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Abstract The subband SWcture of a two-dimensional electron gas (ZDEG) in an Si Sdoped 
AI,Gal-,As-GaAs-Al,Ga~_,As single quantum well is calculated in the envelope function 
approach at zero t e m p e m .  A model is developed in which the confinement potential energy, 
the subband energies and wavefunctions. the total electmn density and the electron density in the 
different electronic subbands and the depletion lengths can be calculated as functions of known 
material properties and growth parameters only. A detailed theoretical sNdy of the influence 
of Si 6 doping in the GaAs layer on the electronic structure is presented for single quantum 
wells. The conditions which have to be satisfied to form a ZDEG in the smcture are obtained 
analytically. The main effect of the presence of an Si S-doped layer in GaAs on the electronic 
smcture of the quantum well results from an extra confinement potential and from the smaller 
depletion lengths in the modulation-doped AlGaAs layers. 

1. Introduction 

Over the last two decades techniques such as MBE and MOCVD have made it possible to grow 
alternately atomically smooth layers of different semiconductors such as two-dimensional 
(2D) electron systems. Together with modulation doping techniques these sbuctnres have 
very interesting and important properties both for device applications (HEW [l] and quantum 
well laser [2], etc) and for observations of new ZD effects (quantum Hall effects [3], 
electro-phonon resonance effects [4], etc). One of the central problems in designing and 
applying these 2D semiconductor devices is the determination of the electronic subband 
structure which plays an essential role in determining almost all physically measurable 
properties. Experimental measurements, such as of Shubnikov-de Haas oscillations, Hall 
effects, photoluminescence and photoluminescence excitation are often used to determine 
the electronic states of 2D systems. Theoretically self-consistent calculations such as those 
proposed by Ando [5] and Stem and Das Sarma 161 provide powerful tools in calculating 
the electronic structure of 2D semiconductor systems such as heterojunctions [ H I ,  &doped 
layers [9], single quantum wells [10-13], and recently, parabolic quantum wells [14]. In 
1985 Hurkx and van Haeringen [8] proposed a theoretical model to determine the electronic 
structure in a selectively doped AIGaAdGaAs heterostructure. The main merits of this 
model are that the electronic states can be calculated by taking into account the known 
material properties and the sample growth parameters only and that the effect of depletion 
is included. This model has been successfully applied to calculations in heterojunctions [8] 
and single quantum wells [13]. 

In this paper we present a detailed self-consistent calculation on the AI,Gal-,As-GaAs- 
A1,Gal-,As (with c being the aluminium content) single-quantum-well (SQW) systems in 
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the cases with and without Si 6 doping in the middle of the quantum well (Qw) layer. The 
selectively doped AIGaAs-GaAs-AIGaAs SQW systems have been an important category 
of 2D electron structures, due to their potential application to, e.g., SQWT [12] and FET 
[ 151 devices. In practical applications of these electronic devices it is desirable to have 
large electron densities in order for example to minimize the resistance. A possible way 
to generate a larger electron density in a SQW system is to dope Si in the well layer [16]. 
Doped Si in the GaAs layer will play the role of donor. With present day techniques it 
is possible to control the concentration and doping profile and to obtain a doping profile 
with a very narrow thickness (so called 6 doping). The electronic properties in Si 8-doped 
SQW systems have recently received attention [ 171. For the above-mentioned applications 
and for guidance in design of devices it would be valuable to calculate, for instance, the 
electron density, the energies, and the wavefunctions of the electronic subbands, and electron 
distribution along the direction of the confinement potential as well as the depletion lengths 
from growth parameters (concentrations of the donor and acceptor dopants, spacer distances, 
AI content, concentration and thickness of the &doped layer, width of the quantum well 
layer, etc) and from material properties (effective masses, conduction band discontinuity, 
donor binding energy, etc). Furthermore it would be valuable to look into the influence 
of the 8 doping in the well layer on the electronic structure of the SQW, and this is the 
motivation of our present study. In this paper we generalize the model proposed by Hurkx 
and van Haeringen in [8] to the selectively doped AIGaAs-GaAs-AIGaAs single-quantum- 
well systems in the cases with and without 2 doping in the GaAs layer. The method of our 
self-consistent calculation is described in section 2. The numerical results are presented and 
discussed in section 3 and the conclusions are summarized in Sec. 4. 

W Xu and J Mahanry 

2. Outline of the model and the calculation 

The present paper describes a self-consistent calculation on a single quantum well which 
consists of a GaAs layer (with a width L )  adjacent to two Al,Gal_,As layers; an Si 8-doped 
layer (with a thickness wd) is located in the middle of the GaAs layer. The sample structure 
is depicted in figure 1. For the model calculation we consider the following conditions. 

Figure 1. Schematic diagram of an Si &doped AI,Ga~-,A&aAs-A~Gai-,As single quantum 
well. c is the aluminium content, Wd the thickness of the &doped layer, L the width of the 
quantum well, si and sz are the spacer distances, and di and d2 am the depletion lengths. 
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(1) The AlGaAs layers are uniformly doped with Si with the concentration N. except for 
the (spacer) layers of widths SI and SZ, respectively, measured from the interfaces between 
GaAs and AlGaAs. These modulation-doped Si in AlGaAs will play the role of donors. 
These donor levels are all supposed to lie zt an energy Ed (donor binding energy) below 
the conduction band edge of AIGaAs. 

(2) The modulation-doped Si in the two AlGaAs regions are not completely ionized. By 
taking the depletion effect into consideration we suppose that the doped Si are only ionized 
within the (shaded) regimes -dl c z c -SI - L j 2  and s ~ + L / 2  .c z c dx, respectively. The 
depletion lengths dl and d2 will be determined in the following self-consistent calculations. 

(3) The GaAs layer along with the Si-undoped AlGaAs spacer layers is slightly and 
uniformly doped with acceptors with the concentration Na. For a sample without heavy 
acceptor doping and with a relatively thin GaAs layer, we may assume that all the acceptors 
are ionized and may neglect the influences of both the acceptor levels and the band gap in 
the CaAs. For a high-quality sample the acceptor concentration is very small in comparison 
with the doped donor concentration; we may neglect the influence of acceptors in the Si- 
doped AlGaAs regimes and in the 8-doped GaAs regime. 

(4) In the &-doped layer when the concentntion of doped Si (Nd) is below the saturation, 
i.e., Nd c 4 x IOx5 m-3, we assume that all the &doped donors are ionized and uniformly 
distributed within the regime of W, for the sake of simplicity. We neglect the diffusion of 
6doped Si in GaAs. 

(5) Due to thermodynamic equilibrium the Fermi energy EF is constant across the device. 
As pointed out in [SI and [13] at T = 0 K and for a donor-doped 2D semiconductor system 
EF can be taken as the highest populated level which is the donor level Ed in AIGaAs, 
i.e., EF = Ed. This assumption is based on the thermodynamic statistics in impurity 
semiconductors [IS]. 

In general the electronic states for the two-dimensional electron gas (ZDEG), such 
as that realized in &doped SQW systems discussed in this paper, are described by the 
Schrodinger equation for the eigenfunction and eigenvalue and by the Poisson equation for 
the confinement potential. These have to be solved together self-consistently. To simplify 
matters we assume, in accordance with the above-quoted references [5-141, the confinement 
potential energy seen by electrons depends only on the coordinate z perpendicular to the 
interfaces. Applying the envelope function approach to the effective-mass formalism leads to 
envelope functions of the kind *(R) = eik"@"(z) with the corresponding energy spectrum 
of the electron &(]E) = E ( k )  + E", where R = (T,  z) = ( x ,  y. z), IC = (kx,  ky ) .  Further, 
when the parabolic band struchne is considered, E(k)  = frzk2/2m* is the kinetic energy 
for free electron motion in the xy plane with m* the effective electron mass. Here the 
electron wavefunctions along the z direction @n(z) and the electronic subband energies E, 

for a 8-doped AI,Gal-,As-GaAs-AI,Gal,As SQW are determined by the one-dimensional 
Schrodinger equation 

where for ALGal-,As/GaAs systems the effective electron mass ratio can be obtained by 
[191 
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with m, the electron rest mass and m; the effective electron mass for GaAs, i.e., for c = 0. 
The confinement potential energy in equation (1) is given by 

W Xu and J Mahanty 

U ( Z )  = U~(Z) + Uxc(z)  + (3 
where AE&) is the conduction band edge discontinuity; in the well (i.e., in CaAs) 
AE&) = 0 and in the barrier (i.e., in A1,Gal-,As) AE,(z) = U, which can be calculated 
by [I91 

U0 N 0.6(1.155c + 0.37~’) (in eV). (4) 
Further, U&) = -ep&), with the electron charge -e and the potential P&), results 
from the exchange and correlation effects in the density-functional theory (DFT) [20, 211, 
and Uc(z) = -epc(z). with pJz) the Hartree potential, is the Coulomb interaction term 
resulting from charge interaction and can be determined by the Poisson equation 

p(Z) = -e ’ 

with p(z)  the charge density and K the dielectric constant of the material. In this paper 
we ignore the difference in K between the two materials GaAs and AlGaAs because of the 
relatively weak effect [13] and we assume an isotropic K in the sample system. 

In general the exchange-correlation potential energy is an unknown functional U&) = 
Uxe[n(z)] of the electron density n(z) .  In the practical calculations one is often forced to take 
some simple approximations to obtain the functional form of Ure[n(z)J.  One of the simplest 
and most popularly used approximations is the local-density approximation (LDA) [22] which 
has been successfully applied to calculate the ZD electronic structures of heterojunctions [6], 
SQW structures [ l l l ,  and parabolic quantum wells [14]. In this paper an analytic form 
proposed by Hedin and Lundqvist [U] is used for calculating U&) through 

2R; 
U,(z) = Uxc[n(z)J = -[I +0.7734gIn(l + g-’)l- rar, (6) 

where 01 = (4/9r)’I3, y = y(z) = rJ21, the effective Rydberg constant is given by 
R; = e2/(8rKa*) with the effective Bohr radius a* = 4r~h’/[e’m”(z)], and the parameter 
r, is defined by 

‘ n ( z )  z < -dl 
n ( z )  - Ns - d l  < z  - L / 2 - s l  
n(z)  +NE - L j 2 - s ,  < z < - w d j 2  
n ( 2 )  - Nd 

n(2) + Na 
- wd/2 < Z < wd/2 
ivd/2 4 Z < L / 2  + SZ 

n ( z )  - NI L/2  + sz < z < 4 
.n(z) z > 4 
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where a conventional SQW structure (without 6 doping in the GaAs regime) can be obtained 
by taking W, + 0 and Nd + 0. We note that the present calculation on the conventional 
sQw systems goes beyond the work by 1131 through considering (1) the djfferent effective 
electron masses in AlGaAs and GaAs and (2) the effect of asymmetric modulation doping, 
i.e., possibly s, # SZ. At T = 0 K and referring the energy to the minimum of the 
conduction band edge in the well, the electron density along the z-direction is given by 

with O(x)  = 0 ( x  < O), 1 (x  > 0) the unit-step function. Here we have used the definition 
of the density of states (DOS) for a 2DEG 

mx 
D(E) = Q ( E  - E ~ )  

nfi n 

from which we can also calcutate the sheet electron density in different electronic subbands 
and the total electron density per unit area, respectively, through 

In the above we have used the effective electron mass of the well layer as the representative 
density of states effective mass. As pointed out by [ 131 the sheet electron density depends 
very little on the temperature up to 100 K our theoretical results obtained from zero- 
temperature calculations may be compared with the experimental data obtained at non-zero 
temperatures. 

To solve equation (5 )  with the charge distribution given by equation (7). we need to 
define the boundary conditions. Since the confinement potential energy in the regimes 
outside the depletion lengths (z < -d, and z > dz) depends very little on the distance 
we can integrate both Schrodinger and Poisson equations from --CO to +co along the z 
axis. By following what was proposed by [SI and by assuming that the Fermi level of the 
whole SQW structure is identified with the donor level at T = 0 K, at z + f co  we have 
U(*co) = Ed. Furthermore, the nature of ?hn(fco) = 0 for the eigenfunctions, taking into 
account the depletion effect, leads to the following boundary conditions: 

Using the above boundary conditions and using the continuities of U&) and dU,(z)/dz, 
after integrating equation (5)  twice we obtain 



The continuities of dU,(z)/dz and U,(z) at z = 0 lead to, respectively, 

NT = [, dz n(Z) = Ndwd + Ns(di + dz - L - S i  - S2) 
03 

- Na(L 4- S I  + Sz - wd) (134 

which can also be obtained from the Gauss law and from the charge neutrality condition, 
and 

(136) 

For symmetric modulation doping, i.e., for S I  = SZ, equation (13b) leads to di = dz. dl # dz 
for asymmehic doping st # sz. By solving equations (13) we can determine the depletion 
lengths dl and dz which make dU&)/dz and U&) continuous along the z direction. When 
the solutions satisfy d l  > L / 2  + S I  and dz > L / 2  + s2 (i.e., there are some ionized donors 
in the modulation-doped AlGaAs layers) along with NT > 0 (i.e., the ZDEG is formed), 
the chosen growth parameters, such as the spacers (sl and SZ), the width of well ( L ) ,  the 
width of 6 doping ( w d ) ,  and the doped donor and acceptor concentrations (Nd, N,, and 
Na), lead to the formation of a 2DEG in the quantum well. Namely, equations (13) give the 
conditions which have to be satisfied to obtain the 2DEG in a &doped SQW structure. This 
would be helpful to guide device design. In this paper we deal with the situation where 
there are ionized donors in the doped AlGaAs regimes. Our model calculation shown above 
is invalid in the case where the selectively doped donors in AlGaAs layers are not ionized 
at all (di < L / 2  + si, i = 1, 2) or in the case without modulation doping in AIGaAs. 

N. 2 
NS 

d: - d; = (1 + ~ ) ( s i  - s d ( L  +si + s2) + - M O )  -MO)]. 
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3. Numerical results and discussions 

In this paper our calculations are performed for AIGaAs-GaAs-AIGaAs single quantum 
wells by taking the following material parameters: (i) the effective mass of GaAs 
m; = 0.0665m. and (ii) the dielectric constant of GaAs K = 12.9. For donors induced 
by doping Si in the AlGaAs region the donor binding energy Ed is taken as a typical value 
[13] Ed = 96 meV. The growth parameters can be taken from the experimental data. In 
all calculations we use a typical acceptor concentration N. = 2 x IOm m-3 and we use AI 
content c = 30% which leads to a conduction band discontinuity U, 227 meV at the 
interface between AI,Gal-,As and GaAs and to an effective electron mass m’ N 0.0929me 
in AlGaAs layers, according to equations (4) and (2). respectively. 

Applying the ‘turning point’ technique to the Numerov algorithm 1241, the Schrodinger 
equation can be solved by using the boundary conditions @&ca) = 0. We find this 
technique is very suitable for solving Schrodinger equations with different effective masses. 
The Poisson equation is solved by an iteration technique. In our self-consistent calculations, 
the iteration is interrupted when maxlUj+l(z) - Uj(z)l, i.e., the maximum difference of the 
total confinement potential energy between two successive iteration steps j and j + 1. is 
smaller than 0.1 meV. 

The numerical results of the total confinement potential energy and the electron density 
as a function of the distance along the direction perpendicular to the interfaces of an SQW 
are shown in figure 2 ( L  = 8 nm= 80 A) and figure 3 ( L  = 14 nm= 140 A) in the situation 
with (solid curves) and without (dotted curves) 6 doping in the well layer at fixed spacers 
SI = sz and donor and acceptor concentrations. In figures 2 and 3 the energies of the 
different electronic subbands are also shown for the cases with and without 6 doping. The 
dashed curves, obtained from the difference between the total confinement potential energy 
in the case with 6 doping (solid curves) and in the case without 8 doping (dotted curves), 
show the net influence of the 6 doping on the total confinement poteutial energy. The 
presence of the &doped layer will (i) lower the total confinement potential referred to the 
Fermi level and (ii) enhance the separation between occupied electronic subbands and Fermi 
level, and consequently a larger electron density can be obtained in the &doped structures. 
From figures 2 and 3 it can be seen that the influence of the 6 doping on the electronic 
states of the SQW results from (i) an extra confinement potential (dashed curves in figures 
2 and 3) which is caused mainly by the Coulomb interaction of the ionized donors in the 
&doped layer and (ii) smaller depletion lengths (see the captions of figures 2 and 3) in the 
selectively doped AlGaAs regimes. It is interesting to note that with the &doping technique 
one can obtain a rectangular profile of the confinement potential energy (see figures 2 and 
4). The influence of the &doped donor concentration on the confinement potential energy 
is shown in figure 4. The net potential energy induced by the S doping (see figure qb))  
increases with increasing doping concentration. The asymmetric structure of the potential 
profiles is caused by the asymmetric modulation doping SI # sz. Our numerical results 
presented in figures 2 4  show that the presence of a &doped layer in the middle of the 
quantum well can vary markedly the total confinement potential both in position referred 
to the Fermi level and in its profile. In figure 4(b) the maximum potential energy caused 
by 6 doping can be observed up to 36 meV in comparison with the conduction band edge 
discontinuity U0 N 227 meV at c = 0.3. 

The dependence of the electronic structure on the width of the quantum well is presented 
in figure 5 where we plot (a) the total electron density per unit area NT and the electron 
density for the occupied electric subband Nn, (b) the energies for the different subbands &n 

and the Fermi energy EF and (c) the depletion lengths as a function of the width of the 
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-20 0 20 

z (nm) 
Figure 2 (a) The confinement potential energy and (b) lhe electron density a a function of 
lhe distance along the L axis for the sample with (solid curves) and without (dotted curves) 
S doping in lhe well layer. The dashed C U N ~  in (a) is he net confinement potential induced 
by S doping. EF is the Fermi energy (thinner solid curve) and E. is lhe energy level for 
he nlh elecvonic subband. For the wid& of well layer L = 8 nm only lhe lowest subband 
is occupied by electrons. The spacers SI = sz result in the depletion lengths dl = d2. The 
modularion-doped donor cancentration N$ = loz4 and aaeptor concentration N. = 2x IO” 

The concentration and thickness of the &doped layer are Nd = 7 Y 10% m-) and 
Wd = 3 nm respectively. For the sample with (without) 6 doping. the sheet electron density 
NT = No = 2.30 x I O L 6  (1.84 x l0l6 n i l )  and the depletion lengths in the doped AiGaAs 
layers dl - SI - LJ2 = dz - sz - LJ2 = 0.99 nm (9.18 nm). 

quantum well L for fixed spacers, donor density N ,  and acceptor density Na.  The solid 
(dashed) curves are for the sample with (without) 6 doping. With increasing width of the 
quantum well (1) the total electron density increases, (2) the excited states are occupied 
by electrons, (3) the Fermi energy and the electronic subband energies (measured from the 
minimum of the conduction band edge in the GaAs layer for the &doped system (solid 
curves) and from the potential energy close to the interface in the GaAs regime for the 
SQW without S doping (dashed curves)) decrease and (4) the depletion lengths increase. 
The longer depletion lengths imply that more donors in the AlGaAs regimes are ionized, 
which leads to the increase of the total electron density. Figure 5 shows that the electronic 
structures of the SQW in the cases with and without 6 doping have a similar dependence on 
the width of the quantum well except for which the larger electron densities and the smaller 
depletion lengths can be observed in the presence of the &doped layer. 
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Figure 3. The confinement potential energy and the electron density as a function of the 
distance in the L direction. The lines and the parameterr an same as in figure 2 except for 
taking L = 14 nm which leads to two-subband occupancy. For the sample with (without) S 
doping, NT = 3.78 x 10l6 m'? (2.84 x lot6 m-*). Nu =2.72 x 10l6 (2.22 x 10l6 m+), 
NI = 1.06x10'6m~2(6.20x10''m~2)~dd~-s~-L/2=d~-s~-L/2=8.38nm(14.18 
nm). 

The dependences of the electron densities, the electronic subband energies, the Fermi 
energy and the depletion lengths on the thickness and concentration of the Si &doped layer 
in GaAs are shown in figures 6 and 7, respectively, for fixed quantum well width, spacers, 
modulation-doped donor concentration and acceptor concentration. wd = 0 and/or Nd = 0 
correspond to the situation without 6 doping in the well layer. Increasing !vd and/or Nd 
leads to an increase in the ionized donors (note we have assumed that all the &doped donors 
are ionized) and consequently to an increase in the electron densities. In an sQw system, the 
electronic subband energies are mainly determined by the width of the quantum well and 
therefore depend weakly on the 6 doping. With increasing w d  andlor Nd the self-consistency 
between the total electron density and the energies of the electronic subband results in an 
increase of the Fenni energy and in a decrease of the depletion lengths in the doped AlGaAs 
regimes, which lead to a non-linear increase of the total electron density with w d  and N,+ 

In the presence and absence of the &doped layer in the middle of the quantum well 
the total electron density, the electron densities for occupied subbands, the Fermi energy, 
the subband energies and the depletion lengths as functions of modulation-doped donor 
concentration are shown in figure 8. Increasing donor concentration N, in the doped AlGaAs 
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1 .  I I I I 

x r 1-1 
E 2 . .  . . . ' 1  E # E F  

- 0  

-20 0 20 

(nm) 
Flgure 4. (a) The mal confinement potential energy and (b) the net confinement potential 
energy induced by S doping as a function of lhe dislance along the z axis for different 6 doping 
conditions: Nd = 0 (thinner solid culve). 3 x loz4 m-3 (dotted curves) and IOz5 n r 3  (lhick 
solid curves). N, = 2 x 10u n r 3  and N. = 2 x IO" w3. The asymmetric structure of the 
potential energies is caused by asymmevic modulation doping SI # q. 

regimes leads firstly to an increase in the electron densities and then to the saturation of 
the total electron density because of decreasing depletion lengths. This process implies 
that the total number of ionized donors in the sample system increases and then becomes 
roughly constant. For samples where N, < N,, the total number of ionized donors is given 
by NT - NdWd, with NT, Nd and Wd being constants, according to equation (13a). For 
such a large Ns that the depletion length di - L / 2  - sj < 1 nm (i = 1, 2) is reached, 
which is the case for Ns > 2 x l@ m-3 in figure 8, the theoretical results are not very 
reliable because now (a) the depletion length is of the order of the lattice constant which 
is a - 0.6 nm for AlGaAs (small values of the depletion length are not accurate for a real 
experimental device), (b) the distance between donors in AlGaAs becomes large (e.g., for 
Ns = 2 x IOz m-3 this distance is about 3.7 nm) compared to the depletion lengths and 
(c) impurity conduction in the AlGaAs layers may occur in the sample and normally can 
be observed by parallel conductance experimentally. 

The influence of the spacer distance on the electronic structure of the SQW systems 
in the presence and absence of a &doped layer is shown in figure 9 and figure 10 where 
we plot the electron densities, the Fermi energy, the energies of the electronic subbands, 
and the depletion lengths as functions of spacer distance in the cases of symmetric (figure 
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5 10 15 20 

Figure 5. (a) NT and N., (b) e, and En m u t e d  from the minimum of the conduction band 
edge in the GaAs layer for the &doped sQW and M m  LI(-L/2 + 0)  (note U ( - L / 2  + 0) < 
U(L/2 -  0) when SI -= sd the potential energy close to the interface in the GaAs regime for the 
SQW without 6 doping, respectively, and (c) the depletion lenglhs dl -SI - L / 2  and d2-q - Lp 
as a functions of the width of the quantum well. The solid (dashed) curves are for the sample 
with (without) 8 doping. N, = 2 x IOM m-3. For the d-doped layer Nd = 7 x IO2' m-3 and 
Wd = 2 nm. In tc) the difference between dt -SI - L / 2  (upper curve) and dz - R - Lp flower 
curve) is induced by the asymmetric modulation doping. 

9, Ns = 10% m-3) and asymmetric (figure 10. Ns = 2 x 10% m-3 and SI = 10 nm is 
fixed) modulation doping in the AlGaAs regimes. For the symmetric doping (SI = $2) 

figure 9 shows that the electron densities decrease with increasing spacers because of the 
decreasing depletion lengths. In figure 10 we fix the spacer SI (in the upper doped AlGaAs 
regime in figure I) and vary the spacer sz (in the lower doped AlGaAs regime in figure 
1). With increasing s2 the depletion length in the upper (lower) AlGaAs layer increases 
(decreases) and the total electron density decreases. The nearly identical natures shown in 
(a) and (b) in figures 9 and 10 imply that (i) the effects caused by different doping appear to 
compensate and (ii) asymmetric modulation doping has a weak influence on the electronic 
shucture. However, the marked difference in the depletion layers between symmetric and 
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Figure 6. (a) NT and N., (b) EF and E" and (c) the depletion lengths as functions of the thickness 
of the 6-doped layer for a fixed NJ. In lhe calculations Ns = IOtd m-3 and N. = 2 x IOzo m-3 
are used. SI = a  results in dl = dz, WJ = 0 corresponds to the case without a Sdoped layer 
in the well. In (a) the thinner curve shows Ole variation of NJWJ. 

asymmetric systems (see figures 9(c) and lo@)) may lead to different electronic properties, 
e.g., to different electronic mobility. From figures 9 and 10 it can also be seen that (i) the 
electronic subband energies depend very little on the spacer distances and (ii) the Fermi 
energy decreases slowly with increasing spacer distance. 

Our numerical results show that the inclusion of the different effective electron masses 
in two materials CaAs and A1,Gal,As leads to a slightly smaller (about 3%) total electron 
density than that obtained by taking m*(z) = m:. As an important improvement in the 
present paper we have included the effect of depletion on the electronic structure of SQW 
samples. In our model calculations, the 2DEG will not be formed (i.e., NT > 0 cannot be 
achieved) in the SQW samples in the cases of a small depletion length (4 .c L/2+s i ,  i = 1 
and/or 2). which corresponds to a heavy 6 doping. When such a heavy Si 6 doping in 
the GaAs layer is achieved that NdW, > NT and consequently dl + dZ - L - ST - sz c 0 
(obtained from equation ( I ~ u ) ) ,  doped donors in the AlGaAs layers are not ionized at all. 
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In this case the depletion layers are replaced by accumulation layers, which cannot be dealt 
with by our present model. 

The depletion lengths in the s”Uture can provide the information about the impurity 
dishibutions in a &doped SQW sample, which is of importance to the calculation of, for 
example, the mobility limited by impurity scattering. For the sample depicted in figure 1 
we can model the impurity distribution as 

NS -d l  < z < - L j 2 - ~ i  L / ~ + s ~ c z  <dz 

ni(z)  = Na - L / 2 - s ,  cz c-Wdj2 W d  /2 < z e L/2  t s2 (14) 1 Nd - Wd/2 c z e Wdf2. 

Thus we can calculate the low-temperature mobility by taking the known material properties 
and growth parameters only. 
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Comparing our theoretical results with the experimental data reponed recently [25] for 
the SQW without 6 doping, (1) our results exhibit the correct dependence on the width of the 
quantum well of the total electron density, (2) when the width of the quantum well is around 
L - lOnm = 100 A the subband n = 1 is occupied by electrons, which was confirmed 
by the mobility measurements reported in [SI and (3) our results for the total electron 
density (NT -+ 10l6 m-’) agree with the experimental data for the corresponding growth 
parameters. Quantitatively, the total electron densities obtained from our self-consistent 
calculation are smaller than those reported in [25] when L c 10 nm. It may be noted 
that in OUT calculations the conduction band discontinuity (U,) between materiafs GaAs and 
AlGaAs is obtained from using equation (4). which leads to U0 N 203 meV at c = 278, a 
somewhat smaller value than U0 = 270 meV used in the calculations in  1251. Further, for 
the electron density in the different electronic subbands our self-consistent calculation gives 
slightly different results to those reported in [251, e.g., our result (figure 5(a)) shows that 
the electron density for the lowest subband (n = 0) decreases slightly with increasing width 
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of quantum well when the excited states (n = 1) are occupied in contrast with the rather 
marked decrease observed in [25]. Most published experimental data [16, 17, 261 on the 
electronic states of the &doped SQW structures were obtained by photoluminescence (PL) 
and photoluminescence excitation (PE) spectroscopy as well as C-V profiles. In figure 5(b) 
OUT results for the 8-doped quantum well showed that the Fermi energy measured from the 
minimum of the conduction band edge in the GaAs layer decreases with increasing width 
of the quantum well layer, which agrees with the experimental result reported in [26] where 
the Fermi energy of the Si &doped quantum well was measured by using pL spectra with 
the thickness of the well layer varying from 5 to 20 nm. Our result for the profile of the 
confinement potential energy in a &doped SQW structure (see figures 2 4 )  did not show the 
structure expected in [26]: the electronic subband is located in the potential well caused by 
6 doping (see figure 3(a) in [26]). This is because ( I )  the actual conduction band bending 
has been included within our calculations and (2) we used a relatively small width of QW 
L c 22 nm. The larger the well width is, the stronger the influence of the 6 doping will 
be, and consequently for a large enough L the electronic state will be in the potential well 



4760 W Xu and J Mahanty 

'i 
€ *  z 
G *  
0 

p p i  
- 0  - - - - - - _ _ _  
e 

0 x ,  
W 
C O  
W O  _ _ _ _ -  EO 

- - -7 
\ ,d,-s,-L/2 

d2-S2-L/2 

0 10 20 30 

s2 (nm) 
Figure 10. The dependence of the electronic properties on the spacer sz for fixed SI. L and 
N, = 2 x m3. N,, Nd and Wd are the same as in figure 8, and the lines are as in figure 5. 

caused by 6 doping. 

4. Summary and conclusions 

In this paper we have developed a simple self-consistent calculation on the electronic 
structure of Si &doped AI,Gal-,As~;aAs-AI,Ga,_,As single quantum wells at zero 
temperature. This model is a generalization of the self-consistent calculation proposed by 
Hurkx and van Haeringen in [8] in calculating the electronic states of the heterojunctions. 
In the calculations the inputs are ( i )  known material properties, such as effective electron 
masses, conduction band discontinuity, dielectric constant and donor binding energy and 
(ii) growth parameters, such as concentrations of the acceptor and modulation-doped donor 
dopants, spacer distances, AI content and concentration and thickness of the &doped layer. 
As outputs our calculation gives (1) the confinement potential, (2) the energies and the 
wavefunctions of the electronic subbands, (3) the electron distribution function along the 
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direction perpendicular to the interfaces of the two materials of GaAs and AIGaAs, (4) 
the depletion lengths, (5) the total sheet electron density and the electron densities in the 
occupied electronic subbands and (6) the Fermi energy measured from the minimum of 
the conduction band edge of GaAs for the &doped SQW. We have included the fact that 
the electron effective mass in GaAs differs from that in AlGaAs in our self-consistent 
calculation. Our model can also be applied to the situation with asymmetric modulation 
doping, i.e., to the case of st # SI. We studied the influence of the width of the quantum 
well, the selectively doped donor density, the spacer distances and the presence of a 6- 
doped layer in the well layer on the electronic structure of the SQW systems. Further, the 
results obtained from our theoretical calculations were compared with those obtained from 
experimental measurements. Our conclusions are summarized as follows. 

In our model calculations the interesting physical quantities are obtained from known 
material properties and growth parameters only. Increasing width of the quantum well leads 
to a larger total electron density and to the occupation by electrons of the higher electronic 
subbands. A larger modulation-doped donor concentration andlor a smaller spacer distance 
result in a larger total electron density in an SQW structure, which is similar to the case 
of selectively doped AIGaAdGaAs heterojunctions. In the single quantum well systems, 
the electronic subband energies are mainly determined by the width of the well layer and 
depend weakly on the modulation and 8 doping. 

The presence of a 8-doped layer in the middle of the quantum well layer results in (i) 
an extra confinement potential which is induced mainly by the Coulomb interaction and (ii) 
smaller depletion lengths in the modulation-doped AlGaAs layers. In the presence of this 
extra confinement potential energy, (i) the total confinement potential energy will be lowered 
in referring to the Fermi level and (ii) the separation between the energy of the occupied 
electronic subbands and the Fermi energy will be enhanced, and consequently a larger total 
electron density as well as larger electron densities in the occupied electronic subbands can 
be obtained. The smaller depletion lengths in a &doped SQW imply a non-linear increase in 
the total electron density with increasing concentration and thickness of the 6-doped layer. 
In our model calculations on the 8-doped SQw we assumed that all the &doped donors 
are ionized, which leads to a relatively weaker dependence of the total electron density on 
modulation doping, compared to the results obtained for the conventional SQws. For the 
case of heavy modulation doping, the total electron density per unit area in an SQw with and 
without S doping depends very little on the concentration of the modulation-doped donor, 
and the total number of ionized donors in AlGaAs regimes is roughly a constant given by 

The inclusion of different effective electron masses in the different materials leads to 
a slightly smaller total electron density than that obtained from taking m*(z) = m;. The 
depletion lengths obtained from the cdculations are useful to guide device design and for 
further calculations regarding the impurity distributions, e.g., to the calculation of electronic 
mobility. 

The results obtained from our self-consistent calculations agree with those obtained 
from the experimental measurements. For example, our theoretical results exhibit a correct 
dependence of the total electron density and the Fermi energy on well width and describe 
correctly the occupation by electrons of the electronic subbands, 

NT - NdW,j. 
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