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We present a theoretical study of the electronic structure of a heavily-®iped layer in a GaAs/
Al ,Ga;_,As/GaAs quantum barrier. In this class of structures the effedDXfcenters on the electronic
properties can be tuned by changing the@&,; _,As barrier width and/or the Al concentration, which leads to
a lowering of theD X level with respect to the Fermi energy without disturbing the wave functions much. A
self-consistent approach is developed in which the effective confinement potential and the Fermi energy of the
system, the energies, the wave functions, and the electron densities of the discrete subbands have been obtained
as a function of both the material parameters of the samples and the experimental conditions. The effect of
DX centers on such structures at nonzero temperature and under an external pressure is investigated for three
different models:(1) the Dxﬂc model with no correlation effects(2) the d*/DX° model, and(3) the
d*/DX~ model with inclusion of correlation effects. In the actual calculation, influences of the background
acceptors, the discontinuity of the effective mass of the electrons at the interfaces of the different materials,
band nonparabolicity, and the exchange-correlation energy of the electrons have been taken into account. We
have found thatl) introducing a quantum barrier ini®doped GaAs makes it possible to control the energy
gaps between different electronic subban@;the electron wave functions are more spread out when the
repellent effect of the barriers is increased as compared to thasdaped GaAs(3) increasing the quantum-
barrier height and/or the application of hydrostatic pressure are helpful to experimentally observe the effect of
the DX centers through a decrease of the total free-electron density(4arttie correlation effects of the
charged impurities are important for the systems under s{i80163-18206)06135-9

[. INTRODUCTION In the case thaD X centers saturate the electron density,
) ) correlation effects in the charge distribution in the doping
Two-dimensional electron systems have attracted a lot olfa er are expected to be pres&n® 5-doped structures are
it

attention in the past decade because of the interesting physi eal to study these correlation effects because of the strong
that were observed in them, and because of their device

applications:? In s-doped structures a two-dimensional Interaction between the charged impurities and the free elec-

electron gag2DEG) can be formed with a much higher free- ONS- In this paper we propose a structure in which one can
electron density as compared to the modulation dopedine the influence of correlations on the transport properties
heterostructure$? and a higher electron mobility as com- of a 2DEG.

pared to bulk-doped semiconductdr¥hese are important In order thatDX centers, and thus correlations in the
effects for applications in high-speed electrofiiaad in op-  charge distribution, have any influence on the transport prop-
toelectronic device$.From a fundamental point of view, erties, the Fermi levelHg) has to be resonant with tH2X
S-doped structures are very interesting because one cdavel. It is a well known effect thatDX centers in
study the interaction between the electrons and charged in#l ,Ga; _,As are resonant with thE band at an Al fraction
purities in the limit of very strong coupling and in the case ofof approximately 0.25 or at a hydrostatic pressure of 20 kbar
multisubband transport. in GaAs!! Chadi and Charlg have put forward the general

0163-1829/96/54.1)/79969)/$10.00 54 7996 © 1996 The American Physical Society
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idea that deep centers, like tiEX center, follow the aver- tion band depends on the Al fraction, one can tune the dif-
aged conduction band because these deep, strongly localizéetence between thBX and Fermi levels easily. This is the
centers sample the whole dispersion relation. In GaAs, th&ost important advantage we will discuss in this work.
DX level is positioned at least 200 meV above theTherefore samples can be grown which have a different frac-
conduction-band minimum, and can be made resonant witHon of their “free” electrons trapped orDX centers,

the Fermi level either by raising the Fermi level or by low- whereas other electronlc_parameters of the samples, e.g., the
ering theD X level. The Fermi level can be raised by increas-Shape of the wave functions, are hardly changed. Also, the
ing the doping concentratiod. But in order to reach hydrostatic pressure needed to change the fraction of elec-
E.=200 meV, such high doping concentrations are needefONS trapped o X centers can be modest and tuned to an
that usually self-compensation occifsAn alternative ap- accessible experlmental range O.f. pressures. Thys (?,orrelat]on
proach is to lower the position of tH2X level relative to the effects on, for instance, the mobility can be studied in detail.

conduction band by the application of hydrostatic pressure oix centers have a similar behavior in GaAs and
by increasing the Al fraction in the structutddowever, in G2y As, except that the energy separation between the

. ) X level and thel'-band minimum differs. However, the
GaAs a hydrostatic pressure of at. least 20 kbar Is ngeded ectronic structure in these two systems can be various due
push theDX level below the Fermi level. Here we will use

. ) : a different population of thB X centers-® By solving the
barrier 5-doped GaAs structures, in which we can tune thecoypled Schidinger and Poisson equations of the system,

position of theD X level relative to the Fermi Ievgl insuch a the wave functions, confined energy levels, and electron
way that one needs only a modest hydrostatic pressure §§opulation of the subbands will be obtained as well as the
push theD X level through the Fermi level even in samples one-dimensional1D) effective confinement potential and
with a small Fermi energy. This should facilitate a betterthe Fermi energy. Diffusion of the donors along the growth
access ta-doped structures where correlations in the chargealirection is assumed to be uniform in a sheet with a finite
distribution occur. thickness. In the present calculation, effects of the disconti-
Bulk semiconductor structures containing-aloped layer nuity of the electronic effective mass at the interfaces be-
have already been investigated extensively? Zrenner tween two materials, band nonparabolicity, the background
et al® extended these works to study the saturation of th@cceptors, and the exchange-correlation interaction of the
free carrier concentration id-doped GaAs. ThéX level electrons have been included. In order to study the influence
was modeled as a neutral deep donor having a fixed enerdyf the DX centers on the electronic properties of the system,
with no correlationeffects ©++9ﬁDX2c)- Taking this en- ree models.are dlscusged at non-zero temperature and un-
ergy level as a fitting parameter, they were able to explairf€" hydrostat|c+pressoure In tDe ab_senBé(ﬁC) (Ref. 8 and
the saturation of the free-electron density with increasing"® Presenced’/DX” andd™/DX") (Ref. 10 of spatial
doping concentration and pressételsing a Monte Carlo correlations in the charge distribution. For the latter case we

simulation, Sobkowicz, Wilamowski, and Kos¥ligeneral- discuss only narrows-doped layers, such that correlations

ized the above calculations to include the effects of thebetween charged impurities can be described within a model

AT . : of zero width of thes-doped layer. We have found the fol-
charge distribution ins-doped GaAs within two different . . i ) ) i
models: in thed*/DX° model the dopants give rise to either lowing. (1) Increasing the quantum-barrier height and/or ap

. plying hydrostatic pressure are helpful to experimentally ob-
a positively charged shallowd(') donor or a neutral deep gerye the effects of thBX centers through a decrease of the
(d™+e—DX") donor, and in thed™/DX~ model the dop-

- g ! ' total free-electron density2) The electron wave functions
ants give rise to either a positively charged shallow donor ogre more spread out when increasing the barrier height, and
a negatively charged deef (+2e—DX") donor. The cor-  the presence oDX centers changes the carrier density and
relation effects of the charged impurities were also shown inhe arrangement and/or number of charged impurities. These
a doped heterostructufé bulk-doped GaAs,and s-doped  effects should influence the electron mobilitg) The corre-
n-i-p-i superlattice$®> The electronic structure of a lation effects of the charged impurities are important for de-
S5-doped quantum well was investigated in Ref. 24, but ef-scribing the system under study.
fects due to th@® X centers were neglected. In the absence of This paper is organized as follows. In Sec. Il a self-
a S-doped layer, Peeters and co-workereave shown a consistent approach for the electronic structure of a
strong influence of introducing positive barridmsells) into  6-doped quantum barrier is presented in the absence of the
the wells (barrier$ of a superlattice on its electronic struc- DX centers. Inclusion of th®X centers without any corre-
ture. This provides an effective and realistic tool to controllations is discussed for nonzero temperature, and in the pres-
the energy gaps between the different minibands. ence of hydrostatic pressure in Segé lll. We assumed that the
In this paper, we investigate structures where a SPX centers freeze out &t=100 K™ Below this tempera-
s-doped layer is located at the center of a GaAs/ture, transfer of electrons from tH2X bound states to the

Al Ga, ,As/GaAs quantum barrier. Such structures Car]conduction band becomes impossible. The spatial correlation
X=X ' ffects in the charge distribution are introduced in Sec. IV,

provide three useful advantages as compared to norm& g .
S5-doped GaAs(1) The influence of the barrier on the differ- where we will dlsc_uss samplgs W't.h very narroihdope(_j

ent subbands is various. This makes it possible to control th@yers. Our conclusions and discussions are presented in Sec.
energy gaps between the electron subbaf@sDue to the
repellent effect of the barrier on the electrons, they are
“pushed” away from the impurities. Consequently the elec-
tron mobility of the system is expected to be enhancay.
Because the Si dopants reside in the®@&; _,As barrier and We will describe a Si-doped layer located at the center
the energy position of thBX center relative to the conduc- of a GaAs/AlLGa; _,As/GaAs quantum barrier, as is shown

II. ELECTRONIC STRUCTURE OF A 4-DOPED
QUANTUM BARRIER
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where Ug(2) =0.6(1.15%+ 0.3%2) ® (Wg/2—|z|) in units

A of eV (Ref. 27 describes the quantum barrier, aAdz) is a
Wa/2l— / step function;U(2) is the Hartree potential determined by
the Poisson equation
GaAds d?Uc(z) 4me?
42 = < [no®Wp/2— |2])
Wp/2— 0
—NAB®(Wa/2—|2|) —ng(2)], €)
Wn/2|— with ng(z) =X,n,(2) the electron charge density determined
through
0 —
—WD/Z— 2 @
I’]|(Z)=|‘I’|(Z)| Ef(E,T,EF)D(E,k|)dE, (4)
|
-Wp/21— where f(E,T,Eg)=[1+eE-ER/keT]~1 js the Fermi-Dirac
distribution function with E the Fermi energy, and
GaAds D(E,k,;) the density of states in each subband which includes
the effect of band nonparabolicify through the
Wizl | electron energy E and the average wave vector
k=[/".|d¥,(2)/dZ?dZ]"2 Furthermore, charge conserva-

tion requires that

FIG. 1. Schematic diagram of the proposed structure: a Si Np=Ne+Na, ®)

6-doped layer in a GaAs/AlGa, ,As/GaAs quantum barrier. \yhere Ny=n,W, is the 2D acceptor concentration, and
WDZ Wg, andW, are the widths for the Si-doped Iaygr with 3D Ne=3,N, the areal density of the 2DEG with
doplng concentrationp , the AIXGal,X.As quantum barrier thse N,=[”.dzn(2) the electron density in théth subband.
height depends on the Al concentrationand the acceptor region U lts from the exchanae-correlation effects of the
with 3D concentratiom, , respectively. xc(2) resu ) 9 lon | .
electron gas, and will be expressed by a simple analytic
parametrizatiof?
in Fig. 1. Thez direction is along the growth axis. The quan- )
tum barrier consists of a AGa; _,As sheet with widthw, — _
sandwiched between two bulk GaAs layers. The CentrBaI re- Uxc(2)= -3 18/712%[1+0.05453In(1+11.43 gl
gion of the barrier is uniformly and heavily doped with Si (6)
atoms over a thickned&/, at a three-dimensiond8D) con- ) 13 . )
centration n,. Typically one has 2D doping densities With Ts=[47ng(2)/3] */ag(z), and ag(2)=r"€o/
Np=npWp~ 102 cm~2, at which the donors have an aver- m* (z)e? the effective Bohr radius, where,=13.0 is the
age distance less than the effective Bohr radius in GaAs. Adielectric  constant of the system, andR}=e?/
a consequence, a positively charged layer is constructe@e€oag (2) the effective RydberdJyc(z) may be discontinu-
which provides a 1D confinement potential for electrons inous at interfaces between GaAs and®4; _,As due to the
the z direction. For a typicap-type background3D) con-  different effective electron masses. The potentigl-Hz)
centration ofn,=10" cm~3, a depletion layer of 4.45 depends onng(z) via Uxc(z) [Uc(z)] through ry(z)
um (=W,/2) (Ref. 19 is formed at each side of the doping [Ne(2)], while ne(z) depends oJgeHz) via ¥,(z) through
layer. Eq. (1). Therefore, the above set of equations describing the
Within the single-particle approximation, assuming thesystem has to be solved self-consistently.
system to be uniform in they plane, and excluding any Figure 2 shows the wave functions of the three lowest
effects due to th®X centers, the Hamiltonian describing the electron subbands along tredirection atT=0 K for a

free electrons of the 2DEG is reduced to 5-doped layer, wittNp=5X 102 cm~2 andWp=20 A, in
quantum barriers having widths ofa) Wg=20 A, (b)
d 4% d Wgz=50 A, and (c) Wg=100 A, and heights ofx=0.0

- d_zW(z)d_z+UEFF(Z) Vi(2)=E¥(2), (1) (solid), x=0.1 (dotted, x=0.2 (dash-dottely and x=0.3
(dashed curvgs The following are clear(1) The repellent
where E, is the energy of thdth electronic subband de- effect of the barriers on the wave functions is more pro-
scribed by the normalized wave functioh,(z); m*(z) is  nounced with increasing barrier height, which should result
the electron effective magé:in GaAs, m*(z)/m,=0.067 in an enhancement of the electron mobiliti€®. In the case
and in the AlGa;_,As barrierm* (z)/m,=0.067+0.08%;  of a fixed barrier height, this effect becomes stronger at first,
andUgrH2) is the 1D effective confinement potential for the and then becomes weaker with increasing barrier width, be-
electrons which consists of three contributions cause the system is changing from 3D GaAs to a quantum
barrier structure, and then to 3D &ba; _,As (seex=0.2).
Ugrd2)=Ug(2) +Uc(2) + Uyc(2), (2) (3 The influence of the barrier on the symmetric states
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Np=5x10" cm~2 andWp=20 A. The left figures are for
the case of a fixed widthWg=50 A) and changing barrier
height, and the right figures for the case of a fixed height
(x=0.15) and changing barrier width. The electron popula-
tion in the symmetric statesl€£0 and 2 decreases with
increasing barrier height except at low Al concentration for
I =2, while it increases in the antisymmetric stdtese Figs.
4(a) and 4b)]. The dependence on the barrier width in the
case of a fixed height is complicated, since the system is
going from 3D GaAs to a quantum-barrier structure, and
finally to 3D Al,Ga,; _,As.

b S
Qo

-~
I\
N
~
>
=,
=)
b~
t 1.0
= i lll. EFFECTS OF THE UNCORRELATED DX CENTERS
= 0.5k
R i By now it is well established that many donors in I1I-V
N 0.0 semiconductors have to be described by the coexistence of a
S o5 shallow donor state and a deep donor state. By the applica-
o I tion of hydrostatic pressure, Zrennetral® have shown that
= -1.0 DX centers influence the electronic properties &floped
§ 1.5 [ GaAs. Here, their work will be generalized to the present
R 0 structures. In normab-doped GaAs thédX level is high
a : above the Fermi energy. However, due to the presence of the

0.5 quantum barrier and/or the use of hydrostatic pressure, the

00 DX level and the Fermi energy can easily become resonant.

‘ In this section we assume that the Si donors in@b€ state
-0.5 are neutral and have no interactioBX2. mode). In our
calculations, the energy of tHeX centers is described by
-1.0
~-200

whereT is fixed at 100 KP is the hydrostatic pressure, and

FIG. 2. Wave functions of the three lowest electronic subbandsJEhe four coefficients ¢, B, v, and 7) are given by

along thez direction atT=0 K for a §-doped layer with 2D doping a=300 meV Epx—Er in GaAs atP=0 and T=0),
concentrationNp =5x 1022 cm~2 and doping widthwp=20 A 8= —0.15 meV/T [d(Epx—E)/dT], y=—10 meV/kbar
located at the center of the quantum barriers of widtas [9(Epx—Er)/dP], and #=-700 meV [d(Epx—Er)/dx
Ws=20 A, (b) Wz=50 A, and (c) Wz=100 A, and heights N AlxGa;_,As], which are in the region of values reported
x=0.0 (solid), x=0.1 (dotted, x=0.2 (dash-dottel andx=0.3 in the literature€>**=*3The 2D density of th@®X’, donors is
(dashed curves given by

. _ _ Np—Na [Wo/2 1 [Epx(z)—Eg\]7?
(I=0 and 2 is stronger than that on the antisymmetric state N, = DA TP 1+ Zex M dz
; : DX w ksT

(I=1), due to the fact that electrons in the symmetric states D J-Wpr 9 B

are closer to the barrier. (8)

The total effective potentidlgr((2) is plotted in Fig. 3 \yith g=2 the DX-level degeneracy Including the DX

together with the energy levels of the four !owes_t sut?band%emerS in the charge conservation equatif)) we obtain
at T=0 K for a &-doped quantum barrier with fixed
Np=5x10 cm~ 2, Wp=20 A ,Wz=50 A, and four dif- Np=Ne+Npx+N,. 9)
ferent barrier height¢a) x=0.0, (b) x=0.1, (c) x=0.2, and
(d) x=0.3, where all energies are relative to the Fermi enWith the modifications mentioned above the set of equations
ergy Er . Increasing barrier height will change dramatically describing the electronic  structure are solved self-
the positions of the energy levels. As a consequence, aonSIstently- _
quasidegeneradysee Fig. &d)] for E, andE; (also forE, In Fig. 5 we plot the energy levelg@) relative to the
andE;) can be reached. This behavior is similar to bondingFermi energy, and electron densitiés of the four lowest
and antibonding states in two coupled quantum wells. Thu§ubbands of ~a &-doped layer Kp=1x10" cm™2,
one is able to control the energy gaps between the differeo=20 A) in quantum barriers with a fixed width
subbands with the help of quantum barriers. This is consistWs=20 A) as a function of the barrier height at
tent with the conclusions of Ref. 25. T=100 K. The total free-electron densitij{, long dashep
The dependence of the energy gaps between the electr@md the density of theDX). donors (Npy, dot-dot-dot-
subbands on the parameters of the quantum barrier is illuglashed curvgsare also shown in Fig. (). It is clear that
trated in Fig. 4, where we plot the energy levifigs. 4a)  more DX centers become populated with increasing barrier
and 4c)] and the electron densiti¢figs. 4b) and 4d)] of  height. Due to the population (ﬁjxﬂc states, the dependence
the four lowest subbands fd-doped quantum barriers with of the electronic structure on the barrier height is quite dif-
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FIG. 3. Difference between the
Fermi energy and the total effec-
tive potential in real space along
the z axis at T=0 K for a
S5-doped layer with doping con-
centration Np=5x10% cm™?
and doping widthWp=20 A in
quantum barriers of width
Wg=50 A and Al concentration
(8 x=0.0, (b) x=0.1, (c) x=0.2,
and (d) x=0.3. The four lowest
subband energy levels are also
plotted.

A in GaAs (solid) and inWg=40-A quantum barriers with

are excluded. This can be seen by a qualitative comparisox= 0.05 (dotted, x=0.10 (dash dotte x=0.15 (dashed,

with Figs. 4a) and 4b).

determine the properties of theX centers in AlGa; _,As

andx=0.20 (long-dashed curvesat T=100 K. Notice that
The use of hydrostatic presséft@rovides a useful tool to at low pressuresR<7.5 kbaj, the population of theDX

level is relatively small; however, by increasing pressure the

compounds because their energy position is lowered witlDX state becomes more populated. This results in a decrease
respect to the Fermi energy. In Fig. 6 the total areal densityf the free-electron density. As we have proposed, indeed,
of free electrond\, is displayed, together with the popula- the population of thé® X centers is enhanced by the presence
tion of the DXZ, donors, as a function of external pressureof the quantum barriers and/or the application of hydrostatic
for a 5-doped layer withNp=5x10'2 cm~2 andWp=40  pressure.

(E1-Er) (meV)

Ni(1072em=2)

R ———— | =3
_20 - 1:2 - -
1=2
-40 - - -
I=1 I=t
-60 1 - b
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—80 F . 4 4
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3.0 1F (d)1
=0 =0

_———N I =5
0 1 ] n i n I 1 X
0.0 0.1 0.2 0.3 0.40 50 100 150 200
ALCONCENTRATION x BARRIER WIDTH Wp (4)

250

FIG. 4. Energies relative to the
Fermi level[(a) and(c)] and elec-
tron densitied (b) and (d)] of the
four lowest subbands as a function
of the barrier heigh{Al concen-
tration x) [(a) and (b)] with fixed
barrier widthWg=50 A, and of
the barrier width with fixed barrier
height x=0.15 [(c) and (d)] for
the structures with fixed doping
strengthNp=5%10'2 cm~2 and
doping width Wp=20 A at
T=0 K.
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FIG. 6. Pressure dependence of the free-electron deNgiand
the neutral-donor densitipyx for a §-doped layer with doping
concentratiofNp=5% 10" cm~2 and doping widthVp=40 A in
quantum barriers with fixed barrier widiWz=40 A and five dif-
ferent barrier heightg= 0.0 (solid), x=0.05 (dotted, x=0.10 (dot
dashegl x=0.15 (dashegl and x=0.20 (long-dashed curvesat
T=100 K.

FIG. 5. Dependence of the energy levels relative to the Fermi

energy(a) and the electron densitigl) of the four lowest subbands
on the barrier height for a&-doped layer with doping density
Np=1x10" cm™2 and doping widthV/5 =20 A in quantum bar-
riers with fixed barrier widthWg=20 A at T=100 K and
P=0 kbar. The neutral-donor densitfMpyx and the total free-
electron densityN, are also plotted irib).

IV. CORRELATION EFFECTS
OF THE CHARGED IMPURITIES

A random spatial distribution of donors indadoped layer

with charge neutrality and Eq$l)—(4) and (6), will deter-
mine the electronic structure of the system.

In the d*/DX° model the impurities are either in the
DX° state or in thed™ state. Thus one may expect that
positively charged centers would be as far away from each
other as possible. This can be described in the short-range
interaction model by a pair-correlation function

g++(N=0(r—ry), (11

wherer. is the correlation radius which is determined by
Nt andNp through the Poisson distributih

results in a random distribution of positive charges when all
dopants are ionized. Whepart of the donors are ionized, NiotVe=1—exp(—NpV,), (12
spatial correlations in the d|str_|but|on pf charged |mpur|t|esWhere V.= mt2 for 2D (4mr¥3 for 3D). In the d*/DX"

can result due to the Coulomb interaction between them. Th%odel the 'mc ities exist é'ther Nt state or in the
chargegelectron$ trapped by the dopants are distributed in _ ~"" Impuriies exist either 1 S !

such a way that the total energy of the system is minimize(fx state. In or<(jjer to des;]cnbe cor_relatlons bethe? the
through the correlation enerds, [per unit aregvolume in ;Jr)’ (=), ?n. (j;_) _cﬁar_ge pgurs, one must define
2D (3D)]. These correlation effects will change the eIec-t ree pair-correlation functiongiven by

tronic structure of the system, as has been shown clearly for

both bulk-dope8and s-doped GaA$? Now we will include 9+ +(N=CeO(rem )+ O(r=ro), (133
them in ourd-doped quantum barrier structures. Since it is gs_(N=C,_0O(re—r)+0O(r—ry), (13b
still not clear which of the two models, the"/DX° model

or thed /DX~ model, is applicable, we will discuss both of g__(nN=0(r—ry), (130

them. The equilibrium condition of the reservoirs of filled _ 2
DX centers and the 2DEG for both models is given by where ) C+={(NpVe)"—2[NpVc— 1+eXp(_NDV°)]}£
(N+Vo“e and C,_=[NpV.—1+exp(NpV)l/N.N_Vg
with N. =3(Np=*N,, the densities of thel™ and DX~
centers respectively. Since the positions of all the impurities
are random, these three functions must obey the following
where Ny =Ng+N, is the net charge density in the €duation

S5-doped layer. This equation shows us that it is possible for
some of the electrons to occupy tbeX state, even iEpy is
higher thanEg at zero temperature. Equatiqi0), together

E.

Er(Ne)=Epx— dTH’ (10
(0}

N3g () +2N N_g,_(r)+N2g__(r)=N3. (14

The equation for in this model is given by
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N_V,=1—(1+NpVo)exp —NpV,). (15)

30 T T T T

Notice that both Eq912) and(15) are valid for 2D and 3D, S8 e )
with Ny~ Np ,**® which restricts the range of applicability —_ [ e EIER—
of the theory. To the best of our knowledge, there is no = BT R .
analytical formula to describe charged-impurity correlatons & [ e -
in a quasi-2D structure. Therefore we will only investigate : ~50 assessezzrsiiiis i
very narrows-doped layers, such that the theory for the 2D &
system will be a good approximation. The structure for | _gok
which this approximation is valid must meet<Wp, & I ]
where r; is calculated for 3D. Equatiol5) does not | I=0 e o
have any nontrivial solution forN,/Np<0.403 18° e ; i : : : y
beyond which we have used.={[3.823-9.33N,,/ R TR (b) |
Np +8.210(Not/Np)2—2.693Not/Np) 3]/ 7Np 2 which 25p 50 T .
is able to give results very close to the solutions of Bd) D r
in its solvable region, and a corresponding expression for IE 2'0_' d+/DX0 . 3
bulk-doped GaAgRef. 9 has been proven to be successful & ,sL ... o+/DX~ J
for the whole region oN;/Np . 3 - I=1

The exact description of the Coulomb interaction between T 7.0 |~ j
charged impurities in our structure is quite difficult due to = [ TTUvee
screening by the quasi-2DEG. In the present work, we have 08 - ....?._?.2 .................................... ]
used a Yukawa potential determining the interaction between 0.0 =3 T T P e ]
any two ( andj) impurities 0 5 0 s

... ag G PRESSURE (kbar)
U (ri-rih=——= - , (16
€olri—rj] A

. FIG. 7. Dependence of the energy levels relative to the Fermi
erre%i denotes the charge of thecenter @i=€ or 0 for  gpergy(a) and the electron densitiés) of the four lowest subbands
d”/DX", andg;=*e for d"/DX"), and\ is the screening o external pressure for a-doped GaAs with doping density
length given by the semiclassical, 3D Thomas-F&3mTF) Np=5x10"2 cm™2 and doping widthWp,=40 A at T=100 K
screening theory. It was found that férdoped GaAS®®"  within thed*/DX° (solid) andd*/DX~ (dotted curvesmodels.
the interaction depends weakly on the actual valuex pf
whereA=50 A was taken for 2D. In general, considering electron density for as-doped layer withNp=5x 10"
quasi-2D structures with strong quantization and inhomogeem ™2 and Wp=40 A at T=100 K has been performed
neous electron distribution in ttedirection, it is essential to  for the cases of (8 A=50 A¥ (b) A=[weln’
use a quantum-mechanical screening theory like the random-92e5m*3n,(0)]¢,% and (c) Eq. (17).° We found that all
phase approximatioft. The argument for using 3DTF three models with three different values give almost the
screening theory in the present work is based on the largeame results for this sample, which is consistent with the
average width of the free-electron layer in the system. Foeonclusion of Refs. 36 and 37. But fa@i-doped quantum
typical 6-doped structures, the widths of these layers areyarriers, it is found that modéb) gives results which deviate
wider than 150 A, which are significantly larger, than thefrom those of the other models when the barrier height is
screening length? Otherwise, this theory will overestimate increased, which is due to the smal(0).

the screening. The following expressionas been used in In Fig. 7 we depict(a) the position of the energy level
the present work for the screening length relative to the Fermi energy, ar{t) the electron density of
medi2 |12 the four lowest subbands of &-doped GaAs with

:(%) , (17 Np=5x10%cm ? andWp=40 A atT=100 K as a func-

4e°m” ke tion of hydrostatic pressure in thd™/DX° (solid) and

which depends on the free-electron density through th& /DX (dotted curves models. At low pressureR<5
Fermi wave vectokg. Using the pair-correlation functions kban, the effects of the charged-impurity correlations are
and the Yukawa potential, one is able to obtain the correlatelatively small, while at high pressuré5 kbay these
tion energyE, for thed™/DX° model effects strongly influence the energies and electron densities
of the subbands. Theé" /DX~ model gives stronger correla-
e\ 2
E.= € Niof
0

and, for thed*/DX~ model,
e\ 2 2
E.= ——(Ni+Np)
€0

tion effects than thel*/DX° one because the gain in inter-
exg — —|—1], (19 ; ; ; ;
N action energy is much larger when making a close pair of
donors with opposite chargesl { andDX™), as compared
to making a close pair consisting of BX° center and a

M d* center. A distinction between these two models is thus
EXF{ - T) -1} (19 possible in the high-pressure region. We should keep in mind

that N,,;=0 implies there are no correlations in the
By solving Eq.(10) the electronic structure of the system d*/DX® model becausd,=0. However, correlations in
will be obtained with the inclusion of the correlation effects the situation still exist in thed"/DX~ model because
of the charged impurities. A detailed comparison of the freeN_ =N_=Np/2.
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FIG. 9. Calculated total free-electron density vs pressure at
T=100 K within thed"/DX° (curves with circlesandd /DX~
(curves with diamondsmodels for the same systems as those
shown in Fig. 6.

FIG. 8. Fermi-energy difference between tké/DX° and
d*/DX~ models as a function of external pressur@ at100 K for
the same structures as those shown in Fig. 6.

The Fermi-energy difference between tté/DX° and
d*/DX~ models is depicted in Fig. 8 as a function of exter-tem and obtained useful physical quantities, some of which
nal pressure alT=100 K for the same structures as thoseare experimentally observable, such s and N,. The
shown in Fig. 6. Notice thatl) the Fermi energy in the strong influence of the barrier on the electronic properties of
d*/DX° model is always higher than that in thi /DX~ a 2DEG was clearly demonstrated, which can provide an
model, which is due to the stronger correlation effects in theeffective method to control the energy gaps of the system.
latter model; (2) this difference increases with increasing Effects of theDX centers on the system were investigated in
barrier height, which again shows stronger effectsDXf  the absence and presence of spatial correlation of the charged
centers than those ifrdoped GaAs; anB) the difference in  impurities at nonzero temperature and under an external
Fermi energy results from the difference de./dNy be-  presure. This shows the increased importance of such corre-
tween the two models. The absolute value of this differencation effects in the present structures with increasing barrier
can be taken as a measurement for the size of the correlati%ight and pressure.
effects. At present it is premature to draw quantitative conclusions

Comparison of the total free-electron den%m aS @  concerning which of the threBX models is applicable be-
fu.nctu')n of extern+al pressure betvyeen' the/DX (curve; cause of the following{1) The results depend on accurate
with circles andd™/DX™ (curves with diamondsmodels is nlaneasurements of the coefficients in E). For example, the

given in Fig. 9 for the same structures as th_ose in Figs. 6 a values ofa reported in the literature vary from 160 to 320
8. It is clear that with increasing barrier height and/or pres-

: _ V, ande differs from sample to sample but also from the
sure the free-electron density decreases.dh®X~ model ~ MeV: & .
Y theoretical model which was used to analyze the tfal42)

; I:|'here exist other mechanisms, e.g., self-compensation of the

effects must influence the electron mobility beca@®gein Si impurities in thed-doped layer, which either partially or

thed™ /D X° model the number of scatterers is less than thoséotglly give rise to a saturation of the free-electron concen-
in theDXﬂC model(see Fig. & for the same situation; an@) tration. We have demonstrated that the effect® ¥f centers

in thed*/DX~ model thed* andDX~ centers try to form &re more pronounced in the present structures because the

dipoles, which makes the scattering potential less effectivedifference between thBX level and thel’-band minimum
Recently, we performed a calculation of the quantum mobil-decreases, and therefore experiments on such structures
ity of electrons ins-doped GaAs in the presence of an ap-Should give valuable information on the impact of suzk

plied pressure, which shows the importance of the correlacenters to their electronic properties.

tion effects clearly’® It is interesting to note that the results

for the d*/DX~ model are very close to those for the

d*/DX° model when we replace the Al concentratiotby ACKNOWLEDGMENTS

x+0.05. However, one cannot compare 10 kbar of hydro-
static pressure with 10% of Al as is usually déheecause
our system is no longer a bulklike structure.

One of us(F.M.P) was supported by the Belgian National
Science Foundation. J.M.S. wishes to thank the Technology
University Eindhoven(The Netherlandsfor financial sup-
port. J.T.D. acknowledges support by the Belgian National
Science FoundatiodNFWO, No. G.0287.9b Part of this

Using a self-consistent approach, we calculated the eleawork was performed by the Phantoms Network of Excel-
tronic structure of a-doped layer in a quantum-barrier sys- lence ESPRIT-III BRA Action 7360.

V. CONCLUSIONS AND DISCUSSIONS
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