 00 the band spectrum, for energies above the
effective potential barrier Ueff becomes continuous (Ueff = U0 + ((lr k/ )/2] • (1 /m2 -
- 1 /m1 ), U0 - conduction band d iscontinuity, m1 2 - effective masses in GaAs and 
Al�Ga1 _xAs, respectivel ly) . We take that the well support s d iscrete levels at kt = 0. As 
kt increases, Ueff decreases because m2 < �l and therefore the number of discrete levels
decreases, unti l l  for � = kto = 2U0m1 m2/[It (m2 - m1 ) ]  Ueff equals zero as well as the 
number of bound levels and only the continuous spectrum �rists for kt > kto · Applying 
the box boundary conditions one can derive the expression for total e lectron concen­
tration (d iscrete and continuous spectrum parts) : 

1 
n (z) = niz) + nc(z) = -

1T 

+oo + oo  

s kti 
� f

i= 1 o 

1 
+ -7T2 J dkz J fFo ( kz, k/ ) [v,2

ec ( kz, kt, z) + 1/J�c (k2, kt, z) ] �dkt.
0 0 

(2) 

In (2) kti is the � value inducing the disappearance the i-th discrete level (cer­
tain ly we have kt1 = kt0) ,  and kz is the wave vector component in OW direction. The 
continuous spectrum wavefunctions Vlec and Vlop having even and odd parity are norma­
lized in such way to take the form sin (k z + n0 e) in the barrier material .  

We also note that the GaAs/AI Ga1 :xAs/GaAs ( ,,quantum barrier") structure
has only continuous spectrum for � =  0 (�eff < O) .  However for large enough kt the first
bound level appears, and further increase of � even more levels appear. The expression 
(2 ) holds in this case upon substitution s = + 00, �i � + 00 and lower l imit in the first · 
integral should be taken as k* ti (k* ti being the kt value inducing the appearance of i-th 
bound level) . 

3. NUMERICAL RESULTS AND DISCUSSION

As numerica l  examples we g ive results for AlxGa1 _xAs/GaAs/ AlxGa1�xAs
OW having thickness 3 nm and 20 nm, at room and LN2 temperatures. The electrons
belonging to d irect r as wel l  as to ind irect L and X minima were taken into Tccount. The
bulk parameters of host materials were taken from a6rcent review article5 . The valen­
ce-band offse� 6Ev was calcula�ed as 6Ev[ eV] = 0.55 x 
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_ .Jhe ayerage (taken over the well) relative unbounded electron concentration 
r1 = n/(nd + n ) vs. mole fraction x dependence is given in Fig. 1 .  For x = 0 
(AlxGa1 _xAs bulk) r1 is certa inly equal to unity as there are no bound states. With incre· 
asing x, r1 drastical ly decreases and for x �0.3 majority of electrons populates d iscrete 
levels of r - minimum. For thicker wel ls ( 1 0  nm - 20 nm) , r1 remains smal l (< 0.01 ) 
for a l l  x � 0.3. For larger values of x, the direct electrons concentration in bulk become 
negl ig ible as comparf to that of indirect ones and_ Ferm�level sinks deeply below con­
duction band edge E c ( in bulk) . However, barrier hight U O increases (the wel l  deepens) 
and d iscrete levels decrease towards the Fermi level. The majority of bulk electrons popu­
late X minima. The GaAs layer is the barrier for X electrons, so their concentration is 
very smal l  here. For th inner wells (3 nm - 5 nm) , however, we hav:f a somewhat d ifferent 
situation because for larger x, r d iscrete levels are highly above E c of GaAs (and Fermi 
level, too),  implying a pronounced increase of r 1 for x � 0.6 (T = 300 K) and x � 0.8 
(T = 77 K) . 

,.o 

Fig. 1 .  The average relative unbound electron concentration vs. m�� fraction x dependence 
for 3 nm and 20 nm thick QW in Al�Ga1 _xAs bulk n-doped to 10 cm -3 • 

4. CONCLUSION

A theoretical and numerical analyses of the influennce of continuous spectrum 
on e lectron concentration in n-0oped QW is given in this paper. We derived the expression 
(2) for the total (bound and unbound) electron concentration, val id for any symmetric
structure with vanishing potential at infinity. We discussed the influence of effective mas­
ses d ifference on electron concentration evaluation (appearance - or disappearance - of 
d iscrete levels one after another) . 

Numerical results are given for GaAs QW 3 nm and 20 nm thick imbeded in 
A lxGa1 _xAs bulk and for T = 300 K and 77 K. The influence.of unbound states is consi­
derably for smal ler values of mole fraction x (x � 0.3) but a lso larger x (x � 0.6 or x � 
0.8) and thinner wel l ,  simultaneously. 
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