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Formation of three-particle clusters in heterojunctions and MOSFET structures
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A novel interaction mechanism in metal-oxide-semiconduction field-effect tran$MOBFET) structures
and GaAs/AlGaAs heterojunctions between the zone electrons of a two-dimen&@ajas and charged
traps on the insulator side is considered. By applying a canonical transformation, off-diagonal terms in the
Hamiltonian due to the trapped level subsystem are excluded. This yields an effective three-particle attractive
interaction as well as a pairing interaction inside the 2D electronic band. A type of Bethe-Goldstone equation
for three particles is studied to clarify the character of the binding and the energy of the three-particle bound
states. The results are used to offer a possible explanation of the metal-insulator transition recently observed in
MOSFET and heterojunctions.
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Significant advances in low-temperature physics are panmperfectly due to their low densities, and the scattering of
ticularly connected with the recent successes in fabricatinghe band particles on these trap centers may be more essen-
two-dimensional2D) electronic structures characterized by tial than the intraband particle-particle scattering. In this pa-
high mobility. The formation of the inversion layer of par- per we study the effects of the scattering of band electrons on
ticles on interfaces allows the study of the unusual low-the charged traps.
temperature behavior of a 2D electron gas, as well as the The Hamiltonian of the model can be written in the form
examination of theoretical predictions. Particularly, experi-H=Ho+Hjy, where
mental measurements at very low temperatufes2 K
show quite nonstandard results, like the fractional quantum
Hall effect and the metal-insulator transitigtMIT),%* the Ho:kE e(K)af ,ax .+ > wobd Do, (1)
origin of which is not yet properly understood. It is worth- 7 7
while to observe that the fractional quantum Hall effect and
MIT occur only under some special regimes where the tem-
perature and impurity concentrations in the samples are very
small. On the other hand the observation of such unusual _ to. Tt
effects only in GaAs/AlGaAs heterojunctions and Si metal- Hin= 2 V3 1q,0 P00 300

k,q;o,0'
oxide-semiconduction field-effect transistordVIOSFET) ‘ —_—
raises the question whether structural peculiarities of these +ag,500 58— k+q,0' 8,0 - @
devices are responsible or whether some fundamental law is
observed. In Egs. (1) and (2), a} , andb{_ (a, andby,) are the

The band structures of GaAs/AlGaAs heterojunctions andreation(annihilatior) operators for the electrons band and in
of Si-MOSFET's are well known, and their general featuresthe trapped levels, respectively.
are identical despite their different structures. The inversion The trap centers are modeled for simplicity as a disper-
of current carriers occurs at the interface of two semiconducsionless single levek(k) andwg in Eq. (1) are the energies
tors (or insulator/semiconductpmwith different band gaps. band electrons and trap level, respectively. The energy of the
These semiconductors are exclusively doped gosyand  trap centers is considered to be larger than the chemical po-
n-type impurities in order to get high mobility in the tential x of the band electronsyy= . The first term in the
samples. In extremely clean samples, the doping by one typdamiltonianH;,; represents the scattering of two band elec-
of either acceptors or donors forms single levels in the gap ofrons via the interaction potentigl(k) followed by the trap-
each semiconductor. In the process of, e.g., electron inveping of one of them by the donor level. The second term
sion, the donor centers in Sj@f the MOSFET structuréor  epresents the scattering of a band electron with a trapped
in Al,Ga,_,As heterojunctionsbecome positively charged electron(on a donor levelwith finally turning both of them
by transferring electrons to the 2D electronic band. Thento the band.
charged donors are located within a region of at most FortemperatureBT<(wy— w), the trapping centers con-
~200 A (Ref. 4 from the oxide-silicon interface, and their tain a definite number of electrons at thermodynamic equi-
energy level lies above the Fermi level. Such interfaciallibrium, and the considered trapping mechanism is assumed
charged states act as trap centers for the band electrons. Ttee be essential. However, the mechanism is destroyed by
density of trapped centers in, e.g., MOSFET structures is oihcreasing the gate potential, for then the chemical potential
the order of 18 cm~2,* which is considerably smaller than u reaches the trap level, causing the filling of all trapping
the typical carrier concentration of2x10'" cm 2. The centers. A temperature increase also leads to the destruction
Coulomb potential of charged traps seems to be screeneaf the trapping mechanism.
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We apply a unitary transformatidmith the intention to VE "
. . . . 1—kotq
result in the cancellation of the off-diagonal term, given by Ve (k, ky,q)=
Eq. (2). We will show here that this unitary transformation €k —k,+qT €k, €k +q @0
creates a “trap-mediated” effective attraction between three Y
electrons in the bantiNotice that our approach to the prob- B ki ko~
lem is similar to the cancellation of the phonon subsystem in €k, T €q— €k +q™ @o
superconductivity, where a canonical transformation yields
an effective attraction between electrons; see, e.g., Ref. 7. Vi, Vi,-q
Let us expand a new Hamiltonidh=e'*He'S in a power PP ———
series of the operat@=S,+S,+ S;+ - - - . Regrouping the 2 2
terms of the same order H;,;, the conditions which define Vi, Vgt Vi,-qVYq
S ,i=1,2,... areobtained recursivel\S; is determined by m —
Hi,—i[S;,Ho]=0 and leads to €T €k €k WO
Vy - Vi,VatVk,-qVq
S, =i ay ,a bg,ra +
1 k’q%(r, et e_k+q—eq—w0[ k.o@—k+g,0' 00" 00 €qT €k, ~ €k +q~ @Wo
1 2
_ag"’bov"'/a_k+q"f’ak"’]' (3) Vk1*k2+q (7)

The new HamiltoniarH can now be written in the forrh €k —kp+a T €ky—q ™ €k, T @o

=Ho—(i/2)[S{,Hint]—1[S,,Hg]. HereS; is obtained from Ind ; ) ;
o ! . oo eed, the denominator of each termVif!" is negative,
the condition that the off-diagonal terms in the Hamlltonlanowing to the fact that a donor level lies higher than the

—(i/2)[S1,Hintldiag: Where the last term contains only diag-  The third term in the Hamiltonia) describes an effec-

onal elements. Introducing E€B) into the expression folr tive three-particle scattering,
finally yields the effective Hamiltonian

~ o~ H 1 2 Vklvkz
H:HO+ He_e+ HA: (4) A_E €k1+67k1+ql_ qu,wo
whereﬁa, He.e, andH, describe the effective one-particle kl,iz,qu,qu
Hamiltonian, the electron-electron interaction, and the three-
particle clustering, respectively. The one-particle effective Vi, Vi, + + +
. . ~ . . + o ak o a'—k + o
HamiltonianH,, is given by €k, T €—kyrq, €g, Wo| 1712722 208
m:HO_Z b;,grbo,a’E 81(Q)a£,gaq,a a*k1+q1v"3aq2r"2ak1r"1' ®)
o’ g.,0
Using again the conditiop<w,, it is possible to see that
+ Ja)bt by .al a, . the. strength pf the three.—parucle interaction is negative,
E (@bo,bo, Qo' 4 which results in the formation of clusters of three electrons.

" This effective attraction among three electrons can be un-

£1(q) 1 Vi derstood according to the following physical argument. The
( () )= - (V v ) (5  proposed mechanism of two-particle interactions with trap-
k¥ —k+q ping of one of the particles, in contrast to an intraband

In thermodynamical equilibriurl(lbgﬂ,bo,,): 8y, and the eleptron—electron scattering, destroys locally the electrongu—
one-particle energy is renormalized, g f[rahty of t'he ZD electrpn gas. The necessary electroneutrality
_ ~ t o~ in heterojunctions or in MOSFET's is restored by the ensu-
=Zq,06(0)8, 08,0, With £(Q) =&(0) +£41(a) +I(q). ing adaption of the height of the Schottky barrier, i.e., by a
The electron-electron interaction Hamiltoni&t... also change in the value of the band bending energy. However,

contains terms with spin flipping due to the exchange scatyg rapping and releasing processes are so fast that the bar-
tering of 2D electrons on trapped ones. In thermodynamigiers height cannot follow. As a result of the trapping of

equilibrium, He . has the usual form band electrons, a hole appears which acts as an attractive
center for other electrons.

€x— €7k+q_ Eq_wo

1 .
Heoe== > Vé‘?e”)(kl,kz,q) The energy level of the trap centers in the above calcula-
2 ky.Kp, 00,07 tion is chosen to be dispersionless for simplicity. However,
even in the single-level case, the donor center energies de-
all’(ralz’(r,akz_q’(,,akﬁq’(,, (6)  pend on the spatial coordinates of the impurities due to the

band bending and, therefore, become dispersive. Including
where the effective two-particle interaction potential the dispersion of the trap level does not change qualitatively
Vé‘féf)(kl,kz,q) appears to be attractive, our results.
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~ We now proceed to show that a three-particle attractiveyheree= /% w is the dimensionless excitation energy. The
interaction can lead to the formation of a bound state. To th'sétudy of Eq.(12) for arbitrary negative values & shows

Zggérzvgncgzselggczo{hselrgglilr(i:rlg ?nr:gr;g(teiotrr:r?rer;gagclj?:reg:anrter_ that the right-hand side of this equation is a monotonic and

equation for three identical particles in 2D with a genericpos't've, fu_nctlon with a maximum value equal to .In8@t

interaction potential of the formY(r,—r,;rs—ryiro—rs) is =0. This imposes a lower restriction on the attractive poten-

written in the following form after introducing the Jacobi tial, Vo=1/In 2N*wo. Consequently, f°f attractwe.potentlalls

coordinates R=1(r,+r,+rs), r=rs—ry, and z=(r, strong enough, Eq12) possesses a unigue negative solution
3 1 [}

+r3)/2—ry: for —ee(—=,0). This implies the existence of three-
particle bound states.
K21 92 2 2 9 In a weak-coupling regime, where<1, Eq.(12) is sim-
“om §ﬁ+ ﬁ+§ﬁ plified to
; ; —4EI ~4de 4 1 n 13
+V z—E;r;z+§) Y(R,r,2) 3¢ "36 " e VoNZog n2j,
= (e+3er) W(R1,2), (99  the solution of which does not possess a gaplike form for the

excitation energy.
where € is the three-particle excitation energy measured |n the opposite case of large negative solutienss 3,

from the three-particle Fermi level. After excluding the gq. (12) leads immediately to the following result for the
center-of-mass coordinake by eXpandIngﬂ(R,l’,Z) n plane bound energy in the Strong_coup"ng regim&:

— ilh . .
waves, §(R,r,2)=2q MR PT P (p,q), a Bethe- 2y (%.weN)2, which shows a clear perturbative noncollec-
Goldstone-type equation, similar to the equation for Coopefjye behavior.
pairs; is obtained, This discussion shows that molecular clustering rather

than a coherent state is realized in the system. The ground

2 3 2 .
P~ +i_e_3€ S(p.Q) state of the system becomes unstable with respect to the
m 4m FIPP4 three-particle attraction. This seems to lead to molecular-type
formation with negative energy.
Iin roy In conclusion, we want to emphasize that it is possible to
+p%, V(PLatip.a)(p'a’) understand qualitatively the reason of MIT’s occurring at
very low temperatures in GaAs/AlGaAs heterojunctions and
=0. (10) MOSFET (Ref. 2 and 9in the framework of the formation

of three-particle bound states we describe above. The elastic
scattering of electrons on impurities at low temperatures,
: I o which is characterized by a relaxation timg results in the
coordinate transformatiorlie in @ narrow vicinityiwo of |5c5jization of all electronic statédunder the condition that

the FerhmihSI_Jrfacee(,:,erThwo)r.] Herghwof is a CIUtOfIf €N A wo(n)<kT<#hl7o producing an insulating behavior for
ergy which is comparable to the order of trap leve .energyconductivity. Herewg(n) is the trap level energy measured
measured from the Fermi level. This condition restricts th

&rom the Fermi energy, which is a function of the 2D electron
energies 2 ep<p?2m<2(er+hwy) and ex<g?/2m<ep 9,

S ; X concentratiom, or the gate potential. On the other hand, in a
+hwg of the quasiparticles obtained after coordinate trans

f . heref he simplified L on f regime corresponding thT<7 wy(n)<#/ 7y, which can be
ormation. Therefore, the simplified attractive interaction for .2 heq by varying the electron concentration or the tem-

a system of Iinzear siz& is v(p'-Q';PZ,Q):Z—VO/'—4 for  perature, the formation of three-particle bound states results

The interaction potentia¥(p’,q’:p,q) is assumed to be at-
tractive when the energies of the three particlesfore the

p q° q’ in the vanishing of the weak-localization corrections to con-
3 2 LI | a1
sep=p2m, So<ilerthoo), <z om=erthoo, ductivity. This is due to the fact that the scattering of the
and 0 otherwise. three-particle clusters on the impurities does not lead to
The following equation for the bound-state energy of aquantum interference. Instead, the cluster’s wave function
three-particle cluster results, accumulates an additional phase by rotation of the cluster in
the process of scattering, while the center-of-mass motion of
1 5 [Bhwol2 3hwgl2 1 the cluster is still extended. The expression for the conduc-
1=3Vo dé, 0 dé, Eitép—e (11D tivity can be written as
' ' ' 3e’n, 7, e’nsT f 7in(T)
whereN is the value of the density of electronic states on the _ ATO f o{ (Tin
. . . . . O'(T) = l_ n y
Fermi surface. The integration of E@L1) gives an equation m m | 2mepTy T
for e, (14

3 Py L3 where the first and second terms in E#4) correspond to
I N ©) . (12 the Drude and weak-localization contributicfisyhich cor-
VoN?% wg 3—2¢ (3—2¢)? respond to three-particles clusters and free band electrons
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5 — i strong-localization effects in these experiments. Effects ob-
————— served in the weak-localization regifheshow a more
2 - pronounced logarithmic behavior. The values of the conduc-
1 T tivity at the critical densityG, observed in the two expe-
- e rimets strongly differ from each other: in the strongly disor-
— 05 - dered casé,G.~e?/h, whereas in the weakly disordered
e case’ G,~120e?/h. Therefore, we think that the conductiv-
0.2 ] ity at the critical densityG, does not show a universal be-
0.1 | havior. It depends on two factors: on the impurity concentra-
tion in the Si substrate or in the 2D electron gas and on the
electron concentratiofor on the band filling in the inver-

0 0.1 0.2 TO'I% 0.4 0.5 0.6  sjon layer. By increasing the band filling in the insulator

K1 side of the MIT’s three-particle clusters appear which

FIG. 1. The temperature dependence of the experimentaveaken the localization tendency in the 2D electronic system
(dotg conductivity scaled to the critical or{®ef. 12. The densities  since the scattering off the cluster on the impurities does
increase from below to above a%=6.85,7.17,7.25,7.57, not lead to quantum interference effects. At the critical
7.85<10'" cm 2. The lines are theoretical fits according to Eq. density, the contributions coming from the clustering com-
(15) where the lower three curves are assumed to be UnderCl’itiC%|ete|y Compensate the localization corrections and the con-

(without n,) with the fit T.=3.93617K and N qyctivity is defined by the value of the residual Drude con-
=0.330,0.078,0.004 correspondingly and the above two meta”'(auctivity which is temperature independent at low
curves are critical(with n,) with the fit T.=1.4,0.8 K andA tempera,ture

=0.48,0.86. Notice that another mechanism for MIT’s, which is con-

with concentrations of, and n;, respectively.r;, is the troII_ed by a temperature-dependent trapped-electron concen-
inelastic scattering time;,,=aT P wherea is some con- tration qE(T)' has been recently proposed by Altshuler and
stant,p=2 andp=2 for a probable electron-electron scat- Maslov.~ As the Comment and Reply shdithis qualita-
tering mechanism. Notice that a logarithmic temperature detively correct explanation cannot reproduce quantitative fea-
pendence ofr in the metallic phase has been obsefvied ~ tures of the experiment. A critical discussion of different ap-
high-mobility n-Si-MOSFET’s which is in good agreement Proaches can be found in Ref. 2.
with our assumption. Observation of the negative low-field Although we have not discussed a role of effective pairing
magnetoresistance in the metallic phase also supports tig@verned by Eq(6) in the Hamiltonian, there was an attempt
important role of quantum interference effects in MIT’s. We to interprete the experimental data on MIT’s as a result of
neglect in Eq.(14) an additional logarithmic quantum cor- possible superconducting ground st&dt is well known
rection due to the electron-electron interactibhsyhich is  that the effective pairing is suppressed by the order param-
responsible for the positive magnetoresistance also observeder phase fluctuations in 2D systems reduclig of the
in experiments. superconducting transition to zero. However, fluctuations of
Charge conservation allows us to write the total concenthe order parameter modulus aboVe: may lead to the
tration of particles asi=n,+n;+n,, wheren, is the con-  metallic phase.
centration _of trapped electrons, V\(l)hiCh exponential_ly de- The geometry of the cluster may be either in the form of
creases with temperature ag(T)=n;exp{—w(n)/kT} with 3 triangle with 3/2 and 1/2 total spin or of a stringlike con-
n{ being the concentration of trapped impurities. Assumingfiguration with 1/2 total spin, when two electrons with anti-
that clustering occurs 8t=T(n), n, can be expressed near parallel spins are placed at the same point and the third elec-
Tc(n) asny/n=(T—T)/T.. We rewrite Eq.(14) in the  tron with arbitrary spin is far from them. In the case of

form 3/2 total spin, a magnetic field parallel to the triangle
% area does not destroy the cluster, whereas the configurations
(T) T.—T AT . .
=1+2 — In—, (15) with 1/2 total spin are destroyed due to the Zeeman effect.
90 Te  7epmole T In both cases the magnetic field effects are defined by the
contributions coming from the quantum localization correc-

where oo=e?ron/m is the Drude conductivity, and* tions.
= yal7. In Eg.(15 we neglected the trap level contribution  The model of three-particle clustering due to the dis-

due ton;<n. RescalingT by T* asT/T* =7 for <1 and ¢ ;ssed exchange type of interaction with donor levels seems
choosing the parameter of randomngssh/2mer7o=1,the 5 pe ais0 a favorable candidate for the understanding of the
unknown parametef./T* =T, in Eq. (15) can be extracted fractional quantum Hall effect. The interaction of the band
by fitting (T)/ oy to the experimental data. The temperatureelectrons with trap centers effectively leads to the formation
dependence af is drawn in Fig. 1 for the best fit parameters of three-particle clusterssee Eq.(8)], as well as to the su-
T.(n). perconducting fluctuations due to effective pairing interac-
While the overall fit to MIT's is satisfactorily we see de- tions[Eq. (6)]. Both mechanisms decrease the ground-state
viations on the insulating side. This seems to be due te@nergy of the system. Strong magnetic fields in the quantum
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Hall regime polarize the spins of molecular clusters and aal argument in Laughlin’s theory to connect the filling factor
triangular geometry for the cluster is realized due to the Pauli=1/3 of the parent states with the angular momentdm
principle. An antisymmetric orbital wave function of the tri- =3,

angular cluster will contairab initio the Jastrow prefactor. The authors gratefully acknowledge discussions with M.
The angular momentud = 3 of the cluster provides a natu- Ameduri, D. Efremov, P. Fulde, and K. Maki.
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