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In-plane transport properties of heavily é-doped GaAsn-i-p-i superlattices:
Metal-insulator transition, weak and strong localization
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We performed intralayer-transport measurements on hedwlgped GaAs-i-p-i superlattices in the tem-
perature range of 4—300 K. Thelayer electron density was varied by applying a bias voltage between the
selectively contacted- and p-type layers. This tunability allowed the observation of the disorder-induced
metal-insulator transition in a doping superlattice. We compare the experimental electron-density dependence
of the mobility atT=4 K with theoretical predictions. Good agreement is achieved in the metallic regime,
solving the multisubband Boltzmann equation in relaxation-time approximation and close to the metal-
insulator transition, applying a self-consistent current-relaxation theory. Furthermore, we analyze the electron
conductivity data of both the metallic and insulating phases as functions of temperature and magnetic field
oriented perpendicular to the doping layers. The magnetic field as well as the temperature dependence of the
conductivity give evidence for weak localization of the metallic phase. In the strongly localized insulating
regime our data show a transition from activated high temperature to weakly temperature-dependent low-
temperature behavior. A detailed model is elaborated which explains this observation as transition from ther-
mally activated transport over critical barriers of the disorder potential to phonon-assisted tunneling.
[S0163-182696)03144-X

I. INTRODUCTION The disorder-induced MIT of Si/Si© metal-oxide-
semiconductofMOS) structures was the first extensively in-
Despite intensive study over many years, the metalvestigated MIT in aguasi-two-dimensionalquasi-2D sys-
insulator transitior(MIT) of disordered semiconductors con- tem. Instead of introducing compensating impurities as in 3D
tinues to be a major field in solid-state physics. In principle,bulk material, the electron density in the inversion layer of a
two alternative methods to induce the MIT can be distin-sing|e sample was tuned by applying a gate voltage. Early
guished if we considen-type semiconductor material which work on the MIT in MOS systems was reviewed in Ref. 5.
is sufficiently heavily doped to exhibit metallic transport | ater the magnetic-field-induced MIT was studied in the

properties: ) o , weak doping regime both in modulation-doped GaAs/
Impurity-density-and the magnetic-field-inducedIT's 4, Ga, ,As single- and multiple-quantum-well

;eﬁuiit frr]orri1na rr(]adL:]ctmmn ofnthet %verl?np? ofnt(;]e Itmrpgm)r/ v(;/avi?] structure$;” as well asn-type 5-doped GaAs samplésAn
unctions in an uncompensated semiconcuctor by recuc ﬁnpurity—density-induced MIT was observed in-type

the doping density or applying a magnetic field, respectively. : ; .
The electrons are localized on the impurity states. The charé'doloed Si structuréSRecently, the MIT in the integer and

acteristic feature of this type of transition is that the electroriractional quantum Hall regime in GaAs/fba;_,As het-
and donor densities are identical. erostructures has attracted considerable intéPest.

The disorder- or electron-density-inducedIT results Little attention, however, has been paid to the appealing
from a variation of the random disorder potential and thePerspectives of heavily-doped semiconductor structures
electron density by introducing compensating impurities With respect to the disorder-induced MIT. To our knowledge
The electrons are localized in the minima of the fluctuatingonly two studies of this type have been reportetf.in both
disorder potential. Typical of that type of transition is that cases the transport in gateetype 6-doped GaAs structures
the electron density is smaller than the donor density. was investigated as a function of the electron density.

Most of the experimental work on the MIT has been per- In the present work we report experimental and theoreti-
formed onthree-dimensiona(3D) bulk-semiconductor ma- cal results which demonstrate thad-doped n-i-p-i
terial (for a general review see Refs. 1-&lthough consid-  superlattices’ provide an excellent model system to investi-
erable progress was reported recently, in particular thgate the disorder-induced MIT of a quasi-2D electron @as
understanding of the impurity-density induced MIT remainsproposed more than a decade YgoOne of the major ad-
incomplete and a topic of controversial discussion. vantages of these structures is the tunability of the carrier
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will be given in Sec. Il B. The superlattice was grown on a 1-
np L, pm-thick undoped A} .GapgAs buffer layer on a semi-

1 insulating GaAs substrate, and capped by 200 nm of un-
doped Al sGagy sAs and 30 nm of undoped GaAs.

B. Experimental technique

/ T \ — In order to perform conductance measurements as a func-
n-contact / \ p-contact tion of the electrqn densityand, hence, of the disordewre
T o used a setup which allowed to measure theand p-layer
not-n-t Nobpel o pei-pet conductances as a function of the bldg, applied between
Substrate selectiven- and p-type contacts. As a consequence of the
indirect real-space energy gap &h-i-p-i superlattice¥ the
FIG. 1. Schematic diagram of th&n-i-p-i mesa with selective interlayer electron-hole recombination currents are lower by
contacts and the external electrical circuit. orders of magnitude than the intralayer currents driven by
small voltagesU,, or U,, applied between twmn- or
density and, hence, the number of occupied subbands by amtype contacts. Thus the carrier gas in theand p-layers
external bias voltage applied through selective contacts. can be described by quasi-Fermi levelg and ¢p. The
What makess-dopedn-i-p-i samples different from conven- quasi-Fermi-level difference is determined by
tional MOS structures is that they contain not only quasi-2D
electron and hole systems but also 2D impurity systems. Fur- Adnp=dn— pp=e€Up,. (€h)
thermore both the random disorder potential and the carrier )
scattering at low temperature are exclusively due to the ionSimultaneously a two-point measurement of thiayer con-
ized impurities. Thus, neither unknown, unspecifiable interductanceG,, was performed as a function of the bids,
face roughness perturbations as in MOS structures nor alloy
scattering as in heterostructures influence the in-plane trans-
port in 5-dopedn-i-p-i superlattices. Last but not least, the
wave functions have a well-defined parity with respect to the
impurity positions which imposes specific selection rules forn order to minimize the influence the voltage drop between
intersubband scattering absent in MOS systems. the twon contacts on the electron density, the voltage,
The paper is organized as follows. In Sec. Il we presenfyas chosen as small as possi®t higher than 1 mY.
the sample design and experimental details. Section Il igrthermore, the conductance data were averaged with re-
devoted to a discussion of the electron-density dependencgect to the sign ofU,,. The p-layer conductance
of the low-temperature mobility. Special emphasis is put Oerp(Unp) was measured analogously. A typical example of

the density regime close to the disorder-induced MIT. In Secypo measured-layer conductance is shown in Figa for
IV we study the influence of low magnetic fields on thetemperatureT=4 K.

conductivity of the quasi-2D electron gas with respect 10 The glectrical room-temperature characterization of the

weak localization. Subsequently a comprehensive analysis Qi mple allowed the experimental determination of the actual
the temperature dependence of the conductivity in both thgansities of electrically active Si and Be dopants in ithe

metallic and insulating regimes is given in Sec. V. We con- 4 p-type S-layers, respectively. Details are given in Ap-

I'nn
Gnn(Unp):_ 2

U .
nn Unp

clude with a brief summary of the results in Sec. VI. pendix A. The obtained values aréf)=7.7>< 10%2 cm—2
andn®?=6.6x 102 cm 2.
Il. SAMPLE AND EXPERIMENT Temperature-dependent measurements have been per-

formed in a standard OxforfiHe liquid-flow cryostate with

) _ T _ a Hewlett-Packard HP 4141B dc current/voltage source/
~ The physical properties of &n-i-p-i superlattice are en- monitor unit which also recorded the sample temperature by
tirely determined by its design parametelenor concentra-  measuring the resistance of a calibrated Si diode. For mag-
tion n{, acceptor concentration %, and interlayer dis-  netotransport experiments, we used an Oxfig/*He cry-
tance d The sample for the present investigation was growrpstate with a 16.5 T superconducting magnet in connection
by molecular-beam epitaxy using a shadow-maskyith a Keithley 220 current source and a Keithley 199 volt-
techniquet® Selective contacts to the andp-type layers of  meter.
the centraln-i-p-i region itself are readily provided via the

lateral n-i-n-i and p-i-p-i regions by standard optical lithog-

raphy (Fig. 1). The application of an improved technique

with a thin epitaxially grown shadow ma€kpermitted the In the present study, we investigate the transport proper-
fabrication of micrometer-scale devices with typical lateralties as a function of the 2D electron densit{?). From the
sample dimensions of 2@m. The GaAsn-i-p-i superlattice measured G,,(U,,) data, we deduced the mobility
consists of 165-doped p- and 15 s-doped n-type layers  uq(n®) and conductivityo,(n®) by calculating the rela-
which were grown in an alternating sequence with an intertion n(z)(Unp) with a semiclassical Thomas-Fermi methdd.
layer separation ofil=75 nm. Experimentally determined In this simplest local-density approximation of the inhomo-
values of the concentrations of Be acceptors and Si donormgenous carrier gas the electron-density equation

A. Sample design

C. Data preparation
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FIG. 2. () Measured electron conductivity ar{d) calculated
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FIG. 3. Electron mobility as a function of the electron density
for temperaturdl =4 K. The dashed vertical line marks the ground
state corresponding td,,,=0 V.

The results of both Thomas-Fermi algorithms are depicted
in Fig. 2(b). Due to the high doping concentrations the ex-
aminedp-type sample is a so-called semimetal, i.e., both the
electron densityn® and, according to the macroscopic
charge-neutrality condition

p(z)_n(z): n;(AZ)_nI(32)>01 (6)

the hole densitp(® are nonvanishing in the ground state of
the superlattice Y,,=0 V). With increasing negative bias
electrons(holeg are extracted from thae layers (p layers

electron density, both as a function of the bias voltage for temperagntil n(?) vanishes p? assumes its minimum value
ture T=4 K. The dashed vertical lines mark the ground state cor-ngZ)_ n(DZ)) at the threshold VoltagUthw —2.0V. The sam-

responding tdJ,,,=0 V.

n®(z)= J " de D (e,2)f(e, 40— Vsd2) (3

and an analogous hole-density equation fif)(z) are

ple’'s p-type character provides the possibility to deplete the
n-layer electron gases completely, which is indispensable for
an investigation of the MIT of the electron layers. Under
forward bias additional electrondoles are injected. The
injection of free carriers is experimentally limited by the ex-
ponentially increasing interlayer leakage currég which

solved self-consistently with the Poisson equation within oneypscures theS,,,(U ) data. Figure @) shows that the in-

period of the superlattice

2

2
g2 Ved2)= L 3 -nPoz- )

+(®(2)-n®(2)]. (4)

Herez denotes the growth direction,

1 2 . 3/2
Df:s)(e,Z):Ez(?mf) \/Z(B(G—VSC(Z)) (5

the 3D density of stateOY9) for the electrongsubscript ¢
for conduction banyg f (e, ¢,—V{z)) the Fermi-Dirac dis-
tribution, m the effective electron mass aMd(z) the self-
consistent superlattice potential. Integratiomé¥(z) in the

fluence of the band tails is restricted to the threshold region.

By calculating n®(U,,,) with the improved Thomas-
Fermi algorithm, we computed the mobility,(n®®) and
conductivity o,(n®) as a function of the electron density
from the measure®,,(U,,) data. The lengthy transforma-
tion formulas which require a detailed consideration of con-
tact resistances and sample dimensions are given in Appen-
dix C.

Ill. DENSITY DEPENDENCE OF THE MOBILITY

The purpose of this section is a detailed comparison of the
density dependence of the electron mobility with theoretical
predictions for the low-temperature case BE4 K. The
measured electron mobility.,(n?) plotted in Fig. 3 de-

z direction over the superlattice period yields the area densitgreases with decreasing electron density. At a density of

n®,

about n®=1.0x10"? cm~2 the mobility even vanishes.

An improved version of the Thomas-Fermi method whichThis behavior will be interpreted below as a disorder-
takes band tailing due to the random distribution of the ioninduced MIT due to electron localization in the fluctuating

ized impurities into account is described in Appendix B.

potential of the randomly distributed ionized donors.



A. Self-consistent subband structure

The quantum-mechanical determination of the subband

structure of thes-n-i-p-i superlattic&® is the starting point
for the calculation of the low-temperature mobility. We con-
fine ourselves to the case df=0 K, as the conductivity
calculations below will be performed in thie=0-K limit as
well.

Within the effective-mass approximation we solved the
one-dimensional Schdinger equation for the electrons in
the growth direction,

2 2

d_ZZ+VS(,(Z)+Vx,C(Z) @C,V(Z):ec,v()pc,v(z)r

()
self-consistently with the corresponding Satfirmer equa-
tion for the holes and the Poisson equati@h. Above,
¢c,(z) and €., are the electron wave functions and
subband-edge energies for subband indexhe exchange

potential V, .(z) for the electrons was chosen according to
Slatet® as

_2_mc

Vio(2)=—1.47%o(n"*(2))*", 8

with co=e?/4mee,. A complete subband wave function wit
wave vectork,

h

7 ©)

eIl ¢¢ ,(2)

lﬂc, V,kH( r ) =

IN-PLANE TRANSPORT PROPERTIES OF HEAVILY ...

13983
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FIG. 4. Electron density of the individual subbands depending
on the quasi-Fermi-level difference.

second and third subbands follow &t0.3 and 0.8 eV, re-
spectively. Beyond a forward bias of 1.0 V the experimental
determination of the conductance is no longer reliable due to
the increasingd ,, current. Figure 5 shows the resulting su-
perlattice band structure for various excitation levels. The
energy spacing between different subband edges exceeds the
thermal broadening of the Fermi distribution B&4 K by

two orders of magnitude. Therefore tfie= 0-K approxima-

tion is well justified for the band-structure calculation. Note
that miniband formation due to coupling of subbands of

is given by a plane wave parallel to the layers multiplied byneighboring superlattice-potential wells is irrelevant due to

the wave function in growth directiorp, ,(z). S is the
sample cross section. The corresponding eigenvalues

(10

the wide and high barriers of our superlattice.

In principle, the electron density of individual subbands
may be determined from measurements of the longitudinal
magnetoresistan@@.Our experimental efforts in this direc-
tion failed as the observed Shubnikov—de Haas oscillation
periods exhibited, after Fourier transformation to resolve

are given as the sum of the parabolic dispersion parallel teontributions of different occupied subbands, no consistent
the layers and the subband-edge energies. The 3D electr@ias-voltage dependence. We attribute this problem to a mix-

density was calculated according to

nP(2)=2 [ec.(2)*n?, (1D
with the electron density of theth subband,
+ oo
n9=f de DZ)(€)O(¢n—e), (12
and the 2D DOS
m
DZ(e)= —50(eec,). (13
The total area density results from
n®=> n2, (14)

Analogous expressions were used for the holes.

ing of the oscillations of the-i-p-i region and those afi-i-
n-i regions whose electron density is rather bias voltage in-
dependent.

B. Boltzmann equation

In order to calculate the electron mobility we solved the
multisubband Boltzmann equation in the relaxation-time
approximatiorf?> A comprehensive review is given in Ref.
23. Charge transport parallel to the layers results from the
interplay between the accelerating electric fieldind ham-
pering scattering processes which are described by the per-
turbation operatoH;,;. In the T=0-K limit only elastic ion-
ized impurity scattering has to be taken into account. Hence
the perturbation operator is explicitly given by

Hin=> VO(R).a), (15)

a

The dependence of the electron density of the individualvith V‘Ot(RH,,I) being the potential of the ionized donarat
subbands on the quasi-Fermi-level difference is depicted ifocationR; , .

Fig. 4. With growingA ¢,, the population of the first sub-
band starts at the threshold valuemiyﬁghp%—z.o eV. The

The coupled multisubband Boltzmann equations which
consider both intrasubband and intersubband scattering read
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afc,v,kH ’yC’V’kHHC'V”k\i

© rk)-E
mC H aeC,V,kH

2 )
:7|<Ir/fc,v,k”| Hint| wc,v',kH’>| - 6( ec,v,k”_ Ec,v’,k”’)-

17

Linearization of Eq.(16) with respect to the electric field
allows the calculation of the mobilities of the different sub-
bands within a multisubband relaxation-time approximation.

. o The corresponding relaxation timeg , of individual sub-
fc,v,kH is the value of the Fermi distribution at energy psnds are implicitly determined by

€k and |‘/fc,v,kH> denotes the corresponding subband
state. For the transition probabllltycyyykuﬁcv,,,'kHr between ¢n_€c,;¢22 K 7e, (18)
|zpc,y,k”) and|‘/’c,v’,ku’>1 we obtain, in the first-order Born ap- v

= E [FYC,VI,kH’—W:,V,kH. fC,V/,k”,(l_ fC,V,kH)
v

- ’)/C,V,kHﬂC,v’,k”' : fC,I/,k”(l_ fC,V’,kH')]- (16)

proximation, through inversion of the matrix
2m2h3 ) )
K,uv: m2s E 5,4”2 <|<l//C,/L,kH| Hint| l/’c,)\,k”’>| >averagé o( EC,/L,k”_ bn) ec,)\,kH’ —n)- kH
© kkf !
_<|<¢c,,u,kH| Hint| ’pc,v,k”’>|2>averagé & Ec,,u.,k”_ ¢n) o( ec,v,k”’ —n)- kH' kH’ . (19)

The effective mobilityu,, is calculated from the different layer (Fig. 5. Nevertheless, the approximation is good due
subband mobilitiege, ,, to the fact that the characteristic decay lengtm@#(z) ex-
ceeds the screening length for typical electron densities.

1 e From the computation of the scattering matrix element
"‘n:ﬁg Mn,vn(yz)’ Mnp= " Tcw- (20 P g
n v me
ini i i i (e, i Hind e, 7 =k ap |2
The remaining task is the computation of the scattering ma- c.vkyl T tintl ¥e,v” ky =kj+q)/| /average
trix element (| (e, [ Hind ll/c,,,r,k“'>|2>a\,erage Here ()average
averages over all possible donor configurations assuming =n(02)f dR|\|<l//c,v,kH|Vt°t(RH)|l//c,w,kH+qH>|2’ (23

their totally uncorrelated distribution. Screening of the impu-
rity potentials due to free electrons is assumed to be line

at fol that the int -scatteri ffici -
which is justified for high electron density. ollows that the intrasubband-scattering efficiency de

creases with increasing wave vector. This explains why the
mobility u, , of a given subband in Fig. 6 grows with in-
creasing Fermi wave vectég , (or electron densitylsjz)) as

The standard linear-screening theory for the screening gbng as no intersubband scattering occurs. The effective mo-

an external potential by a homogenous 3D electron gas is thgjjity ,.(n(?) shows three different regimes corresponding
semiclassical Thomas-Fermi thedsee, e.g., Ref. 2based g the number of occupied subbands:

1. Screening in 3D local-density approximation

on the IocaI-den;ity approximatig8D LDA). The screened Forn(®<3.1x 102 cm~2 one subband is occupied. Thus
Coulomb potential has the Yukawa shape only 1—1 intrasubband scattering processes occur and
. =Ryl wn(nt®) grows monotonously.

V(R = —ex;{ - I ) (21) For 3.1x 102 cm 2<n(®<5.1x 102 cm~2, two sub-

r— RH| Ln bands are occupied.—21 and 2-2 intrasubband processes

with the screening length,, given by occur whereas -2 or 2— 1 intersubband processes are for-
bidden since the screened Coulomb potef&(R)) is even
. 3e’m.[ 1 \?8 @13 in z [Eq. (21)] and the wave functiong, 1(z) and ¢ »(2)

n :W(W> 1 R (22 have different parity(Fig. 5. Scattering in the second sub-

band is less efficient than in the first one becauge) van-
In order to apply these formulas @n-i-p-i structures with ishes at the sites of the donor scattering centers, while
their z-dependent electron-density we s&P=n®)(z=0) in  n,(2) attains its maximumiFig. 5. Nevertheless, the slope
Eq. (22), i.e., we used the maximum value 0f?)(z). This  of the averaged mobility.,(n‘?) drops by almost a factor of
overestimates the screening as the act$3(z) is nonuni- 2 when the occupation of the second subband starts as the
form and decays with increasing distance from the dopinglectron-density growth per subband is roughly halved.
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05k | ' Ec(z)l 1 03 ! T mobility (solid) as functions of the total electron densiti): Sub-
band mobilities(dashed as function of the subband electron densi-
ol | ties (T=0 K).
0.2+ €¢,3 -
> = AVaVaV4 s 5-doped semiconductofS72” We restrict ourselves to the
o 0.5 7 E case of one or two occupied subbands. The scattering matrix
01k 4 element is given by
gl P | o1
(2)
N (W Hind 2 average - (VO ()2
-1.5 | | ‘ Ev(z? i ok | | L < <‘//c,v,kH int ’/’c,v’,kH’:kH+qH> >average_ S ,,,,/(q||) .
-50 0 50 20 0 20 (24)
# (um) z (nm) V>, (q)) is the 2D Fourier transform of the scattering matrix

) _ _ element for the screened Coulomb potential averaged in the
FIG. 5. Self-conss_tent superlgttlce potenlﬁiar_t side and sub- growth direction over the considered electron wave func-
band edges of occupied electronic subbands with squared enveloggns. For its evaluation we need the 2D Fourier transform of

wave functions(right side for various excitation levelsT=0 K): e scattering matrix element for the bare Coulomb potential,
(a) Aimost completely depletedY(¢,,= —1.88 V), (b) ground state

(A¢np=0 V), and(c) strongly excited § ¢,,=1.29 V). 27¢,
For n®>5.1x 10"2 cm~2 three subbands are occupied. qi
Additional 3— 3 intrasubband as well as—43 and 3—-1 with the electron-impurity form factor

intersubband scattering occurs. Note the discontinuous de-

Von () =———F5™a)), (25

crease ofu,(n®) due to the instantaneous onset of intersub- e.imp
band scattering. F,,,,r (qH): (pC’V(Z)(pCV,,r(Z)eX[X—qH|Z|)dZ. (26)
2. Screening in quasi-2D random-phase approximation VtVOVt,(QH) is given by

An improved screening theory is the quasi-2D random-
phase approximatiq(quasi—ZD RPA (see, e.g., Ref. 231t _ 2 GVV'»M#’(qH)Vf;’(qH):V,e,),(,tr(QH)a 27)
has been applied in several recent studies of transport in !
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design parameters®, n{?, and d of the investigated
sample. The deviation at higher electron density may be due
to the fact that thes>-doped donor layers have a small but
finite width, whereas we assumed a disappearing layer width
for our calculations. The spreading of the donors in the
direction increases the scattering efficiency and reduces the
mobility especially for the electrons of the second subband,
which have a wave-function node at the center of the doping
layer. Thus it seems reasonable that the experimental mobil-
] ity is slightly smaller than the calculations predicted. The
agreement between theory and experiment is also poor at
OF/——" , . T lower electron density. This finding will be analyzed in terms
0 05 1 15 2 25 3 35 4 45 of a disorder-induced MIT in Sec. Il C.

n(® (1012 cm™?)

Quasi-2D RPA
3D LDA

21

15
Quasi-2D RPA+LFC

™~ Experiment }

i (10% cm?/Vs)

C. Metal-insulator transition
FIG. 7. Comparison of the measured electron-density depen- . . ) )
dence of the mobility T=4 K) with the solution of the Boltzmann The fluctuating disorder potential due to the random dis-

equation for 3D LDA, quasi-2D RPA, and quasi-2D RPaFC  tribution of the ionized impurities is responsible for a

screening T=0 K). disorder-induced MIT. This phase transition can be inter-
preted in a semiclassical or a quantum-mechanical picture—
with the static dielectric tensor either as percolation transition of the electron fluid in the

) landscape of the disorder potential or in terms of quantum-

e ee mechanical localization of electron wave functions due to
6””'*‘“"(%):5””5V'“'+Zeeoq”H“M’(q”)Fw’,w’(qH)' disorder.
(28 In the present section, we use the quantum-mechanical

approach and apply the self-consistent current-relaxation
theory® to calculate the mobility in the vicinity of the
disorder-induced MIT. In advance we will estimate the den-

I1,,,.(q)) is the ordinary static polarisation paftand

Fi’f,vw,(q“):J’ ®c, (D @c, (D) @e (2 ) e, (2') sity range in which the Boltzmann transport theory is valid.
It is sufficient to consider the case of a single occupied sub-
xXexp(—qylz—2'|)dz dZ (299  band as the strong experimental deviations from the Boltz-

mann result occur in this density regime.
the electron-electron form factor.

The quasi-2D RPA summarized above and used in Refs.
25-27 is a mean-field theory which neglects both exchange
and Coulomb-correlation effects. We consider these short The Boltzmann transport theory is inadequate to describe
range correlations as local-field corrections within thethe disorder-induced MIT because it assumes plane waves
quasi-2D RPA (quasi-2D RPA-LFC). In the Hubbard for electrons traveling parallel to the layers, completely ne-
approximatio®° the dielectric tensor arises from E@8)  glecting electron localization. Its application is only justified
by multiplying the polarization partIl,,.(q) by if the mean free pathi=vg 7., of the electrons exceeds
(1—qy/2(kZ ,+aH)". their Fermi wavelengtih =27/k ; (Ioffe and Reget) and

the typical impurity separation

1. loffe-Regel rule

3. Comparison of experiment and theory

Figure 7 shows a comparison of the measured electron-
density dependence of the mobilitf £ 4 K) with the solu-
tion of the Boltzmann equation using 3D LDA, quasi-2D

RPA, and quasi-2D RPALFC screening for the impurity Herevg =7ike 1/m is the Fermi velocity. Figure 8 shows

potentials T=0 K). o o that this condition is violated fan(?<2.2x 102 cm~2. The
The quasi-2D RPA mobility is almost indistinguishable regyits of the Boltzmann equation are only valid for higher
from the 3D LDA result, which demonstrates that Thomas-gjectron density, i.e., exactly for the density regime with
Fermi screening is a reasonable approximation for heawlygood agreement between the quasi-2D RRAC and the
dopedé-n-i-p-i superlattices. The quasi-2D RRAFC mo- experimental mobility in Fig. 7.
bility is smaller than the quasi-2D RPA result because ex-
change and correlation effects reduce the screening effi-
ciency (increase the scattering probabiitgf the quasi-2D
electron gas. Gold and Gtze introduced a quantum-mechanical mode-
In the intermediate electron-density regime of 2 BY?  coupling theory for the description of the disorder-induced
cm 2<n®<4.0x10 cm~2, the quasi-2D RPALFC  MIT.* It is based on a self-consistent treatment of current
mobility agrees well with the experimental mobility, in par- relaxation and density propagation. Using the continuity
ticular if one keeps in mind that our calculation started fromequation they derived a system of equations connecting the
first principles, containing no fitting parameter but only thedensity propagator

-1/2
l+>max\,n?

). (30

2. Self-consistent current-relaxation theory
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FIG. 8. Electron mean free path, de Broglie wavelength, and FIG. 9. Comparison of the measured electron-density depen-
typical impurity separation depending on the electron densitydence of the mobility T=4 K) with the results of the Boltzmann

(T=0 K).

Do(q), Z2+M(2))
1+M(2)Po(q), 2+ M (Z))(fll,ll(QH)/Hll(?%)f)

e (qp,2)=

equation and the self-consistent current-relaxation th€8G+CRT)

for quasi-2D RPA-LFC screening T=0 K).

IV. POSITIVE MAGNETOCONDUCTIVITY

We focus now on the magnetoconductivity éfdoped
n-i-p-i superlattices in low magnetic fields oriented perpen-

of the electron gas in the random disorder potential with itSicyjar to the doping layers. Detailed studies of gated

current relaxation kernel

n?
M(Z):Wf da; gf(vii(ap)?®(q, 2).

(32)
Z denotes the complex frequency.
1 My(qp,2) g
b 2)== - 33
o4 2) Z\ €11140),2)  €11149)) @3

n-type 5-doped GaAs samples have been reported by Asche
et al®2 All formulas in this section apply to the case of one
occupied subband.

According to the scaling theory of localization, 2D metal-
lic systems are weakly localizgdor reviews see Refs. 33—
35), i.e., the electron states of infinite-size systems are local-
ized even for arbitrary weak disorder. Coherent
backscattering reduces the conductivity of finite size 2D me-
tallic systems with length and electron mean free pdthin
comparison with the classical result of the Boltzmann trans-
port theory afT=0 K by

is the density propagator of the free-electron gas. The dy-

namic dielectric tensoeq; 1/(q),Z2) is given by Eq.(28) if
the static polarisation paft1,(q;) is replaced by the corre-
sponding dynamic terffl IT;1(qy,2) multiplied by
(1—qy/2(kZ ;+0f)* to include local-field corrections. Af-
ter self-consistently solving Eq$31) and (32), the electron
mobility in the static limit is obtained from

e 1

me M (@=0)" 34

Mn=

whereM”(w=0) is the imaginary part of the current relax-
ation kernel.

3. Comparison of theory and experiment

Ao,(L)= Tez I L 35
The application of a magnetic field introduces the mag-
netic lengthLg= y#/eB as cutoff for quantum-interference
effects. Hencel. has to be replaced Hyg in Eq. (35), which
yields a positive logarithmic magnetoconductivity for 2D
metallic systems,

. (36)

2
AO‘n(B)me(B—O

Electron-electron interaction effects can be introduced in Eq.
(36) by multiplication with a prefactoCg=<1.
Figure 10 shows the measured conductivity as a function

The results of the Boltzmann equation and the selfconsisef the logarithm of the magnetic field for various electron

tent current-relaxation theorfSCCRT) for quasi-2D RPA  densities T=4 K). In the metallic density regime the ob-
+LFC screening are compared in Fig. 9 with the experimenserved magnetoconductivity is both positive and proportional
tal electron mobility. In contrast to the Boltzmann equation,to the logarithm of the magnetic field for 0.05<B<0.5 T.

the SCCRT reproduces the disorder-induced MIT. The calThis provides strong evidence of weak localization of the 2D
culated critical electron density,(vlzl)T=1.2>< 102 cm™2 of  electron gas in ou®-n-i-p-i superlattice. The slope corre-
the MIT (by definition atT=0 K) exceeds the experimen- sponds toCg~0.6, which is compatible with theory. For
tally observed value of 10102 cm™~2 only slightly. This  electron densities close to the MIT, the positive magnetocon-
deviation may be in part due to the finite experimental tem-ductivity is strongly reduced, which we attribute to the in-
peratureT=4 K. creasing strength of the disorder potential.
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FIG. 10. Experimental positive logarithmic magnetoconductiv- tunneling
ity (T=4 K) for n®®=1.2, 1.8, 2.7, 3.6, and 46102 cm~2, cor- S
responding to zero-field conductivities,=1.4x 10", 8.9x 10!, n® <1 x 10" em Ul
3.9x 107, 6.6x 107, and 9.6< 10 uS.

FIG. 12. Influence of the random potential fluctuations on the

V. TEMPERATURE DEPENDENCE transport properties of the metallig) and insulating regimeh).

OF THE CONDUCTIVITY
These experimental observations can be explained by in-
ducing a simple semiclassical percolation modéf: The
: . . random distribution of the ionized impurities in the doping
Figure 11 showsr, as a function of inverse temperature for : . .

layers leads to large potential fluctuations which modulate

various electron densities. For®>2.0<10" cm * the the band edges parallel to the layers. For high electron den-
conductivity shows almost no temperature dependence, i.€. ges p Yers. 9

the transport in the heavily doped layers is of metallic sitie; the electro.nic quasi-Fermi leve), lies far a}bove the
nature with temperature-independent ionized impurity scat-Spat'a"y fluctuating band edgg‘electron sea with no is-

tering as conductivity-limiting process. Phonon scattering@ndS”; Fig. 14@]. The electrons travel more or less uni-
appears to be negligible. On the insulating side of th ormly through the system only affected by scattering from

disorder-induced MIT fom®<1.0x102 cm~? activated N€ flgctuz_attlng potedntlalll; thedtranzp%rtnftalh_cllf thledelec—
transport with temperature-independent activation energy jifon density is gradually reduced the Fermi level decreases

observed al =100 K. At lower temperature, however, the and islands with zerdlocal) electron density appear above
activation energy decreases ’ ' the Fermi level. It should be pointed out that the potential

fluctuations increase with decreasing electron density due to
the less and less efficient screening. The percolation thresh-
T (K) old U, is defined as the energy which marks the Fermi-
20 10 5 level position at which théinfinite) electron sea transforms
_3[T T ; . u T T T into (finite) “electron lakes.” Forg,<U e, €lectrons have
: to pass potential barriers in order to get from one lake to
1WA 2.0 x 10" em™2 anothefFig. 12b)]. This, however, is impossible &t=0 K;
: the system ignsulating Nevertheless, at>0 K electron
transport is still possible fo,<U e, due to the following
two processes. Electrons may either perform thermally acti-
vated transitionsover critical potential barriers or hopping
(phonon-assisted tunnelingransitionsthrough these barri-
ers, the latter requiring less activation energy. The former
mechanism, which is dominating at high temperatures, re-
| sults in an electron-density dependent but temperature inde-

L ! L ! ) I s pendent activation energy,.=U yerc— ¢, . FoOr lower tem-

0 50 100 150 200 250 300 350 peratures hopping transport dominates as the phonon-
¢ -1 (1073 K1) assisted. tur)neling probability exceeds the probability for
pure activation.

FIG. 11. Temperature dependence of the electron conductivity In the following we give a comprehensive analysis of the
for various electron densitiesn(??=0.2,0.3,0.4,0.5,0.6,0.7,0.8, temperature dependence of the conductivity, starting with the
0.9,1.0,1.2,1.5,2.0,3.0,4.0, and %00 cm~?). T, defines the metallic phase. All formulas apply to the case of one occu-

transition temperature between activated and hopping transport. pied subband.

This section is devoted to a detailed discussion of th‘:‘[ro
temperature dependence of the electron conductiwity

1.0 x 102 ¢m—2

On (S)
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FIG. 14. Sketch of the semiclassical Kane model for band tails.
OFno e
1 1 | 1 1
14 16 18 2 20 2j4 B. Insulating phase-activated transport
In [T (K)] 1. Activated transport

The conductivity in the thermally activated regime obeys
FIG. 13. Low-temperature conductivity in the metallic regime

for n®?=2.0 (0), 3.0 ), and 4.0 102 cm~2 (A), correspond- 00=00 XN —Eac/KgT), (39
ing to zero-field conductivitieso,=1.5x10%, 4.8x10(?, and
8.7x 107 uS. The solid line was calculated according to By).  With prefactorog ,;and activation energi ;. Figure 1%a)
shows the temperature dependence ogf in the high-
A. Metallic phase—weak localization temperature and low-density regime. It clearly follows Eg.

A e temperaturd 0 K e phase coherence o ec- 29, 11 0131 b secton ety deper
tron wave functions is destroyed by inelastic scattering pro-
cesses with a phase-relaxation timg. For 7,>7., the
electrons diffuse over a mean distance=(D7,)"? be- 10“*% T T T
tween two dephasing inelastic procesgesperiencing only

elastic electron-impurity scattering procegs@gath D being 1G5 \‘M\.
the diffusion constant. At sufficiently low temperatures
where electron-electron scattering is the relevant dephasing__
process, the temperature dependehge T~ %2 holds; cf. 2

12 -2
Ref. 34.L; acts as a cutoff for quantum-interference phe- & | -7 0810 Cm/

prged ovevennd et )i

nomena and replacasin Eq. (35), yielding 10 0.3 x '1012 om=2

, 168

& n X (a)
A‘T”(T)_zﬂ% In(_l_()). (37 5 | [ | ' ' . ’
1 2 3 4 5 6 7 8
Electron-electron interaction effects can be included in Eq. T-1 (103 K™Y
%7) by multiplication with a prefacto€;~1; see, e.g., Ref. 40 . i : : : . i : :
A rough estimate for the phase-relaxation tim& at4 K 120 - (b) Nonlinear 4

may be obtained from the the magnetic-field dependence de- 00

picted in Fig. 10. Deviations from the logarithmic behavior
in the metallic density regime occur &~0.05 T as the % 8oL
thermal cutoff length becomes smaller than the magnetic £
length. FromLg~L; we deduce_;~100 nm, which corre-

act

sponds to a phase-relaxation time 40k Experiment ]
20t .
7,=L{D~1x10"12 s5x10 ¥ s~7.;, (39 . Quasi-2D RPA
C { | 1 I 1 1 ! | |
(estimating the diffusion constant according to 02 03 04 05 06 07 08 09 1
D:%UIZ;,ch,])- n® (1012 em~?)

Figure 13 shows the temperature dependence of the con-
ductivity for three different electron densities in the metallic  Fig. 15. () Activated transport for various electron densities in
regime in comparison with the result of E7). The experi-  the insulating phasen{??=0.3, 0.4, 0.5, 0.6, 0.7, and 0802
mental data comply with the assumption that the conductivem~2). The horizontal line corresponds to Mott's minimum metal-
ity increases due to suppression of weak localization byic conductivity. (b) Dependence of the activation energy on the
dephasing electron-electron-scattering processes. electron density.
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Toact 9rows with increasing electron density. Although n(D2>1’2
Mott’s concept® of a minimum metallic conductivityrg min == (44
was disproved by the scaling theory of localizatisee, e.g., Jmn

Ref. 33 it is interesting to note, that our samplti’? pggfaCtorWithin this nonlinear-screening approximation the resulting

has the same order of magnitudeognir~3.0<10"°> S™A  idth of the potential fluctuations is given by E@2) as

qualitatively similar behavior has been reported by several

groups for MO_S s_ampless. o _ Q(rs)=co(2ﬂ-n§32))1/2 |n(n|<32)1/2/\/;n(2>a)1/2_ (45)

For a quantitative description of the electron-density de-

pendence of the activation energy, we use the semiclassic® grows only slightly with decreasing electron density. For

percolation model. First we have to evaluate the distributiorour 8-n-i-p-i superlattice the prelogarithmic factor is 72

function P(U) of the potential fluctuationgAppendix D. meV. This enormously large value results from the high do-

We assume a Gaussian distribution nor concentration. Surprisingly, the fluctuations are even
stronger than in the linear quasi-2D RPA theory, which we
attribute to the simplicity of the nonlinear-screening model.

exp(—U?/2Q3). (40) Random potential fluctuations generate band tails which

V27Q modify the density of states. Applying the Kane mdfel

(Fig. 14), we evaluate the modified DOS as a convolution of

the undisturbed DO®?)(¢) of the first subbandEq. (13)]

and the distribution functiof?(U) of the potential fluctua-

tions

P(U)=

Using the linear quasi-2D RPA for screening the withs
obtained from Eq(D3) by applying the Parseval formula

calculatingvtflt(q”) according to Eq(27) as

1/2
Q=((n(oz)/(2ﬂ)2)f dqu(thf(qH))z) SN D(C'zl)ytai,(e)zf;dUP(U)Dfl)(e—U). (46)

Q grows with decreasing electron density because the,
screening efficiency is reduced. Equati@H) holds in the = yons apove the percolation level ., contribute to trans-
metallic regime in which the linear-screening apprOX|mat|onport_ Therefore the conductivity is given by

is valid. In the insulating regime, however, this expression is

e insulating phase defined tyec— ¢,>0 only elec-

inaccurate because the typical fluctuation width exceeds the % )

Fermi energy. Hence we develop a simple, yet reasonable Un%eﬂof de D il €)exp(— (€~ ¢by)/KgT)
nonlinear model similar to an approach followed in Ref. 1 Upere

for 3D heavily doped, heavily compensated bulk material. ~euokgTDR) (U Jexp(— (U po— bn)/ ks T)
We start again with EqID3), valid for randomly distributed #okeTDe e Uperd X (Uperc bl kgT),
impurities. In real semiconductor materials, however, the im- (47)

purities are never completely random distributed as the latyhere 11, denotes a mobility prefactor for the conducting
tice constant of the host material defines a minimum d'Sta”CEIectrons. Thus we obtain

a between neighboring impurities. The width of the potential
fluctuations in a circle of radius large enough to contain Eac= Yperc— én (48

many impurities is therefore estimated by o .
for the activation energy. The percolation level of our 2D

o " 1/2 continuum problem is given by ,.,=0 because of the sym-
Q(r)=(n(D)J 27r'dr’ (V(r'))? metry of the applied Gaussian potential distributiBU)
a (cf. Ref. 1. In the limit of kgT<<Q the quasi-Fermi level
=co(27n2) 2 In(r/a) 12 (42)  énis implicitly determined through
if unscreened Coulomb impurity potential§r)=cy/r are 2 _ f“ 2 _
used. The resulting expression diverges with increasing ra- N (én) —w de D 1ail )O(Pn—e). (49)

dius. The minimum impurity separatiar™>0 avoids an ad- ] ] o
ditional short-range divergence, while the long-range diverfigure 15b) shows the theoretical activation energy calcu-
gence is overcome by screening. In order to understand tH@ted from the simple nonlinear as well as quasi-2D RPA

screening mechanism, let us consider the standard deviatici¢reening as well as the experimental result. The activation
energy obtained with the simple nonlinear-screening esti-

(N@gr2)l2 p@12 mate exceeds the Iinear-gcreening result. T.his represents the

b 5 D (43) fact that, as already mentioned, the fluctuations predicted by
mr Jarr the nonlinear model are stronger than those of the quasi-2D

RPA theory. The experimental values lie between the theo-

of the donor density in the circleAnZ)(r) vanishes with retical curves. In general, the activation energy is extraordi-
increasing circle size. Therefore long-range donor-nary large due to the large potential fluctuations. It decreases
concentration fluctuations will be neutralized, no matter howwith increasing electron density because the quasi-Fermi
small the electron density is. The screening cutoff radius level approaches the percolation level. Within the percola-
of the long-range potential fluctuations can be estimatedion model the critical electron density of the MIT is defined
from An@(rg)=n® as as the density at whicE . vanishes.

Ang(r)=
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ber of electrons in a well of diametéris thus given by the
standard deviation of the donor number in this area,

N1 =ANE (1) = (n1%) Y (51)

A rough estimate of the depth of typical wells is obtained
from Eq. (45), neglecting the logarithmic factor

Q~con2™, (52)

]
7| The number of electrons in a well of siteand depthQ is

not only limited by the Coulomb interaction but also by the
Pauli principle to

FIG. 16. Band-edge profile of a heavily-dopedayer with dif-
ferent hopping processes: Nearest-droplet hoppmg variable- Me Me 1o
droplet hoppingb), and variable-valley hoppingg). N(Z)p(l)zlzﬁQzlzﬁcon(Dz) . (53

dro

Quantitative agreement between experiment and percola&ombining Eqs(51) and (53) for Ngzr())pu), we find that the

tion model could not be expected due to the following rea+typical diameter of filled droplets

sons. Instead of performing a self-consistent nonlinear simu-

lation of the potential fluctuations(similar to the 22 n|<32>1’2
semiclassical analysis provided for heterostructure devices | ~10 Nl py=— (54)
by Nixon and Davie¥), we used simple screening approxi- n

mations and assumed a symmetric Gaussian distributiofy jgentical with the Bohr radius, but much shorter than the
function, while the exact distribution function is asymmetric, gjze of the long-range potential vallefs-ence several elec-
which implies a nontrivial percolation levéAppendix D). tron droplets exist in each long-range potential valley. The
Even more important, the quantization of the electron statefye| spacing of the quantized energy states in such a droplet

parallel to the doping layers in short-range wells of the long+s approximated through division of its depth by its electron
range potential valleys of the fluctuating band edge was nesymper

glected completely. A quantitative consideration of these ef-
fects is beyond the scope of this paper. Q C(Z) .

m
Ae=—5—= ~10 V<E, . 55
€ Nfﬁgp(lq) 57 me act (55

q_Comc

2. Hopping transport

The conductivity in Fig. 11 exhibits a transition from ex- The numerical values for droplet size and level separation
ponentially to weakly temperature-dependent behavior awere calculated for GaAs. We want to point out that these
T~100 K. This has been attributed to a transition from ther-values are independent of both the donor and the electron
mally activated transport to phonon-assisted tunneling. In ordensity within our model. On the basis of this investigation
der to study the temperature dependence of this hoppingf the potential fluctuations, we now analyze the temperature
transport, we develop a more quantitative model of the podependence of the hopping transport.
tential fluctuations. For ous-layer case, we proceed in anal- At not too low temperatures hopping processes at the
ogy to Ref. 42, where the 3D bulk case has been treated. Fermi level between neighboring potential valleys dominate

Figure 16 shows the band-edge profile of a heavilylFig. 16, caséa)]. Due to their exponential distance depen-
5-dopedn layer. The potential fluctuates strongly on the dence, the critical hops which limit the conductivity occur

length scale between the nearest electron droplets. The required phonon
energy is of the order dk e. This “nearest-droplet” hopping
n(z)uz dominates forkgT~Ae corresponding toT~100 K, and
| o~ 2T o~ % (500 leadsto

o ) ) _ T~ 00 noXP(— VMcEacf I par/ i) —A€lkgT),  (56)
due to long-range variations of the impurity concentration

[with r taken from Eq(44)]. These fluctuations are accom- With activation energyA e<E,. The first term in the expo-
panied by short-range variations. Thus a small number ofent accounts for the involved tunneling process in the WKB
potential wells is formed in every long-range potential val-approximation.
ley. Because of their low density all electrons condensate in For kgT<Ae it is more favorable to minimize the hop-
these wells to droplets. In order to determine the temperaturiing energy at cost of an increased hopping length. The criti-
dependence of the hopping transport, we have to estimate ttg@l hops occur still between neighboring potential valleys but
typical energy separation between the quantized states in tH@t necassarily between electron droplets of minimum dis-
droplets. Prefactors of the order of unity will be neglected intance[Fig. 16, caséb)]. The hopping length is now approxi-
the estimates given below. mately | o+ 81. Therefore, ANZ)(81)=(n{?)s12)Y2 energy
The number of electrons in a short-range well is limitedstates of all the electron droplets in the a@a are within
by the number of donors, because otherwise the attractiveeach. Hence one finds for the level spacing of the energy
well would become a repulsive hump. The maximum num-states of all available droplets,
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Q Q . \
Ae(dl)= = . (57) 100 ]
ANG'(81) (ng)s1%)M2
The conductivity is given by 8or EXperi\mem i
O'n%("o,ho@xr(_ VMEacllpar/ ) g 60 \ )
—(VmQ(8l/h)+ Ae(81)/KkgT)). (58) & 40 Estimate .
The two last competing termsin the exponent reflect the ool ]
additional tunneling process in the WKB approximation and
the remaining activation energy. The conductivity grows for ol i
small 81 due to the shorter tunneling path and for ladje ' ‘ : : '
due to the smaller activation energy. The optimum additional 06 07 08 09 !
hopping length is obtained by maximization @f, with re- n® (10'2 cm?)
spect todl as
12 FIG. 17. Dependence of the transition temperature between ac-

Coh

? o ( \/ch I(BT . . . . . .
At present, a quantitative comparison with experiment is
Using &8l = 8l ., in Eq. (58), we obtain an expression similar impossible because not enough data are available for the
to Mott’s Iaw,g4 hopping regime. Instead we study the transition region be-
tween thermally activated transport and ‘“nearest-droplet”

(59 tivated and hopping transport on the electron density.

o= 0o nofX— (To/T)P), (600 hopping.
with 3. Transition between activated and hopping transport
c Using linear fits for both the activated and hopping re-
TON—O, p=1, (62) gimes, we define an experimental transition temperaiyre
(AIMQ)kg (see Fig. 11 At the transition temperature, the thermally

activated conductivitfEq. (39)] and the “nearest-droplet”
hopping conductivityEq. (56)] are identical by definition.
Neglecting preexponential factors, we obtain

the “variable-droplet” hopping law for heavily doped 2D
systems. Its range of validity is determined
<Ol gpi<lpar- For our sample, close to the MIT at
n®=1.0x 10" cm~?, we estimate “variable-droplet” hop- — E o/ KaTe~ — VMeEaef | par/ i) — A€lksTe, (63
ping to dominate for 10 K< T<80 K. )

At still lower temperature critical hops occur between dis-Tom which we evaluate

tant potential valleys. The hopping distance is far longer than
lbar» @nd the discrete energy states in the large number of T = \/E_acﬁ _ \/E_acﬁ n@ 60
accessible droplets can be replaced by a continikigh 16, ¢ \/E' baks \/HckB ng)”z'
case(c)]. This “variable-valley” hopping obeys Eq(60) ) o ) ]
with in combination with Eqs(50) and(55). Figure 17 shows that
the result of Eq(64) (using the measured activation energy
1 and the experimentally observed transition temperature are in
o~ S p=13 (620  reasonable agreement. The high values of 48 K, <80 K
D7 (¢n) (71 ymM:Q) kg reflect the large magnitude of the potential fluctuations in the

heavily 5-dopedn layers.
if the DOSD{?)(¢,) at the quasi-Fermi level is energy in- y o-cop y

dependent (derivation in analogy to Ref. 45, using
fil\m:Q as localization radius of the droplet electrpnk
the DOS exhibits a linear Coulomb gap at the quasi-Fermi In conclusion, we performed a comprehensive experimen-
level (Dgz)(%i €)~elc3), Eq. (60) again holds, but with tal and theoretical study of the transport properties of heavily
Eq. (61) being exactly reproduced instead of E§2) (the  J-dopedn-i-p-i superlattices in dependence of magnetic field
derivation runs in analogy to Ref. 46 and temperature in the range of 4—300 K. Our results dem-
Thus a continuous transition occurs in the hopping regimenstrate that such structures represent a unique quasi-2D
with decreasing temperature from ‘“nearest-droplet” hop-model system for the investigation of the disorder-induced
ping to “variable-droplet” hopping, and finally to full metal-insulator transition.
“variable-valley” hopping. The temperature dependence al- The electron density in the donor layers doped to
ters from activated behavior to Mott's law. The characteristic6.6x 102 cm™~2 was varied between 0 and %302 cm™2
exponent changes gradually frqms= 1 to p= 3 if the DOS at by applying a bias voltage between the selectively contacted
the Fermi level is constant. If a Coulomb gap exigis; 3 n- and p-type layers. Special emphasis was put on the
applies for both “variable-droplet” and ‘“variable-valley” electron-density dependence of the low-temperature mobility
hopping. recorded at 4 K. In the truly metallic regime, mobilities of

VI. SUMMARY
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about 1000 cr/V s were measured in agreement with the T=300 K. In order to verify this assumption, we measure
multisubband Boltzmann transport theory. Near the metaldGyP'/dU,, as well asdp®/dU,, by capacitance-voltage
insulator transition observed at an electron density ofrofiling to evaluate nglppl(Unp)/d p(z)(Unp)“Mp(Unp)-
1.0x 10" cm~?, we calculated the mobility with the self- The hole mobility turned out to be almost independent of
consistent current-relaxation theory, which even gives an aqy, , at room temperature in the considered range. This result
curate estimate for the electron density at the transition. Cons not surprising as the hole density is even at the threshold
cerning the impurity-scattering efficiency and, hence, thegy;in p@=n@—n@=1.1x 102 cm~2 still quite high.
screening of ionized donors if-doped electron layers, we  Thys we have two linear independent conditi¢As) and
found that the 3D local-density approximation works surpris-(a2) for the determination of two doping concentrations
ingly well compared with the quasi-2D random-phase ap-n(AZ) and n(Dz). To find the corresponding values we per-
proximation. Evidence of weak localization is provided byformed a numerical fit in the two-dimensional parameter

the observation of both positive logarithmic magnetic—fieldSpace spanned by the impurity densities, taking advantage of

and temperature dependences of the conductivity in the mey ., he high accuracy and high speed of the Thomas-Fermi
tallic regime. In the insulating phase, at temperatures abovﬁ]ethod.

100 K, we observed activated transport with a huge density-
dependent activation energy of up to 100 meV, in reasonable
agreement with a model based on semiclassical percolation. APPENDIX B
vAvtel%\?{(raigltﬁ;nfoe?;3:1%ngsi(i::t\gl“?ﬁnﬁgﬁ;%ytﬂfgdgﬁsase, \ggr'ﬁr_] The consideration of band tails within the Thomas-Fermi
ers of the disorder potential. In this hopping regime, we Studpwethod(Sec. ') imposes no fundamental problems. Apply-

o . .
ied the temperature-dependence of the conductivity based o'ﬂg the Kane modef we replace the DOS in the density

the detailed properties of the fluctuating potential inequatlon(S) forn**(z) by the corresponding DOS including

¢-doped layers. The predicted transition temperature pedand tailsD z(e,2) which is obtained as a convolution of

tween activated and hopping transport is in agreement witfj'€ distribution function of (gf;e potential - fluctuations
experiment. P(U,z) with the original DOSD;*'(€,2) given by Eq.(5),

€
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3D LDA screening, i.e., a Yukawa-shaped donor potential
APPENDIX A [Eq. (21)], and apply an approximation with exponential
In order to determine the actual doping concentrationsPand tgil§7 for P(U,2). The fluctuation width is calculated
the p-layer conductance versus bias-voltage characteristicdccording to Eq(D3).
Gpp(Unp) was measured dt=300 K and subsequently ana-
lyzed. From this result we deducedy,, and G, (0 V) APPENDIX C

/Gpp(Uﬁ,“p) which was transformed into the corresponding i - )
) of the n-i-p-i The evaluation of the electron mobiligy,(n®)) and con-

conductance quotier®),"'(0 V)/GpP' (U, ne ) _ _
region[eliminating the contact resistances in analogy to EqdUCtiVity on(n'”) requires knowledge of the geometric
(C4)]. Remember that only the layers are depleted at sample dimensions and the contact resistances. Figure 18

U™~ whereas the-layer conductivity remains finite. shows a typicaln layer of our §-n-i-p-i sample. The total

np ) . . .
: . er resistance along the current path consists of the resis-
Then we postulated that the actual doping concentratlonls';‘y " 9 P

are found if the result of a Thomas-Fermi calculati@ec. tanceRp R (N?(U ), un(n®)) of then-i-p-i bar region, the

I fulfills both resistance®Ry k' (n®(U ), un(n®)) of the twon-i-p-i con-
tact regions, the resistancBS'' of the twon-i-n-i regions,
Ughp’Tqughp (A1) and the two contact resistancBs ,. The measured resis-
q tance is thus given by
an
p(OV)/p 2 (Uny 19~ G (OV)/GF(Ury) . (A2) L LRI, )+ 2RIE(0), )

L. . . - Gnn(Unp) B Nper
The second condition implies that the hole mobility i
p(Unp) is constant in the intervalj<U,,<0 V at t2Ren T2R; )
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‘ APPENDIX D

- . R.n The basis for the calculation of the distribution function
. R'”P’ [ T of the potential fluctuations is the linear superposition prin-
: . <« R7Y ciple for the ionized impurity potentials. This assumption is
— T T \ R justified both for bare unscreened Coulomb potentials and
&N : N the linear-screening regime at high electron density if the

! Lyni < RZ’T{” guasi-Fermi level is far exceeding the width of the potential
""" e I fluctuations. Our results do not apply to the nonlinear-
screening regime for low electron density. For a review on

the 3D bulk case, see Ref. 48.

If we consider onen layer, neglecting all remote doping
layers, the distribution function due {2 positive donors
j with electrostatic potentia¥/(r| ;) in a sheet of are& is
obtained from the following ensemble average over all pos-
sible impurity configurations
@

Ly, @andLy, , , are the length and average width of the bar, .y=gN H -dr” - (DY)

andN,, the number oh layers. These three parameters are j '

known while the unspecifiable current path in thep-i con-

tact region is hidden in the constatf’"®'and then-i-n-ias A couple of rather tedious transformations finally yields in

well as contact resistances Rf°™®. Both constants were the limit S—co for fixed impurity densityn{

determined from Eq(C1) using a linear fit after the measure-

ment of G,,(U,,) for several samples with different bar 1 (= @

lengthLy - P(U)= ;fo ds exp( ng f [cod(sV(r)))— 1]dr||)
According to Eq.(C1) the transformation formulas from

the measured bias-voltage-dependent conductance into the 2 [ .

electron-density dependent conductivity and mobility run XCOS{ sU-np j sm(sV(r”))dr”). (D2)

€ Lyn,) ™

FIG. 18. Resistance regions ohaayer of thes-n-i-p-i device.
The dotted line marks the current path.

_ 1 Lb,n,H + 1) contact NG
(2) - (2 n
en®un NpgLp ., €M7 an P(U)=\ & U—le v(r ;)
+ Rﬁomact. (C 1)

Lon,| ipi Th d t of th I tric distributi
n(2)) = b0y contact] gnipi co e second moment of the generally asymmetric distribution
on(M) n nn (Unp) - (C2) function P(U), i.e., the width of the potential fluctuations, is

per=b,n,L L
given by
and
L MPIU ) ) 2|
Mn(n(Z)):(_ b.n,| _’_Kgontact) us np (C3) Q=|np f dr(V(ry)) . (D3)
perLb,n,J_ en (UnP)
respectively.n(z)(unp) was calculated with the improved The exte_nsion _of these results 1_‘rom amdayer to 5-n-i-p-i
Thomas-Fermi metho@Sec. I, Appendix B. Here superlattices with a large but finite numberroandp layers
is cumbersome but straightforward. However, for the
nipi 1 o-n-i-p-i sample considered in this work, the influence of
G (Unp) = 1 (C4) remote doping layers is negligible due to the large interlayer
(ﬁ — Rﬁomw) distance compared to the screening length ofpthayer hole
np

gases. The result of EqD2) is approximated either by a
denotes the conductance of the-p-i region obtained from Gaussian distribution or a distribution with exponential band
the measure®,,(U,,) data by eliminating the contact re- tails proposed by UngéY. Both are exact up to the second

sistances. moment, having in particular the correct fluctuation width.
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