PHYSICAL REVIEW B VOLUME 55, NUMBER 19 15 MAY 1997-I

Electron mobility in Si é-doped GaAs with spatial correlations
in the distribution of charged impurities

J. M. Shi
COBRA Interuniversity Research Institute, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands
and Departamento de’Fica, Universidade Federal do Cear@ampus do Pici, Caixa Postal 6030, 60455-760 Fortaleza,
Ceara Brazil

P. M. Koenraad and A. F. W. van de Stadt
COBRA Interuniversity Research Institute, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

F. M. Peeters
Departement Natuurkunde, Universiteit Antwerpen (UIA), Universiteitsplein 1, B-2610 Antwerpen, Belgium

G. A. Farias
Departamento de Bica, Universidade Federal do Cear&@ampus do Pici, Caixa Postal 6030, 60455-760 Fortaleza, Gerazil

J. T. Devreese
Departement Natuurkunde, Universiteit Antwerpen (UIA), Universiteitsplein 1, B-2610 Antwerpen, Belgium
and COBRA Interuniversity Research Institute, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

J. H. Wolter
COBRA Interuniversity Research Institute, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

Z. Wilamowski
Institute of Physics, Polish Academy of Sciences, Al. Lotn&&/46, 02-668 Warsaw, Poland
(Received 3 December 19p6

We present a theoretical study of electron mobility in heavilyySioped GaAs in the presence of applied
hydrostatic pressure. At low temperature the electron-ionized impurity scattering is the most important scat-
tering mechanism. The presencel@X centers in Si-doped GaAs results in spatial correlations of the charged
impurities, which increase the electron mobility through the structure factor of the charged-impurity distribu-
tion and/or a decrease in the density of the charged dopants. A Monte Carlo approach has been developed to
simulate this distribution in two dimensions for tH&/DX° andd /DX~ models. In the mobility calculation,
both intrasubband and intersubband scatterings are considered with the electron-electron screening within the
random-phase approximation. A detailed comparison between experiment and theory shows that theory ex-
cluding the correlation effects underestimates the electron mobility systematically. In cooperation with other
mechanisms, e.g., self-compensation of Si dopants, inStkeyer, bothD X-center models can explain the
experimental results well. This indicates that in order to effectively study the electronic properfie$ of
centers via the electron mobility i-doped structures, the samples must have a relatively low doping con-
centration in order to prevent self-compensati@®0163-1827)08616-5

I. INTRODUCTION suming the measured free-electron concentration equal to the
doping density, have been performed férdoped GaAs
In recent years there has been considerable interest structures, and reasonable agreement was obtained with the
electron transport properties étdoped semiconductors be- experimental findingd* However, the quantum mobilities
cause of their potential applications in high-speed electronicgieasured by Skurast al” in §-doped GaAs structures with
and optoelectronic devices, as well as the fundamental study very high doping density (1410 c¢cm™2) in the pres-
of the interaction between the electrons and the charged inence of an external hydrostatic pressure up to 20 kbar cannot
purities in the limit of strong coupling and the transport be explained by the existing theory described in Refs. 3 and
properties of systems with several populated subbands. 4 due to population oD X centers. For bulk-doped semicon-
By now it is well establishedthat many donors in 1ll-V  ductors, the influence dd X centers on electron mobility has
semiconductors have to be described by the coexistence ofteeen investigated both experimentally and theoretically in
shallow donor state and a deep donor state. Several calculthe presence of a hydrostatic pressiifewhich shows that
tions of electron mobilities, excludin@X centers and as- DX centers should be negatively charged. However, this
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analysis is valid for the sample having only the effects of Il. MOBILITY CALCULATIONS
DX centers, i.e., the free-electron density is very close to the
doping density in the absence of any external hydrostaticSk
pressure; and fob-doped structures the charge distribution 5 doping concentratiohNp=1.1X 1083 cm 2 and a finite
has been studied by both Monte Carlo swn_ulat?oaad & Jayer widthWp=20 A. The electronic structure of this sys-
short-range correlation .mod’éi. The experiments have tem can be determined by a self-consistent calculdfidf,
shown that the energy difference between ¢ level and  \yhich produces the enerdg; , the wave functions,(z), and
the conduction-band minimum is decreased with increasinghe 2D electron densiti), of the Ith subband as well as the
hydrostatic pressure. This results in a transfer of free eleGeermi energy E- and the total confinement potential
trons to theDX state. As a consequence, the free-electrony_.(z). In this calculation, influences of the background
density will decrease and the electron mobility will be acceptors described by the 2D dendity and the thickness
changed. In this paper we will generalize the above-of the depletion layeW, (Na/Wa=5x10" cm™3), band
mentioned work to investigate theoretically the effects ofnonparabolicity, and the exchange-correlation energy of the
DX centers on the electron mobility if-doped structures.  electrons have been taken into account. Therefore, the total
In the present literature, there are two models describinglectron energy is given tﬁﬁ-ﬁzkﬁ/zm*, with 'ZH the elec-
spatial correlations in the charge distribution of the mixed-tron wave vector in the-y plane that is parallel to thé
valence system which exists when tB& states are popu- layer, andm* =mg(1+ aP)/(1— B#2k2/2m,) the electron
lated: thed"/DX° model* (d* +e—DX"), in which the effective mass at the Fermi level, with,/m,=0.067 the
impurities are either positively charged or neutral; and theeffective mass at the bottom of the conduction band of GaAs.
d*/DX~ modef (d*+2e—DX"), in which the impurites  Two coefficientsa=7.4x10"3 kbar * the pressure depen-
are either positively or negatively charged. Since it is still notdence and8=1.07 eV ! the band nonparabolicity factor,
fully clear which model is applicable, we will discuss both of are taken from Ref. 16.
them in this study of the low-temperature mobility of the = With inclusion of the correlation effects of all the charged
electrons. In the actual mobility calculation, both intrasub-impurities described by the structure facméqH) in two di-
band and intersubband scatterings are considered with thaensions, the quantum relaxation tififewhich is directly
electron-electron screening within the random-phase apelated to the quantum mobility for the electrons located at
proximation (RPA), and the spatial correlations are intro- the Ith subbandu*=er2/m*, can be expressed by
duced by the structure factor of the charge distribution in the
S layer at T=120 K since the(Si) DX centers in GaAs
freeze out at this temperatute. 1 m )
In the following we will describe the experimental data of T_|Q: Wﬁ?; o des(q”)|ul,l’(qu)| : 1)
Skuraset al.®> who used a sample with a doping slab having
a thickness of 20 A. This sample allows us to expect that thmvhere|u|,,,(qH)|2 is the square of the transition matrix ele-
two-dimensional2D) DX model is a good approximatidfi. ment between statél IZ) and state|l’ IZ’) due to the
A detailed comparison between experiment and theory will L o
. . ; screened Coulomb potential expressed by
show the importance of correlation effects of charged impu-
rities clearly, but good agreement can been obtained only for
the lowest subband in th"/DX~ model. We think that the
theoretical results for the higher subbands are overestimated |u, ,.(q )|?=
because self-compensation occurs in the Si-doped 1ayér. S
A simple estimation has been performed, which shows that . _ . L
inclusion of both self-compensation of the impurities andWhere Noj, is the 2'.3 density ofcharged |mpur|t|e§n thg
. . . - . o-doped layer, which equal®y++N, for the d"/DX
spatial correlations of charged impurities can explain the ex—model andN5+ N, for thed* /DX~ model. In Eq.(2)
perimental data within bot® X-center models. Therefore, in Do A : a2,
order to investigate the influence DX centers on the trans-
port properties ofs-doped GaAs effectively one has to use 1
samples with relatively low doping density, so that mecha- G,Y,,(q”,zi): => e(’lll,) 3 J,)(ﬁ”)
nisms such as clustering and self-compensation can be ne- €300 T

The structure under consideration, which was used by
uraset al.” is a (Si) slab-doped GaAs structure having a

*

4m°eNe; (w2 ,
quD W Zi|GI,I’(qHyZi)| , (2

D

glected. o

This paper is organized as follows. In Sec. Il the quantum X f dzyy(2) ¢y (2)e 917721 (3
mobility calculation of the electrons in&doped structure is o
described, which shows clearly the importance of spatial corg .. q,=k’—k the change in electron momentum due to
relations of charged impurities. The charge distribution in (I .
two dimensions is simulated by a Monte Carlo approach ircharged-impurity scattering, arlthe angle betweehH’ and
Sec. lll, where the pair-correlation functions and the struc-; .
ture factors are given in the effective scales. A detailed com- \[1 S ] ]
parison of the theoretical results with the measured quanturfy;,),5,,(d) iS the element of the inverse matrix of the
mobilities is performed in Sec. VI. Our discussions and con-dielectric function which will be calculated within the
clusions are presented in Sec. V. RPAY

and ¢, the dielectric constant of GaAs and
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s(qH) in Eq. (1) reflects the influence of the spatial correla-

o tions in the charge distribution in th&layer, and diminishes
Nei=Np s(q)=1 1 the output of the integrals for bothX models. Therefore,
¢ these correlation effects in thidoped layer will lead to an

LK

6000 S R

increase in the electron mobility, as was shown in Refs. 6

hd Skuras et al. 1 and 8 for the bulk-doped structures.

4000 . 4
—~ IIl. MONTE CARLO SIMULATIONS
g . ] OF CORRELATION EFFECTS
N\ 3000 § . - 1 At certain conditions, part of the free electrons will be
g " | trapped byD X centers. This results in the coexistence of two
~ kinds d* andDX? or d* andDX"~) of donor states, and
) reduces the total Coulomb energy of the system. If the tem-

perature is higher than the freeze-out temperattrall
D X-state electrons can move out of the donor centers. As a
result, all impurities are positively charged in a random dis-
tribution. The structure factor, which influences the low-
temperature T=0 K) electron mobility, is determined at

. R — T=120 K for Si-doped GaAs. In present work we use a
0 5 10 15 20 Yukawa potential to describe the interaction between any
PRESSURE (kbar) two (i andj) impurities,

FIG. 1. The subband quantum mobility as a function of hydro-
static pressure fos-doped GaAs having a doping concentration €€ Pi,j
Np=1.1x 10" cm 2, a §-layer widthWp=20 A, and an acceptor Uii(pi) = €op exp( - T) ’ )
concentratioN,=0.5x 10'> cm™2. The symbols are experimental
data in Ref. 5, and the curves theoretical results excluding the ewheree; denotes the charge of thiéh center,p; ; the dis-
fects of DX centers. tance between thieandj donors, and\ the electron screen-

ing length given by the semiclassical, three-dimensional
Thomas-Fermi screening theory which has been proven to be

In the absence of the spatial correlations of the chargeg good approximation for the typicatdoped structure®:°
impurities, the value of the structure fact(q ) is equal 10 The interaction depends weakly on the actual valug é6r
1. This describes a random distribution of the charges whict#-doped GaAs, which was determined toXose 50 Afor two
is the same as that of the dopants. A theory for the mobilitydimensions® This value has also been used in the present
calculation in this case has been developed in Ref. 4, igalculation.
which it was assumed that the density of the scatterers is The structure factos(qH) results from the Fourier trans-
equal to that of the free electrondl{;=N.). This corre-  formation of the pair-correlation functions which are differ-
sponds to thel*/DX° model excluding the correlations. A ant for two DX models. In the 2Dd*/DX° model. it is
similar numerical calculation of the mobility has been per-gypressed by '
formed, the results of which are shown in Fig. 1 by the
dashed curves for the pressure dependence of the quantum
mobility of the electrons in the different subbands as com- %
pared to the experimental resultsolid symbol$ of Skuras s(q”):l—27rN+j [1=9++(p)1do(qp)pdp, (5
et al® It is clear that the existing theory seriously underesti- 0
mates the electron mobility in such a structure, and even i§here N, =N,+N, and the pair-correlation function

not able to describe the measureq data qualitatively. Furthe i..(p) describes the probability of finding a positively
more, the calculated results obtained from the uncorrelate harged impurity at a distange from a position at which

d*/DX” model (N¢;=Np, solid curves cannot provide there is already a given ionized donor; in the BD/DX-
any improvement. As a consequence, one may expect thatoqel it is given by
the structure factos(qH), i.e., the correlation effects of the '

charged impurities, should be responsible for the increase of
the electron mobility under study. 2 (= ) ) )

It is well known that theDX state will be more occupied S(d)=1— N_fo [4(NetNa)* =04+ (p)NT—g-_(p)NZ
with increasing doping concentration and/or the application °
of hydrostatic pressure. In ttg"/DX~ model the charged- +29+-(p)NLN_1Jo(q,p)p dp, (6)
impurity densityN;; remains constant, while it decreases in :
the d"/DX° model with increasing pressure. This implies where the three functiong. . (p), g__(p), andg. _(p)
that thed " /D X° model has an effect on the electron mobility describe correlations between positive-positive, negative-
through a decrease of the scatterer density, and theegative, and positive-negative pairs, respectively, and
d*/DX~ model does not. However, the structure factorN.=(Np=*N.*=N,)/2 are the densities of the charges.

i
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length  where np (cm 2)=Np/10*%; and R, (meV)
=1162l, as the unit of energy, so that the pair-correlation
functions and the structure factors can been given in a uni-
versally functional form which depends on only the ratio of
Ne/Np . In general, the total free-electron dendity should

be obtained by a solution of the equilibrium equation of the
reservoirs ofDX centers and the free electrons. However,
this work is very computer time consuming. In order to de-
scribe the measured electron mobility, one can take the ex-
perimental data o, as input into the simulations, which
displays the correlation effects in the structures.

Figure 2 shows the pair-correlation functiagip) ob-

tained from the Monte Carlo simulations for thi /D X°
model at temperatur€=120 K for the four different ratios

of N¢/Np=0.2, 0.4, 0.6, and 0.8, where we assume that
Ny is negligible. It is clear that the charges within the small
separations are more correlated, that all the curves are ram-
plike rather than steplike, and that with increasing the value
of Ng/Np the function becomes more steplike in character.
_ This is consistent with the conclusion of Ref. 10. We do not

find any significant oscillations aj(p) because the system
under study is at high temperatte.

The three pair-correlation functioga) g, ., (b) g__,
and(c) g, _]in thed*/DX~ model are plotted in Fig. 3 for
N¢/Np=0.0, 0.2, 0.4, 0.6, and 0.8. In this model the cor-
relations are shorter ranged as compared with those in the
d*/DX° model, because the positive and negative charges
always try to construct the closest pdisge(c)] and dimin-
ish the importance of long-range correlations.

The structure factos(qH) for the systems discussed in
Figs. 2 and 3 is plotted in Fig. 4 within tre¢"/DX° model
(@ and thed®/DX~ model (b). Notice the following: (1)
The values ofs(qH) obtained from thed*/DX° model are

0.4+ |}

0.2}
the d+/DX0 model]

PAIR CORRELATION FUNCTION g(p)

0.1 0.2

p/ 1o

FIG. 2. Pair-correlation function in thd™/D X° model obtained
from Monte Carlo simulations &f=120 K for N, /Np=0.2, 0.4,

0.6, and 0.8.

0.3

A Monte Carlo calculation was developed in Ref. 9 to . . N
simulate the charge distribution if+doped structures. Now Systematically higher than those from tdé/DX~ model

we will extend this work to calculate the structure factor inbecause of the stronger correlations in the latter ma@pl.
order to obtain modifications of the mobility due to the cor-At g =0 thed™/DX™ model gives a monotonously decreas-
relation effects. The simulations use square geometry witling function for the structure factor with decreasing
periodic boundary conditions, in which the length of the N./Np, because decreasimy, implies increasing the num-
square is 4 in units of length, and the total number of impu-ber of the pairs of the positive and negative charges, which

rities is 1000. This choice allows us to use the followingresult in the stronger correlations in the system. This is dif-
ferent from thed*/DX° model, where the structure factor

conventional measurementsg: (A) =250/né’2 as the unit of

_ e 1.5 T T 6.0 ——T——
\; the d*/DX- model
g o oy .
= /7%
S /i
% 0.8 / :'I‘/ 9+ + 7
& I,"j‘ FIG. 3. The same as shown in
% | !'l,.’ Fig. 2 but now for three pair-
E I":'i correlation  functions in  the
= | i d*/DX~ model including
s 04T Ne/o 1 N, /Np=0.0: @ g+, () g,
SH N 0.2 and(c) g, - -
'S L]
s |l
X / (a)

0.0 i 1 L

0.0 0.1 0.2 0.3
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FIG. 4. The structure factor of the charge dis-
tribution obtained from the Fourier transforms of
the pair-correlation functions given by Figs. 2
and 3.(a) is for thed™/DX°® model, and(b) for
thed™/DX~ model.
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for N./Np=0.2 is close to that foN./Np=0.8. This is due

20 40 60
qilo

80 0

20 40 60
qilo

80

lated the electronic structure of the sample which was used

to the fact thatN./Np=0 and 1 for this model give no by Skuraset al. with inclusion of spatial correlation effects
correlation effects, since there is only one kind of impuritiesof charged impurities in thd*/DX~ andd*/DX° models,

at these two limits(3) All the results are positive, and ap- where the pair-correlation functions were described by a step
proach 1 with increasing momentum.

IV. COMPARISON WITH EXPERIMENT

function in a short-range interaction model. Good agreement
is found between theory and experiment for the electron den-
sity of each subband within both of ti®X models when all
dopant atoms can act &X centers, in which two of the
parameters of theDX level were fitted: one is

Using Shubnikov—de Haas and persistent photoconductivd Epy /dP=—9 meV/kbar for both models, and the other
ity measurements, Skuraat al® obtained the hydrostatic- Epy=290 meV atP=0 for DX~ and Epy=210 meV for
pressure dependence of the free-electron densities and tBeX°. However, all of these values are in the region of re-
electron quantum mobilities in the individual subbands ofported valued:** Therefore, further investigation is needed

5-doped GaAs structures withlp=1.1x10" ¢cm 2 and

to test whichD X model is better to describe the experimental

Wp =20, 50, and 100 A, respectively. The present work will findings.

be confined to the sample haviklg, =20 A, since our cor-
relation models are described in two dimensions.

In Fig. 5 we show a comparison of the same measured
mobilities (solid symbol$ as those in Fig. 1 with the theo-

Starting from a solution of the equilibrium equation of the retical analysis within the two differef@@ X models including

reservoirs ofDX centers and the free electroffsye calcu-

the correlation effectd(a) d*/DX~ and (b) d*/DXO],

72000 Ll v T M T M T T v T v T v
L7=0, 1, 2 (@) 1 }I=0,1,2 (b) |
10000+ °© ° & Monte Carlo | o » ¢ Skurasetal |
Step Func. |
w 8000 F a 1 FIG. 5. Comparison of the measured quantum
< < o mobility in Ref. 5(solid symbol$ with the calcu-
~ 6000 F 5 . A lated results including the correlation effects
g . d+/DX within the step-function approximatiofcurves
= and by the Monte Carlo simulatioispen sym-
Yo A000p Lt . bols) in the d*/DX~ (a) andd*/DX° (b) mod-
. ) . els.
2000 1 .
0 ¢ © L] ®
0 n 1 1 1 1 N 1 1 n 1 n
0 5 10 15 200 5 10 15 20

PRESSURE (kbar)
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12000 ————————— ——
1=0, 1,2 () 1 11=0, 1, 2 () |
10000F °© ° © DX only 1 L o = esSkurasetal
Hmmmm-e a DX+Self—-Comp. L Ns.c.=8%x1012¢cm~-2

a

8000 | Ns.c=1.5x107%cm=2 i FIG. 6. Comparison of the measured quantum

g o o a ] mobility in Ref. 5(solid symbol$ with the calcu-
AN h d+/DX0 lated results including only the correlation effects
‘\é 6000 o T T by the Monte Carlo simulation@pen symbols
S b o d+/Dx- 1 | 1 and with the results estimated from th& center
:i 4000F 1=2 o 1 | I=2., | and self-compensation mechanisnfiiangles
3 b - . e o ® connected with dashed curyeis the d*/DX~
A PP Bt * ,“%“é,/&4 1 (@) andd*/DX° (b) models.
2000 1§ °
o o L] o © [
i__.o___--g---: ----- FERTe— ;_-_0--—--3——-; ----- PR
4 1 1

0 5 10 15 200 5 10 15 20
PRESSURE (kbar)

through Monte Carlo simulation®pen symbolsas well as  charged-impurity distribution and to obtain the structure fac-
in the step-function approximatién® (curves. In the Monte  tor of this distribution which influences the electronic scat-
Carlo  calculation the experimental data  of tering directly. The importance of spatial correlations of
Ne=7.2, 6.02, 5.45, 4.36, 3.87, and 1.94 in units ofcharged impurities, which enhance the electron mobility
10'? cm™? have been used which were obtained at the presgreatly, has been shown. However, good agreement has been
sure P=0.0, 6.3, 9.0, 13.2, 15.3, and 19.0 in units of achieved between our calculation and experimamiy for

kbar, respectively.The mobility calculation is performed at the lowest subband when titg /DX~ model is used. This
zero temperature due to the experimental condition, but theannot provide definite proof to confirm which model is bet-

structure factor is fixed at=120 T, at which theDX cen-  ter to describe the electronic propertiesioX centers in the
ters are frozen out. It is clearly shown that the correlationpresent structure.

effects of the charged impurities enhance the electron mobil- |n order to explain the limiting electron density in GaAs
ity greatly. Note the following(1) Thed*/DX° model gives  with high Si-doping concentrations, several possible
larger corrections to the electron mobility than the mechanism$'* have been proposed, such as self-
d*/DX”~ model. This is due to the fact that te"/DX°  compensation of Si atoms, which should also influence the
model influences the mobility not only by the structure factorelectron mobility. Including this mechanism into the present
but also by a decrease of the density of charged impuritiesheory one can calculate the electron mobility through a fit-
(2) The d*/DX° model overestimates systematically theting of the density of self-compensation Si atonés(),
quantum mobility, while thel /DX~ model, including cor-  which are supposed to be in a random distribution in dhe
relation effects in the step-function approximation, improvesayer. The maximum value dfis c must be smaller than the
the results at low pressuRe<10 kbar, especially #=0 as  difference between the doping concentration and the total
compared to the theory excluding these effdstse Fig. 1L free-electron density at ambient pressure. For the sample un-
However it still underestimates the quantum mobility, andder  investigation this means that one has
fails to describe the experimental findings in the high-0<Ng.<3.8x10' cm 2. If we neglect the influence of
pressure region(3) Monte Carlo simulations within the self-compensation on the distribution of all other charged
d*/DX~ model give a good agreement for the electron mo+impurities in which the spatial correlations occur, the total
bility in the lowest subband for the whole pressure rangeelectron mobility due to different mechanistesg.,DX cen-

and for excited subbands they show a qualitative behavioters and self-compensation atonesn be approximated by
but the absolute values are twice as large as the measured

data. A possible explanation for the latter discrepancy is de-

ferred to Sec. V. 1 1 1
—_— =t — )
Mot  MDX Ms.cC.

V. DISCUSSIONS AND CONCLUSIONS . - . .
Figure 6 shows the calculated mobility including self-

We performed a theoretical study of the electron quantuntcompensation given by the triangles connected by the dashed
mobility in the individual subbands of &doped GaAs struc- curves as compared with the experimental dataid sym-
ture, where the intrasubband and intersubband scatterings dvels) and the results from the previous calculation shown in
considered within the electron-electron screening in therig. 5 (open symbols A considerable improvement is ob-
RPA. In order to improve upon previous calculations, atained for both models by use of the different values of
Monte Carlo approach was developed to simulate théNgc: 1.5x10% cm 2 for the d*/DX~ model and
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3.0x 10" cm 2 for thed™/DX° model. It is clearly shown thus the effects of other mechanisntself-compensation,
that bothD X models can give almost the same results, whicrclustering and so grmay be expected to be negligible.
are in reasonable agreement with the experiment except for
the lowest subband at high pressures.

The present analysis proves that it is impossible to deter-
mine clearly the electronic properties @X centers in One of us(J.M.S) was supported by the FUNCA@®Bra-
samples with such a high doping concentrafidfisince self-  zil), and F.M.P. by the Belgian National Science Foundation.
compensation cannot be ruled out. In order to clarify this).T.D. acknowledges support by the Belgian National Sci-
problem effectively we propose to investigate our recentlyence FoundatiofNFWO, No. G.0287.95 Part of this work
proposed 5-doped quantum barrier structur€s® which  was performed by the Phantoms Network of Excellence
need lower doping concentrations to populate Eh¢ state; ESPRIT-III BRA Action 7360.
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