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It is shown that recent experiments indicating a metal-insulator transition in 2D electron systems can
be interpreted in terms of a simple model, in which the resistivity is controlled by scattering at charged
hole traps located in the oxide layer. The gate voltage changes the number of charged traps which
results in a sharp change in the resistivity. The observed exponential temperature dependence of the
resistivity in the metallic phase of the transition follows from the temperature dependence of the trap
occupation number. The model naturally describes the experimentally observed scaling properties of
the transition and the effects of magnetic and electric fields. [S0031-9007(98)08103-4]

PACS numbers: 71.30.+h, 73.40.Qv

Recently, a metal-insulator transition has been obintroduce the idea of our mechanism, we assume all of the
served in low-density two-dimensional (2D) electronichole traps to be (I) characterized by the same energy of
systems—first in Si metal-oxide-semiconductor (MOS)the electron levek, and (Il) located at the same distance
structures [1—-4] and later in other heterostructures [5= from the interface. We shall abandon assumption (II)
9]. It has been found that, when the density of 2D eleclater on. The effects of a finite width of the trap band will
trons n, is below some critical value¢, cooling causes be discussed elsewhere [20].
an increase of the resistivity, while atn; > n¢ the re- At T = 0, the trap charge (and spin) state is determined
sistivity decreaseswith temperatureT, i.e., the system by the chemical potentigk of the 2DEG. Fore, > wu,
exhibits an unexpected metallic behavior. The insulatthe electron level is empty, i.e., a hole is trapped. The trap
ing phase has been found to be rather usual and easy bas a charge-e and thuscauses strong scattering of 2D
describe in terms of variable range hopping [10]. How-electrons. It is crucial for our theory that the charge state
ever, the metallic phase is anomalous in at least threef a trap can be changed by varying the gate voltége
respects. (i)p(7) dependence follows the exponential, Indeed, the biggeV,, the smallers, = &,(V,). AtV, =
i.e.,p(T) = po + p1exp(—Ty/T), rather than power-law V. (z) determined frome,(V;) = u, the trap captures an
form; (ii) p drops by about an order of magnitude wten electron (i.e., emits a hofe) and is neutralized. Being
changes in the range comparable to the Fermi eneggy neutral and remote from 2D electrons, the defect can no
of 2D electrons; (i) the metallic state is quenched by thelonger scatter them. Neutralization of the oxide charges
magnetic field. reduces resistivityp and thus causes an insulator-to-

Here, we are not going to discuss existing attemptsnetal transition. WherT is high (>|s; — ul), roughly
[11-18] to interpret these experiments. (We found inhalf of the traps are charged. As a resuit,is rather
Refs. [11-18] no satisfactory physical explanation of thehigh and depends weakly on bothandV,. However,
substantial drop in the resistivity in a narrow temperaturdor |u — ;] = T the density of charged traps behaves
interval in an obviously nonsuperconducting system.as exjp(e; — w)/T], resulting in the exponentiab(T)
Instead, we propose a simple mechanism which seems tiependence [feature (i)]. The transition takes place for
naturally explain all of the peculiarities mentioned above.both degenerate and nondegenerate 2DEGs [feature (ii)].
We believe that our general idea can be applied to alFinally, the magnetic field effect (iii) can be attributed to
gated semiconductors. However, here we concentrate dhe spin freeze-out of holes [21]: Zeeman splitting favors
Si MOS structures, where the important characteristics o spin-¥2 (charged) state with respect to the singlet
a two—dimensional electron gas (2DEG) and of defects argneutral) state of the defect.
much better known than in other systems. It should be noted that here we neglect quantum

A typical n-Si MOS structure consists of a metallic interference of 2D electrons and thus do not attempt to
gate, SiQ layer, and p-type Si substrate. A strong describe the insulating phase. However, we see that, even
enough, positive gate potential attracts electrons whicln the classical caselp/dT can change sign due to the
form an inversion layer at the SigSi interface. It is w(T)-dependence.
known [19] that, due to the oxygen deficit in the oxide, Let us now abandon assumption (ll), i.e., take into
there is a substantial concentration of defects close taccount a broad distribution of distances In order
the interface, which are capable of trapping chargesto understand why such a distribution does not smear
Even in state-of-the-art devices, there are more ttédd  the transition, we consider the electrostatic energy of an
hole traps per cfy such as Si-Si weak bonds [19]. To electron in the oxide,.(z). Given the total oxide thickness
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d and its dielectric consta,,, £, can be written as m* is the effective mass of the electrons, afichas a
—&,(z) = eVyz/d + €2/ (2€52). (1) Mmeaning of their effective energy, which can be expressed

Here the two terms represent the external electric fielcﬁhrongh the 2DEG Ferm;/inergy; via 6
dthei fi f the 2DEG, tively (ch “d _ -
and the image force from the respectively (charges _ _ 8F|:j e ( e ) cosh 2(8 sFﬂ ®
0

induced in the gate can be neglected providedihat d). 4T \ &p 2T
g.(z) reaches its maximura,, atz = z,,, where _ _ L
e, = —2 /eVgsd, 2 = duleg/eV, . Equation (8) interpolates between two limits =

) T/T%(11/6) = 1.44T for T > &p, while in the opposite

eq = */(2€xd). limit & = er. ForT = gf, the effective energg =~ 2T.
zw can also be expressed through the mean distance In the saddle-point approximation, Eq. (7) reduces to
between 2D electrons: p = (h/e?)poR(V,.T), (9a)
n = TVE =apr V8, (3 po = 046/F; (€ /2€,) VOUN, [ n,) (7 /d)*)°,
where ag = 7/r, is the effective Bohr radius. Equa- (9b)

tion (3) follows from the relation between the 2DEG 16

concentrationn, = 1/77% and the gate voltageen, = R _(T3: * dx

€0xVy/4md [22]. In order to have a meaning in a macro- Ve, T) = 8—3 ]0 [£(T)/2]expx2 + 5) + 1°

scopic theoryz,, has to exceed the screening radius of (9c)

2DEG (equal tazp/4 for a Si(001) surface [23]). There- )

fore, in low-density device&, > 1/+/2), this length scale N Eg. (9¢), we took into account the(T')-dependence:

is quite legitimate. s = [u0) — &, — &]/T, F(T) = HM=1OT
Assuming that the double (hole) occupancy of a trap is (10)

impossible, the probability of a trap to be charged is

1 - e,(2) — ¢ -1 We have to consider two distinct casesA) (Chemical
o[ o =20 =2) ]

potentials of the 2DEG and of the Si substrate coincide;

r (B) the 2DEG is disconnected from the substrate. A
where C = 1. According to Egs. (1) and (4), a homo- straightforward calculation gives
geneous distribution of traps leads to a distribution of _ 3/4 —1 _ _
charges which is peaked at= z,,, the width of the peak Fa@) = (T/T), o) =1 = exp=er/T),
being (11)

o6z = d[Tzsd(eVg)ﬂ]l/4 = Z,,1[T2(evgg,d)*l]l/“_ (5) WwhereT, is determined by the acceptor concentration
For d =2000A and eV, = 1eV, we get s; = [21]. Al_though caseB is more likely to occur in a
1 meV andg,, = 63 meV réspectiveiy so thakz/z, = reql dewc_e .[24]’ we shall concentrate mogt_ly on cAse
JTE)/18 < 1, since T < SK. At T — 5 K,' zm . which exhibits a clear metal-insulator transition even in a

. L lassical model (see below).
63 A and 8z ~ 8 A. This sharpness of the distribution © . :
peak in Eq. (4) manifests itself in a sharp metal-insulator The exponential part of_thé{(T)-d_ependence d'?p'
transition, asv/, is varied. pears whery, Eq. (10), vanishes. This happensiat =

c — _ 2 c i i-
How does a positive charge, separated by a distancis le: — n(0)]'/4eey and thusVy defines the transi

z > ag from the 2DEG, affect the resistivity? It turns tion point.  Away from this poinR behaves as

out that a bound localized state is formed wigh= T3 Ve JTQ, forQ <1,
3/4 1/4 Y Y . ot Rz i 1/2 (12)
z7/*ap < z ande, = —e*/(€*z) being the localization Py In'/2Q, for Q > 1.

length and energy of this state, respectivedy (s the ) )
effective dielectric constant of the 2DEG). The trapWhereQ = [2/f(T)]e”*. The distance from the transi-
and bound electron form a dipole, which is orientedtion can be measured by = (V, — V¢)/V¢. Provided

perpendicular to the 2DEG plane. Far= azr, and 8> <K 4T?/(gqeV,), variable s in Eq. (10) acquires a
ry 3> 1, the (transport) scattering cross sectifs, z) of ~ scaling form

such a dipole for electrons with energycan be evaluated s = \JeqeVe(8)T) = v/t t=T/ey

classically: g ’ , (13)
S(e,z) = 2.74(e%2%/2€"e)' /. (6) v = §yeVi/eq.

The Drude formula for the resistivity can be written as ~ The R(T') dependence in the scaling region is shown in

characterized byR, s exponentially decreasing with

Because of thew(T') dependencedR 4/dt changes sign
(7)  at somewv slightly bigger than zero, exhibiting thus a
where N, is the total volume concentration of the traps, metal-to-insulator transition. For larger negativelnot

Zm

)2/3 Fig. 1. Forv > 1, the system is in the “metallic’ phase

d
P = (Nl/ezns)\/Zm*é E(észm)fo dZPJr(Z)<i
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£ 084V / blowup of the transition region.
=
S 0.6 ¢/
2 0.4 1 theory (QPTT),a = vz]. In all of the experiments, ex-
% 0.2 N cept Ref. [8],a is close tol, i.e., to our prediction.
© 0.0 ‘ ‘ | An additional insight comes from non-Ohmic measure-
00 01 02 03 U ments. In Ref. [1(c)], the dependencembn the source-

drain voltageVsp = EL (whereE is the electric field,

FIG. 1. Scaling functiorR [Eq. (9¢)] vs dimensionless tem- anq [ is the source-drain distance) was also found to be

peraturer for several dimensionless gate voltage$Eq. (13)]. : _ . b

: , P ™ a scaling onep = p(E/Ey) with Ey « |5]°. We be-
increases in the direction of the arrove =0.25. (a . . - .

léaseA; v =—02-0.7. T,/e; = 0.04. DO?_/dsgshed line iﬁ(}i_ lieve that thisZ dependence can be attributed to simple

cates the transition. (b) Cage v = —1.4-0.7. heating. Indeed, the effective temperature of electns
is determined by the energy balance. For strong enough

shown in Fig. 1(a)], theR4(s) dependence saturates. electric field, i.e, wherr* > T, and for 2D electrons,

At_ _evg =1 ey, gq = 1 meV, andr = 5 K, we predk_:t ef«/D(T*)Teph(T*) = (77/\/6)7**, (14)

critical behavior for|§| = 0.01. This is consistent with ) o

experiments [1—4]. Here D(T) is the diffusion constant of electrons at
In case B, there are two distinct regions: exponen-teémperature”, and 7epa(T) < 777 is the relaxation

tially decreasing and-independentR, the crossover (me of the electron temperature, which we assume
between the two occurring fdw| = . Quantum inter- 10 be determined by electron-phonon scattering [25].

ference effects should result in localization, converiihg ©One can check that, ip(7) and D(T) obey a scaling
independentp into an exponentially diverging one; the 1@w 1/D(T) = p(T) = F(T/Ty), the £ dependence of
metal-insulator transition in this case will be discussedhe resistivity is also scalinglikep = G(Z /), where
elsewhere [20]. Eo =Ty = |6|“‘f with a =1 + p/2_ and functionG is

At the transition,R, ~ 0.1 andRp ~ 1 (cf. Fig. 1). obtained by solving Eq. (14) for a givan. If p = 3 (as
At the same time,n, = 10" cm2 and 7 = 100 A is the case for good metalsy, = 2.5. The experimental
for d =2 x 105 cm and eV, = 1 eV. Estimating value ofa = b/a [1] is =2.25. This discrepancy can
N,7 = 102 cm~2 and r, = 10, we obtain for the resis- easily be explained by being smaller thar3. On
tivities at the transitionp§ = 0.14/¢> and p§ = h/e?.  the other hand, QPTT predicts = 1 + e, a =
These values are within the experimentally observed range @ z = 1. One can check that the strong heating
[3(b)].

As Fig. 2 shows, the transition between the insulating

- |
and metallic phases in cades very well defined, despite 2 8;% B é 2 B
the fact thatR does not solely depend on the scaling o o < 17 i
variablev/r. Closer inspection of the transition region % 020 < 0 B
(Fig. 2, inset) reveals, however, that the transition occurs = 0.157 02 00 02l
over a finite range of rather than at a single point. 20104 : : —

Figure 3 depicts the (approximate) data collapse for ‘Tg 0.05 A

R plotted as a function of/|v| = T/T, with Ty, = o 0.00

|6],/eaeV¢. The inset of Fig. 3 demonstrates the “du- 0 10 20 30 t/\\v\

all’gy feat_ure, €., the symmetry between Fh.e .reSIStIVItyFIG. 3. CaseA: Data collapse iR plotted vsz/|v|. Inset:
p in the insulating pha_se and the co_no_luctlvdyln the “Duality” between “resistivity” p* = R, /RS ando” = 1/p°
metallic phase. Experimentally, a similar collapse waspiotted as a function o6 [Eq. (13)]. Solid downward curve:
achieved forT, « |5 [in the quantum phase transition p*(5). Solid upward curves*(8). Dashed curves*(—4).
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