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Effect of charged donor correlation and Wigner liquid formation on the transport properties
of a two-dimensional electron gas in modulations-doped heterojunctions
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We report on the calculation of transport properties of a quasi-two-dimensional electr¢2Df#S) posi-
tioned at a GaAs/AlGa, _,As interface separated by a thin spacer layer from a moderatdhped and only
partially depleted donor layer. We show that due to a correlated distribution of charge on the donors the
mobility of the 2DEG increases significantly against the case without correlations. The pair correlation function
of charged(classical donors is calculated by Monte Carlo simulations. The Boltzmann equation is solved for
a degenerate 2DEG at the interface assuming the scattering on the charged donor¢ ilaythe as the
dominant-scattering mechanism. At low temperatures in the limit of the large filling factor of the donor layer
the Wigner condensation is observed and a Bragg-like interference effect on the Wigner lattice is reported.
Localization in the 2DEG disturbs the effects at the 2D electron concentrgfiba 10'° cm™2. An improved
structure for experimental studies is propogd&0163-182@09)01212-6

I. INTRODUCTION where electrons fronm-type doped layer are occupying the
acceptors in the layer/=°

Modulation-doped semiconducting heterostructures are We solve the Boltzmann equation in the relaxation-time
widely used to create a high-mobility two-dimensional elec-approximation. The scattering on correlated charged donors

tron gas(2DEG). The spatial separation betweersaloped in the & layer, which is positioned at a well-defined distance
donor layer and the 2DEG strongly suppresses electroffom the 2DEG is taken into account as the main scattering
scattering: The flexibility in the choice of the structure pa- mechanism. The screening of the Coulomb interaction by the
rameters(spacer width, doping concentration, and barrier2DEG is included. Only one subband is assumed to be oc-

height allows one to obtain widely varying properties for the Cupied. The equilibrium distribution of the charges is ob-

2DEG. A proper gate structure makes it possible to vary thd@ined by Monte Carlo simulations. Results for a

electron concentration on the heterojunction and the chargg@/AS/AkGa,—xAs heterostructure are presented. The proce-
occupation of thes layer dure represents a two-dimensional version of a calculation

In this paper we investigate the effect of correlations pefor compensated bulk semiconductors reportediaf. 10.

tween the ionized donors. We find that the mobility may

become much higher than in the uncorrelated case. This ef- Il. THEORY
fect is strongest if a Wigner liquiWL) is formed. For ref- The heterojunction is assumed to be located=a0. The
erences of Wigner crystallization, see Ref. 2. We also discustEG is in a potential well az=0 and as-doped aonor
the aspects related with the practical realization of the strucl-

ture with special emphasis on measurements in the WL reiatyer is positioned at= —z,<0 as illustrated in Fig. 1. The
ure with special emphasi _ u ! dielectric constant is medium independent. The energy dis-
gime, and a design for an optimized structure is proposed.

ersion of the conduction band is parabolic with an effective
The charge distribution in the doping layer is controlledp P

(2) (2) (2) (2)
. : - massm. ng’, nsi, ng’, andn are the sheet concen-
by Coulomb interaction. At low temperature the electrons in DT e depl

the doping layer occupy the deepest levels of the randor‘H"'ﬂtionS of donors and charged donors in theayer and of

potential of the donor impurities. As a consequence the pot_electrons in the 2DEG and the fixed space charges in the

tential fluctuations are smoothed. If a large number of neutrafl€Pletion layer, respectivelyn) =n{+ Y, is assumed
donors is located between two ionized donors the relaxatiothroughout this paper. The pOSSibilinglvﬁnéz)Jr nffe)m can
results in a quasiregular Wigner-liquid-like long-range order.be realized by an additional charge source as it will be dis-
The more or less correlated impurity charge distribution in-cussed later in the paper.

fluences the electron scattering, and therefore also the trans- Within the doped layer, the impurities are randomly dis-
port properties of the 2DE&:® Therefore, this structure rep- tributed. In the case of sufficiently weak doping, quantum-
resents a very suitable tool for the study of electronmechanical effects due to wave-function overlap of localized
correlations in thes-doped layer by investigating the prop- impurity states are small and can be neglected. The dopants
erties of the adjacent 2DEG. The properties of the partiallyare assumed to form hydrogenlike states B~ states are
ionized dopants in the 2D structures have been discussawt considered. The spatial correlations among charged do-
also in papers dealing with-dopedn-i-p-i superstructures norsDX™ —d™ in detail studied in Refs. 4—6 give another
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Cop(r<L/2) ! > nn S(r—rii)
r = nin; 8(r—rj;
PP 2720 T o !

Cpp(r>L/2)=n??! (4

and its Fourier transform

B<q>=27rf:rJo(qr>cDD<r)dr

FIG. 1. Schematic diagram of the conduction-band profile with- L/2 @
out background doping. The dashed line shows the flat band case :277'] rdo(ar)[Cpp(r)—np=1dr. )
before charge transfer from thilayer to the 2DEG. The thick full 0
line is for the equilibrium. The donor energy level changes during(( . . .)) means the configuration averaging,is the charge
the relaxation Ep— Ep). The symbols are defined and discussed inoccupation number, and; is the donor-donor distance re-
the text. duced to periodic-boundary conditiohsWe assume that the

charge is fully screened at-L/2.

possibility to form the high-mobility 2DEG in modulation- Due to the homogeneity at larg@ both the functions
doped structures. The shortcoming of such eventuality conc,,(r) andB(q) are radial. However, the finite-size effects

sists in annealing temperatufg>100 K at which theDX™  could partially disturb the results performing numerical cal-
states are fixed. At such high temperature the long-rangeulations. To estimate this artifact we will also calculate the
spatial correlations cannot develop. “direction dependent” Fourier transform of the charged-

The transition to the acceptérdoping and to the hole gas donor correlation in the periodic medium
at the heterojunction is obvious. Theype doping is advan-

tageous from the point of view of the temperature stability of - 1 ]
the correlations. Due to the stronger localization of the ac-  B(Q)= INEI zm: ninmexpliq-(rj—rm1)), (6
ceptor wave functions the doping concentration can be in- D* jlsﬁm

creased and the correlations are then more stable at t%erequw(nl,nz)/L fulfills the boundary conditions for
higher temperature. any integersi ,n,.
The spatial density of the 2DEG is modulated by interac-

tion with the charges in thé-doped layer. These modula-
tions generate an additional electrostatic potential, which in
turn screens the donor-donor Coulomb interaction. Follow- The square of the matrix element for the electron scatter-
ing Ref. 11 we express the screened potential in the twoing on the correlated charges has the form

dimensional Thomas-Fermi model for degenerate electrons

. . . . . 2
in a triangular potential well here in which |M(q)|2=(§xq) nglﬂ[lJrB(q)], @

A. Electron mobility in the 2DEG

, (1)  with B(q) from Eqg. (5) describing the charged-donor corre-

lation andKG| being from Ref. 11. Consequently, the inverse
where momentum-relaxation time is

e 1 K
@(ry—zo)—477880 T (r,—zp)

o b6 e_quO 1

mQ (=
K(r,—zo)=qSJ Jo(qr) dg. (2 T(k)=%fo(1—cosa)lM(kv2(1—c05a))|2da-

0 b+q)® d+0sPa,
(b+q) ®
Jo(qgr) is the Bessel function of the first kind of the order - N
zero!? The confinement parameterspecifies the envelope At suff|C|entIy2I02vv temperature when.the_qua5|part|cle en-
wave function in thez direction of the first electronic sub- €9 E(kg) =A7ke/2m>kgT the approximating form for de-

band generate electron gag7)=7(kg) can be used Kt
= \/27rne(25 is the Fermi wave vectorFor the sake of sim-
b3 1202 plicity we use this approximation in our calculations. In
{o(2)=1\/5ze : (3)  GaAs the condition reads®’(cm 2)>2x10° T(K).

The final low-temperature form fqi does not contain the
The parameterb, g5, andP,, are the same as given in Ref. temperature explicitly. If all the donors are ionized, there is
11. no donor-donor correlation arig(q+ 0)=0. Thenu is tem-

The equilibrium distribution of the charges in tiddayer  perature independent in this approximation. In case of partly
with an areaQ)=L?, containing NDzn,(DZ)Q donors is ob- ionized donors in the layer the charges relax to an equilib-
tained by a numerical simulation. The MC simulation is donerium state. With increasing temperature the correlated distri-
in just the same way as presented in Ref. 10. bution becomes strongly disturbed, even at rather low tem-

The distribution of the charges in thielayer is character- peratures, because of the small difference of single-site
ized by one-particle radial pair-correlation function energies. The scattering of electrons in the 2DEG on more or
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is high. With increasingi? or decreasing) the opposite
relation can be reached and a fast decreasg ofill be
observed. This reshaping corresponds to complete filling of
the lowest band of the ideal 2D Wigner lattice and a strong
scattering at the boundary of its Brillouin zone. In our case
without additional source of electrona®<n{) and the
high mobility regime is established.

If the 5-doped layer is placed near the heterojunction and
the temperature is low the electrons can be bound at the
potential fluctuations at the interface and the mobility is sig-
nificantly decreased by this effect. The problems related with
the localization and the metal-insulator transitioviT) in
heterostructures have been discussed in the literatdfe?®
The critical electron densityn®?) for the MIT in
AlL,Ga, _,As/GaAs heterostructures with large spacer width
and an ideal 2DEGH— ) has been estimated'th

(2)
FIG. 2. The formation of a Wigner liquid foF=0.95 and n(2b_ Mp+
T=0 K. Dots and bullets indicate neutral donors and positive do-  amzy

nors, respectively.

(13

If the 2DEG confinement becomes comparable veighfor
less correlated charged impurities influences the relaxatiothinner spacer layers the value rdfc) from Eq.(13) overes-
time significantly. In this way a strong temperature depentimates the actual critical-electron density. Although a study
dence enters into our calculations of the mobility of the MIT is beyond the scope of this paper we develop a

In the limit of the large filling factor of the donor layer simple procedure to estimate the localization in the 2DEG
F=1—n(DZ+/n(D2)—>1 and for T—0 K the few remaining and to get limits of an applicability of the free-electron ap-
charged donors on the donors are forming a Wigner-liquicProximation(Appendix ). A theory of bound states associ-
with a quasiregular hexagonal latti¢eee Fig. 2. Simple  ated withn-type inversion layers on silicon, which is similar
analytical calculations indicate to us the interesting result$0 our approach, is reported in Ref. 16.
that can be found in this limit also on real structures. The
lattice constant and basis vectora;,a, of the Wigner lattice Ill. RESULTS AND DISCUSSION

are in the form . . )
The numerical simulations were performed for

\/E GaAs/AlGa,_,As heterostructures witthm=0.06m, and
| = — (9 £=125, which corresponds ta=0.1817 nm* n®
N \/En(Dzl =2x10" cm 2 was chosen as a proper concentration suf-
ficiently high but below the MIT in thes layer. The filling
13 factor F=1-n®/n@ T, n@ andz, were varied and
=1(1,0; a=I|5,> 10 . i dep! i
& =1(1,0; &= 21 o | (10 correlation functions were calculated by the MC simulations.

] . ] . _ The zero temperature configuration has been established as a
The reciprocal space is then defined by the reciprocal latticepseydo ground state”’in each configuration. Possible pro-

vectors cedures to obtain lower minima are analyzed in Ref. 17. We
believe that the mobility at the absolute-energy minimum
9= 2_77 _ 1i L g 2_77 0 (11) configuration will not be very different from our results. We
| BT 1\ T8 assume that the tunneling between donors indieyer and

. the 2DEG allows us to reach the thermodynamic equilibrium
If the real structure approaches the WL limit, t8p(r) 550 at low temperature. For details see Ref. 3. The charge
shows thes function like maxima near the values given by rejaxation can be studied by the time-scale response of the
the magnitude of the linear combinations of the vectorsmobi"ty to a gate voltage or a sample irradiation.
a,,8. The corresponding Fourier transform has its maxima The calculations were made on cells of various size to

in reciprocal space within the linear combinationsgefd>.  estimate the influence of finite-size effects. As an optimum a

The first maximum is at cell of 1000 donors, corresponding to=7.07x10"° cm
22 was found. In this case the Coulomb interaction is suffi-
_ T _ 2 ciently screened at the distancé to reduce the finite-size
= YN+ =6.752(n ;. 12
maxT 43 VDT b (12 effects. Simultaneously the system is not too large and fast

calculations are possible. FBr=0.90 a cell of 2000 donors
Based on this result we expect an interesting density deyas used. The screening of the Coulomb interaction is illus-
pendence of the mobility. The argumentNhin the upper trated in Fig. 3 by showing the functiork (r,—z,) [Eq.
limit of integration (8) reaches the valuel<'2_=5.013\/ne(25. (1)]. rK(r,—zy)=1 is equivalent to the total screening of
If 2Kk <qmaxthe integral in(8) is low, and thus the mobility the interaction. We see that the interaction is effectively
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R. GRILL AND G. H. DOHLER

PRB 59

[ 2kF: :qmax
_0‘5' ......... N TR Lae e Loy 1

FIG. 5. The Fourier transfornB(q) of Cpp(r) for screened
potential [nPQ=2000, full lined and unscreened potential
[n®Q=2000; dashed linesp?(=1000; dash-dotted lingsat

=1.9x10" cm 2 (b=207.6 um~1). The same line type shows T=0 K, F=0.95. Thescreenech?’Q=1000 case exhibits insig-
graduallyz,=15, 10, and 5 nm in the direction to the left upper nificant deviations compared with the full line. The points corre-

corner.n{,=0 in all cases.

spond to the direction-dependeB(q) for the screened case at
n? () =1000. The labels R- and qy.x have been introduced in

screened withim~100—200 nm for all the considered con- Sec. Il A.

figurations.

Figure 4 shows a typical set of radial pair-correlation pecyliar fact that the oscillations in the unscreened case are

functions Cpp(r) with F as a parameter calculated fog
=10 nm, n{Z,=0, andT=0 K (full lines) and T=2 K

(dashed lines The highF’s with well-resolved oscillations

slightly less pronounced.
More remarkable effects are observed in the Fourier trans-
form (5) depicted in Fig. 5. The unscreen8qq) contains

correspond to the WL regime. Due to the strong temperaturgdditional Q-dependent oscillations at smaj) which indi-
dependence the transport measurements have to be peate a long-range size-dependent ordering. The points in Fig.

formed at temperatures as low as possible. The oscillations ?:tcorrespond to screenédirection dependehB(q). A very
the lowerF’s are less pronounced but more stable than thos@ood agreement with relate(q) is obtained.

at the higher ones. In the case of Iéwthe electrons occupy
the lowest levels of the random potential and the long-range
order is destroyed. These configurations are stable in te
perature. TheCpp(r) functions at otherz, values do not

exhibit significant change compared to Fig. 4.

The influence of screening of the Coulomb potential wa

studied forCpp(r) as well as for its Fourier transforniy q)

andB(q) from Egs.(5) and(6) by comparing the results for

the screened and the unscreened d¢&@e—z,)=0. At the

S

The most surprising results were observed at the un-
creenecdB(q). Due to the discrete values of we present

he results in Fig. 6 as the points for singje¢ogether with

the lines obtained for the same parameters from the calcula-
tions of B(q). The circled points correspond to thés per-
pendicular to the boundariesg=2#(n,0)/L and q
=2mw(0n)/L. The odd and evem values vyield the data

points below and above the lines. The significant deviations

Cpp(r) we did not see significant differences except for the

20¢ F=0.05
F=0.15
165 F=0.25
F=0.35
77\12; F=0.45
E E
5 F=0.55
: F=0.65
1 F=0.75
O 4p F=0.85
0

FIG. 4. The correlation functionSpp(r) for various filling fac-
tors F at zo=10 nm andn{,=0. The full lines correspond t&
=0 K, the dashed lines t6=2 K.

4.0¢
35 8
3.0F

_25F

=2.0F

T}
1.0
0.5F
0.0 L

= 0.5 btk s s s

FIG. 6. The Fourier transfornB(q) and B(q) for the un-
screened potential. Full line and+( correspond tm(Dz)Q=2000,
dashed line andX) to n®Q=1000. T=0 K, F=0.95. Circled
points are described in the text.
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FIG. 7. Electron mobility versus ionized donor density electron FIG. 8. The elect bilit ionized d density f
densityn®=N{) for z,=10 nm. The labels at the lines indicate - 6. The electron mobility versus ionized donor density for

the temperature. The dashed parts of the curves left of the Iabe@)ﬁe)m:A'X_lqlo cm 2 and n(GZ).:n(Dzl__ng?pl for =10 nm. The
show the region wherE(kg)<2ksT and the 2DEG cannot be as- !IN€ description is identical with that in Fig. 7.

sumed as degenerate. The plots are thus only approximative there.

The dash-dotted line was calculated without correlations, i.e.accessible for measurements. The strong decreageaido

B(q)=0. n?)=20x10" cm™2 corresponds t& =0. at higher temperatures simplifies the experimental setup and
evokes an anomalous behavior of the conductivity, which
of the circled points from the direction-averagd@q) indi- decreases when the concentration of the 2DEG increases.

cate that additional charge modulations with square symme- The more realistic case for{Z,=4x 10'° cm? corre-
try are created. These finite-size effects disturb the corre@ponding to~10"* cm™* background acceptor concentra-
results if the Coulomb interaction is not screenedrat tion is presented in Fig. 8. We observe a simhézrl depen-
<L/2. A similar behavior was reported also in Ref. 9 and fordence ofu as in Fig. 7 but the mobilities are generally
three-dimensions in Ref. 10. Deviations for other directionssignificantly lowered. The WL regime and high filling fac-
of g were not observed. The question for the subsequertbrs F>0.8 cannot be reached here.
discussion remains how these effects influence the density of We have observed that the correlation functions are
states and especially the Coulomb gap formation in this casetrongly dependent oif and F, but they are only slightly
The unscreened Coulomb interaction is often used for thénfluenced by screening of the Coulomb interaction. This re-
study of a Coulomb glass model of interacting localized elecsult is convenient for an appreciable simplification of the
trons in a random potentiaf. numerical calculationsCpp(r) can be calculated for one
The number of averaged configurations was chosen suffeypical choice of the parameters and afterwards used for the
ciently high to ensure a relative error @f of less than calculations ofu in a wide interval ofz, andb. We illustrate
0.25%. A faster convergency was found at higher temperathis fact in Fig. 9 where we plou(T=2 K,z;=10 nm
tures. In Fig. 7 plots of. as a function of increasing ionized calculated withB(q) [Eqg. (5)] taken from simulations &f
donor density and correspondingly also electron density in=2 K and three different values a,=5, 10, and 15 nm.
the 2DEG are showr[.n(Dzlz n{?) here] This corresponds to  Similar results were obtained also for otlgrand T includ-
an electron transfer from thé layer to the 2DEG due to a ing T=0 K. In case of variabl@% at constanf the charge
change of gate bias, e.g. The results are given for various
temperatures witk,=10 nm. We can distinguish two basic
characteristics there. The Iomgl range corresponds to the :
highly ordered structure. As shown in Fig. 4 the degree of 120F
order is strongly temperature dependent, being more stable at i
highern(Dzl . The increase of the zero temperatyreat low
ngl is caused by significant ordering and Wigner condensa-
tion in that caseu(T=0) converges to infinity aF— 1.
This effect, however, will hardly be observed experimen-
tally. Localization will play an important role &—1 and
also other scattering mechanisms will compete to keep the
value of u finite. ;
In the highn(Dzl range of Fig. 7 we observe the decrease Ob b Lo T
of u due to increasing density of scattering centers, increas-
ing confinement of the 2DEG and increasing potential fluc-
tuations. The comparison with the case without correlations FIG. 9. The electron mobility fof =2 K andz,=10 nm cal-
shows that the first two effects are certainly too weak toculated using correlation functions a4=5 nm (dash-dottel) 10
explain this finding. This range of low filling factors is easily nm (full), and 15 nm(dashegl

80F

mobility(10*cm?/Vs)

10
r1(.322(101°cm_2
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TABLE I. The effective radiusa*, the binding energy¥,, and the critical concentrati (Zc)a for the
ideal 2DEG p—0) andn?® for n{J, =0 left column anch{,=4x 10" cm~2 right column as a function
of the §-layer distancez,.

Zo (nm) a* (nm) E, (meV) nd?2 (101° cm?) n® (101° cm?)
5 17.4 8.3 4.3 7.9 10.9
10 24.6 5.2 2.1 2.0 4.0
15 30.6 3.9 1.4 0.88 2.4
20 36.0 3.2 1.0 0.50 1.7
distripution is determined by a length uni.t\/l_igZj and by a _ eznfﬁ mh2n(
coupling constant of the temperature-activated hopping pro- AE.=Ep+ Zot+Ept+ (15

fox >
cessecp(llx/nm,—zo)lkBT. In view of these arguments the 0

Cop at variousn?) can be obtained using the approximative The second term results from the space-charge potential in
relation the wide-gap material and the fourth term expresses the

Fermi energy of the 2DE&(kg). If the background doping
is negligible the alternative formula is applicable

2 2 2
N2 ng1 | NG 2.(2)
'\ el T\ o e gy S, 3
Ng1 Nps/ N1 AEC—ED-I— ceg Zo+ —|. (16)

(14 b

Cop(r,n%3,F, T)~Cpp

The deviation of the donor levél, from Ep, results from
Cpp is independent of{?) if only one subband is populated. the relaxation of the charge to lower levels of the impurity
In order to estimate the critical density for the MIT in the band. The single-site energy expresses the energy as a sum
2DEG Eq.(A4) was solved(see the Appendixand the ef- Of energy of the Coulomb interaction with the charged do-
fective radiusa*, the critical concentration'2®, and bind-  NOrs and with the 2DEG. In the case without relaxation the
ing energyE,, were calculated. A comparison with the criti- _electrons on donor; are distributed randomly and their mean
cal concentratiom(ezc)b obtained according to Eq13) was interaction energy is expressed by the standard formula

also made. The results for the ideal 2DEG are presented in (2)

2
: . . e’n
Table 1. Both versions oh2) are in qualitative agreement Ei=——2 | 2o+ 3 (17)
pointing to localization an{®~10'° c¢m™2, 889 b
The results for the real 2DEGb( finite) and n{Z,  In the case after relaxation @t=0 K the occupied and un-

=4x10" cm™2 are given in Table Il. The MIT occurs at occupied states are separated energetically by the Coulomb

nP=n@?2 it means n?2=1.1x10° cm 2 for z, gap. The difference of thg, and the Coulomb-gap position

=5 nm andn{3?=0.64x 10" cm 2 for z,=15 nm. The  Ec,, gives the variation of the donor levalEy=Ep— Ep

finite width of the 2DEG weakens the binding to the impu- =E,— E.,,,. The width of the Coulomb gap is negligible in

rity; however, the localization influences the system in thisour calculations and a better specification HEp in this

case at IOV\n(ez), too. We conclude that the localization pro- respect is meaningless.

vides a serious complication for the determinationuofin The resultingAEp is shown in Fig. 10. Due to the ne-

the WL regime. glected background doping in Fig. 1 the bands are flat on the
The important point of designing this structure is a carefulleft of the & layer and on the right of the 2DEG. If back-

choice of the GgAl,_,As composition to set a proper con- ground doping is present the bands are bent outside the struc-

duction band offseAE, to reach the favorable startirfg ture to reach the background activation energy=att «. If

The standard procedure givésee Fig. 1 a 2DEG at the heterojunction exists, the energy shift con-

TABLE Il. The effective radiusa*, the critical concentratiomgzc)a, and the binding energf, for

ngfgp,:4>< 10'° cm™? as a function of, or corresponding confinement parameter

20:5 nm 20:15 nm
b Ne a* n{2a E. a* n2a E.
(em™1) (101 cm™?) (nm) (10 cm™?) (meV) (nm) (10 cm™?) (meV)

181 1 34.4 1.10 3.25 45.0 0.64 2.32
195 4 33.4 1.15 3.38 44.2 0.66 2.38
210 8 32.6 1.22 3.51 43.2 0.69 2.44
223 12 31.8 1.28 3.62 42.6 0.71 2.49

235 16 31.2 1.33 3.71 42.2 0.73 2.54
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FIG. 10. The variation of the donor energy level due to the FiG. 11. The scheme of the structure for the WL measurements.
charge relaxation in the 2D classical impurity band. One configu-

ration with n? (=16 000 was calculated for amf?) .

should be large to minimize the localizatid(fij) the poten-

) . ) tial barrier should be high to keep the overlap of the electron
nected with additional band bending does not affect the chars;phand states with the donor states small, @ridan addi-
. . 2 ’ '
acter ofAEp . The fast increase &fEp at highn{) (low F)  tional electron source should be present to compensate for

is caused by filling only the lowest tail states of the donorthe electrons lost in the background doping and to allow for
impurity band[ AEp(F—0)— +c in our model of a classi-  independent tuning Oﬁ(DZJZ andn{®.

cal impurity band. Due to this fact the realization of the ¢ fyfill the above conditions we propose the structure
structure with completely charged impurities without any schematically depicted in Fig. 11. It consists of a narrow
correlations is impossible. A similar behavior of the classicalq,v,amum well(Il) in a wide gap material, which reduces the
impurity band was also reported fo—n—i—p—i  penetration outside the well. Thzdoped layex(1) is placed
structure_s7. in a more narrow gap material to fit the proper equilibrium

Equation (16) reveals another problem of the presenti|ing factor F. The additional charge souré#l) is achieved
structure with regard to measurements of the WE.; is by ann-doped layer in the wide gap material, which is dis-
very low in this case. The required height of the barrier beyant enough to suppress the scattering on the charged donors
tween donors and the 2DEG is given practically 8. iy it (z;>27,). The charge transfer between the regions is
~Ep<Ep here. The overlap between doping and free stateachieved by applying independently suitable gate voltages
plays a significant role ang is influenced by that. between contacts to the 2DEG and the front and the back
gate.

The most interesting result expected at this structure can
be deduced from the oscillating form 8fq) (Fig. 5. The
possibility to varyke[ n{?)] without changingF allows us to

The value ofz, in the range from 10 to 15 nm looks sweepB(q) along the oscillations. For a simple preliminary
optimum for the magnitude ofu. Samples with . illustration we have calculated for structure composed of a
~10° cn?/Vs are currently prepared by molecular beam s-doped single heterojunction with a confinement parameter
epitaxy (MBE). At zo=5 nm the mobility decreases ap- b=600 um~! and independent variation tmezl and nff).
proximately by a factor of 2 compared with thatzt=10  The results are shown in Fig. 12 as a surface plot
nm. The transport properties at lony, howeve_r, will be ,u[nézl ,nff)]. The peak at IOV\n(DZ‘*)' and ngZ) corresponds to
influenced by the hybridization of the electrons in the 2DEGthe WL regime. The decrease f with increasin n? s
with the impurity states and by strong localization. The dis- 9 X i ) 9Np+
tance larger thazy~15 nm yieldsu>3x1f cn?/Vs at due to decreasmgzcorrelatlons. The shapgfai,”~’] at con-
low temperatures. These high values approach to the presesiant values o) reflects the effect of sweepingk?
technological limit on such structures and other scattering:x/swnem through the oscillations oB(q). If 2k passes
mechanisms may obscure the expected behavior. If measurgre first maximum at(q), the u decreases fast and ap-
ments at lowF are intended the increase ofto 15-20 nm  proaches to the case without correlations.
is recommended. In this case als§’ can be increased be-
cause the MIT occurs at higheér

We shall discuss now the possibilities on how to improve V. CONCLUSIONS

this simple structure in order to avoid its drawbacks and t0  \ye have shown that the study of electron transport in the
allow measurements as a function of both varymf and  s.doped single heterojunction can reveal an interesting effect
nff), including the WL regime. We set the following re- of electron correlation in a partially depletetilayer. The
quirementsi(i) the 2DEG should be confined to the region method can be simply used in case of low filling factors
close to thes layer to intensify the scattering on théii,) z;,  when the loss of electrons on the background acceptors does

IV. THE RECOMMENDATIONS AND DESIGN
IMPROVEMENT TO ENABLE THE WL MEASUREMENT
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out in thed layer + one positive charge at=0 in the layer.
We consider the system described by the Hamiltonian

H=Ho+H,+Uinp- (A1)

A

il

Hg corresponds to free-particle motion parallel to the layer,

=2, : . . ) .
'I//"I/'o%/////llllll//// H, describes quantized states in the one-dimensional quan-
ey i z q q
2% ""z,',',;;zf;?:,;//’,’,’,’//////////////// tum well, andU;,, is the impurity Coulomb potential

7

ST

s S
"""'/'/'"'l'/',',';z”’;l"""’//gl/

70 Em s)
00 200

eZ

A % ~

7 Uinp=— . (A2)
s Z e me 477880\/I'2+(Z+ZO)2

%,

,I /i We use the ansatz for a trial wave function

2

55

{{{{ N '/’(rlz)zgo(z))((r)a (A3)

25 Ko Se=

wherel(z) is the eigenfunction o, given by Eq.(3) with
FIG. 12. The presumed course of mobility for recommendedthe eigenvalueEy as the bottom of the occupied subband.
structure of quantum well and two doping regions with independenMultiplying the Schralinger equation with the Hamiltonian
tuning ofn® andn® . T=0 K, y=10 nm,b=600 um%, and (A1) by {o(2) and integrating irz we get the equation for the

n{2y=0. radial functiony(r)
o h? [ d*x 1 ax e?
not reducen{® significantly and the band offs&tE, can be “oml T2 TT —) ~X3
chosen sufficiently high. A gate voltage or optical excitation Ml gr T or TELo
allow to vary the electron distribution between thdayer P
and the 2DEG. The main effect to be observed is the de- deZ:(E_EO)X- (A4)
crease of the conductivity of the 2DEG with increasii{g) 0 12+ (z+120)?

(decreasing-). ) .
The simple structure is not suitable for measurements dt0oking for the ground-statéodelesgsolution of Eq.(A4)

the high filling factor and the Wigner condensation is diffi- it is useful to expresg in the exponential form

cult to be measured due to localization, hybridization with

the §-doping states, and the loss of electrons on the back- x(r)=e 5", (A5)

ground acceptors. For this case we propose a more sophisti-

cated structure consisting of a quantum well and two dopetvheres is real and positive. After substitution we get

regions. Higherd doping is favorable for the observation of

the correlation effects. In this case, however, the parallel 1 m

current in thes layer has to be considered as well. Perspec- s'=(s")?~ S+ S [E-Ept (], (AB)

tively, the correlated structure can be partially disturbed by fi

the gate voltage and temperature variation or optically and

. . . where

ensuing time-scale measurements of the mobility can prove

the charge relaxation in th&layer. The questions mentioned ) )

in Ref. 3 can be by this way elucidated. ()= e = [Zo(2)] dz
The same effects can be also studied on a system of two- dmeeo)o 124 (z+29)%

dimensional hole gas and the adjacent accepgtaloped

layer. In this case a highe#-doping concentration can be Due to the radial symmetry with continuous derivatives

used and consequently a temperature stability of the correla’ (r) has to fulfill boundary conditionss’(r=0)=0,

(A7)

tions up to abou8 K is expected. s"(r=0)=1/rs'(r=0)=m/A2[E—Ey+1(0)], and s’ ()
=const. Starting the numerical solution from=0 the last
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(2) —

As a model structure to study the localization in the The higher concentration corresponds to the metallic side of
2DEG we assume the doping charge homogeneously spreéte MIT.
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