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Two-dimensional hopping conductivity in a é-doped GaAs/AlGa; _,As heterostructure
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We present zero magnetic-field resistivity measurements of the variable-range h@gRiHy in a two-
dimensional electron gas created atdoped GaAs/AlGa, _,As heterostructure. When either the temperature
or carrier density are reduced the longitudinal resistivity shows a crossover from two-dimensional Mott VRH,
p(T)=py exp (T /T to Efros-Shklovskii(ES) Coulomb-gap behaviop(T)= pesexp (Tes/T)Y2 In both
regimes, near the crossover, the data collapse onto universal curves with a temperature independent prefactor
pm=(1/2)(h/e?) or pes~h/e?. The latter result is in close agreement with measurements of Si metal-oxide-
semiconductor field-effect transistors. We discuss the possible implications of our data on the theory of
phonon-assisted VRHS0163-18289)01108-X

The temperature dependence of the longitudinal resistivitfor all magnetic fields includingd =0. Hence, there is some
in the variable-range hoppin/RH) regime was shown by uncertainty in the temperature dependence of the prefactor
Mott™? to be of the form Po-
Recently, it has been showthat the zero-field 2D VRH
p(T)=poexp(To/T)P, (1 rgsistivity in Si metal—oxide-semicondu_ctor field-effect tran-
sistors(MOSFET'S follows T~ Y2 behavior, and for electron

where p, is a prefactor.T, is a characteristic temperature, densities near the 2D metal-insulator transition the data col-

; lapse onto a universal curve with a constant prefaiter.
and the exponerp depends on the shape of the density of "™ 13 o
states(DOYS) at the Fermi level. In two-dimension&2D) Aleiner et al™ suggested that the VRH conductivity may

_ _ . have a prefactor of the fornory=(e%h)f(T/T,), where
systemsp=1/3 for a constant DO§(e) = g at the Fermi 0 0 )
level. In this case, called Mott hoppingTo=Ty f(T/Tg)~1 for T~Ty. There is, however, no theoretical

—Cy(gr£d) L, whereé is the localization length an@ justification for this choice of prefactor; this is in contrast to
_ 13812 pollak and co-workef and Efros and Shklovelii  conventional phonon-assisted hopping where the prefactor

2
(ES) showed that electron-electron interactions cause a su;530<(e /h) and would be expected to depend upon param-

pression of the single-particle DOS about the Fermi energ ters such as the wave-functlsgzg decay constant. To resolve

Er. In two-dimensions the resulting Coulomb gap has thehIS discrepancy it was sugge df'at rather than th_e “S“"?"

linear form g(e)=go|e|, where the energy is measured electron-phonon assisted mechanism, the 2D VRH is assisted
=gol€l,

from Eg, go=(2/m)(e%/x) 2, and « is the dielectric con- geﬁlﬁctron—electron interactions as discussed by Fleishman
stant. This linear DOS gives an expongrt 1/2 and In this paper we show that the VRH in a delta-doped
GaAs/ALGa, _,As heterostructure in zero magnetic field and
To=Tes=Ceg€%/ k), (2)  at intermediate carrier density 9.280.85< 10° ¢cm 2 has
a temperature-independent prefacpgr, which in the Mott
whereCgg=6.2. VRH regime is equal tpy=py = (1/2) (h/€?), and in the ES
Experimental evidence for a Coulomb gap in two- regime po,=pes=(h/e?). The latter result is in agreement
dimensions has been demonstrated by several authors. Prewiith measurements of Si-MOSFET*$.The material inde-
ous zero-magnetic-field measureméntsof GaAs/ pendence of the prefactor suggests that hopping is assisted
Al,Ga _,As heterostructures show that the resistivily by some mechanism other than phonons.
logarithmic scalg follows a T~ %2 temperature dependence  The samples investigated here were fabricated from the
characteristic of ES behavior, with a temperature-wafer used in a previous stufywhere full details of the
independent prefactor. In contrast, other studies reved?  layer compositions and doping are given. An essential fea-
behavior with a temperature-dependent prefactor of the fornture of its structure is the presence of-@oped layer on the
po=AT"™, where m=1 in the quantum-Hall regime in Al,Ga _,As side of the electron gas, 0.6 nm away from the
GaAs/ALGa,_,As (Ref. 9 and InGa,_,As/InP (Ref. 1)  heterojunction. The samples were patterned into 80
heterostructures, an=0.8 (Ref. 10 in GaAs/ALGa, _,As X720 um Hall bars, and the as-grown 2D carrier density
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FIG. 1. The resistivityp(T) versusT~ %3 for different carrier | L
densitiesn. The carrier densities in units of ¥0cm™2 from top to B '1 ' 3
bottom are 8.47, 8.6, 8.73, 8.86, 9.0, 9.18, 9.3, 9.4, 9.52, 9.84, 10.2, T (K)
10.54, and 10.85. The dashed lines are least-squares fits to Mott

FIG. 2. The resistivityp(T) at 9.2<10° cm 2. The inset

behavior.

shows the same data plotted ashversus IfT; the slope gives the
and low-temperature mobility were=4.65< 10 cm™ exponentp. Around 1 K there is a change of slope of W as p
and u=4.5% 10* cm?/Vs. The carrier density was varied changes from 0.550.05 to 0.34:0.03. The arrows indicate the
by application of a negative gate voltagg to a surface gate Ccrossover temperature.
that isd=90 nm above the heterojunction, and at low tem- _ _ .
peratures the electron gas is fully depleted/gt —0.70 V. The crossover to the ES_reg_|me Wlth decreasing T sho_vvs that
The resistivity (the resistance per squarat different tem- the observed ~ % behavior is a high-temperature noninter-
peratures and carrier densities was measured from the Ohméting Mott regime, rather than the low temperature screened
part of the DC four-terminal —V characteristics. At low- Mott regime reported in Ref. 10.
carrier concentrations thie-V characteristics were strongly ~ Figure 3 shows the resistivity plotted versTis'/? for the
nonlinear and the resistance was obtained frafnhdtl in the  Same carrier densities presented in Fig. 1. At carrier densities
zero current limit. Four-terminal AC measuremefusth a ~ 9-18-9.52x10%m™? the data followT~*? behavior only
0.1 nA current at a frequency Of 2.1 mere also performed from 0.28t0 1 K, and Sma” deV|at|OnS can be seen abOVe 1
at some carrier densities, and were found to be in agreemelt due to a crossover t&~** behavior as discussed above.
with the DC measurements. In the carrier-density regime infFor carrier densities between 849.0

vestigated, the ratio of Coulomb interaction energy to theX 10 em~?, T~*?behavior is observed from 0.28 to 4 K.
Fermi energy ig = 1.65—1.87. For temperatures below 0.28 K, the resistivity in the ES

; e ; : ~112 ;
Figure 1 shows the resistivity in units ofh/e? at several ~ regime deviates frori ™~ behavior towards a lower value.

carrier densities plotted versis 3, the symbols are the
experimental points and the dashed lines are the least-squares F
fits to the T~ behavior with a temperature-independent s
prefactort® At the highest carrier densitien=9.84—10.85

X 10 cm2, the traces followl ~ ' behavior forT=0.2—4

K. The characteristic temperatufg, for these curves varies
from 1.82 to 12.25 K. At carrier densities 9:18.52

X 10'° cm2 the data followT ~ " behavior only above 1 K
and the deviations to higher resistance at low temperatures
(below 1 K) are due to a crossover to the ES Coulomb-gap
regime. This crossover with lowering temperatures occurs
when the hopping energy becomes smaller than the
Coulomb-gap energy. In order to show the temperature-
induced crossover we have measupéd) up to 27 K atn
=9.2x10%%m™?, and in Fig. 2 the data is plotted on a log-
log scale. The Fig. 2 inset showsW versus Inl, where

W= —49(In R)/&(In T)=p(T,/T)P. The exponenp is measured
from the slope of the curve; this method of analysis was used
in the investigation of the crossover phenomenon in three- FIG. 3. The resistivity versus~ Y2 for the same carrier densities
dimensional sample$. Around 1 K there is a change of presented in Fig. 1. The dashed lines are least-squares fits to ES
slope of InW asp changes from 0.550.05 to 0.34-0.03.  behavior, with parameters given in Table I.
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TABLE |I. Fitting parameters for the data in the ES regime in T T T T T T T
Fig. 3. The localization lengthé are calculated using E@2). Ac- i s )
cording to the findings of Ref. 17, the localization length is ex- n = 9.84 = 10.85 x10!° cm™2 e
pected to be an order of magnitude smaller. 101 // -
[ ¥ ]
n (10%%m ?) po (n/e?) Tes (K) £ (um) : f" ]
8.47 1.22 7.07 1.11 < T 9‘?’ )
8.60 1.35 5.49 1.44 S 3 .
8.73 1.27 4.98 1.58 =l |
8.86 1.18 4.57 1.72
9.0 1.16 3.96 1.99 s N
9.18 1.01 3.86 2.04 C ]
9.3 1.03 3.27 2.41 L ]
9.4 1.04 2.78 2.83 0.5¢ : 1
9.52 1.0 2.65 2.97 R
(T/ Ty

. . . 71/3 .
This could be due to the screening of the Coulomb interac- F'C: 4('1 Th?_res'_sgvgpqg g;sllgo(r”“ﬁ)z k'n Te M(;t.t rel-
tion by the metallic gate and has been experimentally studieg'}:"e(']| ath %nf't'e’.“— oastse it fmth t% etn rfihm '9- ercent
in Refs. 10 and 12. It was theoretically shdithat when € dashed finé 1s a feast-squares it fo the data with an intercep

) ) pm=(0.49+0.02)h/€?.

the average hopping length- % £(Tes/T)2is greater than
2d, whered is the distance between the metallic gate and theesults because of the type of disorder. The samples in Ref.
2D electron gag2DEG), then the Coulomb interaction will 10 are a conventional heterostructure without a spacer layer
be screened by the gate and'® rather tharT ~ 2 behavior ~ where the donors are randomly distributed over a large dis-
will be observed. Assuming is not a function of carrier tance. This amounts to disorder in the 2DEG due to the im-
densityn,° the localization lengtté can be calculated from purity distribution and the depth of the potential. In our
Eq. (2) using Tgs measured from the slope of the traces insample, there is @-doped layer very close to the interface
Fig. 1. Table I listsTgg and ¢ for the different carrier densi- and the depth of the impurity potential in the 2DEG is uni-
ties in the ES regime shown in Fig. 1. For these traces théorm, and disorder comes from the randomness in the lateral
maximum hopping length obtained at 0.28 K was distribution of the dopants.
=2.2 um, which is approximately 12 times larger thad.2 In phonon-assisted VRH the resistivity prefactpg
This discrepancy in the different length scales is similar to>h/e?, and is expected to depend upon temperature and
that observed by Masoat al,'? suggesting that the value material properties. The universality of the prefactor in both
Ces= 6.2 for single-electron hopping is too large. Recent nu-6-doped GaAs/AlGa, _,As heterostructure and Si-MOSFET
merical calculation€ of a Coulomb glass with multielectron in the not strongly insulating regime suggests that the VRH
hopping have given a lower value @zs~0.62. We note in this regime is not assisted by phonons. Other mechanisms
that an experimental lower limit c€gs=0.64 was also ob- such as electron-electron interaction-assisted hopping are
tained in Ref. 10. possible.

We now discuss the measured hopping prefaptor In
the Mott hopping regime, all the traces collapse onto a single A
curve wherp(T) is plotted against the dimensionless param- [ =9.18 - 9.52 x10" em?? ]
eter (T/Ty) %3, as shown in Fig. 4. A least-squares fit to the 30l & _
universal curve gives a temperature independent prefactor
pm~h/2e?. In the ES hopping regime, the least-squares fits
to the data from 1 to 0.28 K forn=9.18-9.52 &
x10% cm 2 in Fig. 3 have a common intercepigs <
~h/e?. This is more clearly seen in the plot pfT)/(h/e?) 2
versus [/Tgg) 2 shown in Fig. 5, where all the traces col- e
lapse onto a universal curve. This observation is similar to
that found? for Si-MOSFET’s. As the sample becomes more
insulating, the prefactopy in our sample becomes larger
thanh/e?, as can be seen from Fig. 3. A constant conduc- y
tivity preexponential factoto,;~0.6e?/h in the activated 1 -
hopping regime was previously measueih n-type GaAs, N — é PR T— ‘l‘
where two dimensionality was achieved by decreasing the (T/Tge) 2
thickness of the conducting layer. ES

Recent measuremefitsof GaAs/ALGa,_,As hetero- FIG. 5. Plots of the resistivity(T) versus [/Tgo ~Y? for car-
structures have shown that to fit to ES and Mott behavior it igier densities 9.189.52x10'° cm 2 taken from Fig. 3. The
necessary to divide the data BY8. This result is consistent dashed line is a least-squares fit to the data from 0.28 to 1 K, with
with phonon-assisted hopping, and may be different to ouan intercepipgs= (1.04+0.05)h/e?.
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Significantly, the prefactor in the ES regime is twice thatfrom 2D Mott VRH to ES VRH. At intermediate values of
in the Mott regime. In the conventional theory, the conduc-n=9.18-10.85< 10" cm™2 near the crossover, the data in
tivity prefactor is proportional to the density of states at thethe ES regime collapses onto a universal curve with a pref-
Fermi energy, and this change by a factor of 2 in the prefacactorpes~h/e?, while all traces in the Mott-hopping regime
tor suggests that the density of states has altered by a liftingollapse onto a universal curve with a prefactpy,
of the spin degeneracy. This conclusion is backed up by thes1/2(h/e?). The universality of the prefactor and its mate-
fact that in the regime in which interactions dominate thefial independence provide evidence of possible phononless
transport, the spin degeneracy of the states should be r&oPping in 2D at zero magnetic field.
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