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LETTER TO THE EDITOR 

Ballistic transport through the fluctuation potential: 
strong one-dimensional quantization in two-dimensional 
GaAsJAlGaAs structures 

A 0 Orlovtl, A K Savchenkot, A S Rylikt, B A Mala'khovf and N A 
Sinevt 
1 Physics Department. University of Exeter, Exeter EX4 4QL. UK 
i lnstiNte of Radio Engineering and Electronics, Russian Academy of Sciences, Moscow 
103907, Russia 

Received I2 April 1994, in final farm 5 May 1994 

Abstract We have observed lhe 2e2/h conductance quantization with varying e l e c m ~  
concenuation in GaAffiaAIAs heteroswctures with continuoua (i.e. with no split) gates. The 
effect of the ID quantization in ZD slmclwes is explained as being due to the ballistic rranSport 
through an burinsic constriction formed by random potential fluctuations in the shon conducting 
channel. The separalion between ID subbands, up to 18 meV, is larger than that revealed so far 
in split-gated structures allowing the conductance quantization to be tracked up to 50 K. 

The quantization of the conductance in units of 2ez /h  has been observed in high-mobility 
GaAs/AlGaAs heterostructures with split gates when the electron concentration was varied 
by varying the gate voltage [ I ,  21. The origin of this effect lies in the ballistic motion of 
one-dimensional electrons through a narrow conshiction formed by the split gate. Over 
the last few years this phenomenon has been intensively studied both theoretically and 
experimentally [3]. One objective of these investigations has been to increase the separation 
between one-dimensional energy subhands and thus observe the quantization at higher 
temperatures. To maximize the subband separation the width of the constriction must 
be as small as possible, and for a given sprit width there is also an optimal depth for the 
PDEG [4]. In split-gated structnres optimized in this way the maximum separation between 
ID subbands observed so far is about 10 meV [5-7] and the highest temperature at which 
the quantization has been seen is 30 K. Recently it has become clear that in addition 
to the electrostatic profile of the split-gate conshiction, the potential fluctuations due to 
randomness in the distribution of ionized donors in the GaAlAs layer may also strongly 
affect the manifestation of the conductance quantization [8-10]. The role of the fluctuations 
is most significant near the conduction threshold where the electron concentration is too 
small to provide effective screening. Large fluctuations can interrupt the conducting path 
in a split-gated structure which makes it difficult to resolve the conductance quantization in 
long channels [8]. In this study we investigate the opposite case of very short channels. In 
addition, our GaAdAIGaAs structures do not have split gates. However, near the conduction 
threshold, the large-scale fluctuations divide the ZDEG into a set of ID channels. If the 
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electron mobility along these channels is high enough the conductance is determined by the 
ballistic motion of electrons through the intrinsic constrictions formed by the fluctuation 
potential. 

To study this conductance regime we used MBE-grown structures consisting of a 50 
nm thick n-GaAlAs layer (& % 10" and an undoped 1 pm thick GaAs layer on 
an i-GaAs substrate. To increase the fluctuations we have decreased the thickness of the 
undoped spacer in the GaAlAs to 2 nm. The uniform gate has a short length L = 150 
nm in the direction of the current and a large width W = 200 pm, Such a large WIL 
ratio was expected to help a single ID path running along the deepest potential valley to 
dominate the total conductance. At small positive gate voltage V, = 0.1 V the electron 
concentration no of the homogeneous 2DEG is calculated from the period of the Shubnikov- 
de Haas oscillations and is equal to .., 8 x lO"cm-*. The corresponding value of electron 
mobility is then 5 x l@cmZ V-' s-' . Th' IS means that the mean free path in the undepleted 
2DEG is about 0.8 pm and is much larger than the channel length under the gate. The 
two-terminal conductance has been measured in the temperature range from 4.2 K to 70 K 
using the lock-in technique with an AC excitation voltage of 300 pV at the frequency of 12 
HZ. 

Figure 1. The differential wnductance as a function Rgure 2. The differential conductance as a function 
of the gate voltage, sample H I .  Inset: quantired of the s o u "  'n bias I T = 4.2 K. with the 
conducmce near the threshold. indidon of the separation between the two subbands; 

sample HC4. In successive traces the gate voltage is 
incremented by 10 mV. 

Samples HI, H03 and HO4 described below have been fabricated from the same wafer 
and are nominally identical. Figure 1 shows an example of the conductance-gate voltage 
dependence at T = 4.2 K. Instead of a smooth curve, which would be normally expected 
for a 2D channel, two steps of height 2ez/h are clearly seen. We have studied fifteen 
samples altogether and ten have shown from one to three conductance steps followed by 
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a rapid increase of conductance with further increase of V,. Five samples have exhibited 
more complicated G(V,)-dependence than a simple step-like characteristic. This dependence 
is similar to mesoscopic conductance fluctuations near the conduction threshold in GaAs 
MESFETS []I, 121. 

To analyse the shape of the intrinsic constriction we have applied the methods developed 
before for the split-gate structures [13-151. The potential near the saddle point is considered 
as parabolic: 

(1) 

where x and y are the directions along and perpendicular to the current respectively and 
m is the effective mass. The energy separation between 1D subbands has been obtained 
directly by differential conductance-gate voltage measurements with DC bias applied along 
the channel, as in 114, 151. Figure 2 shows the differential conductance as a function of the 
s o n r d r a i n  voltage at different V8 for the sample with the largest subband separation. The 
separation SE12 between the bottom of the first and the second subbands corresponds to the 
bias eV,d at which the semi-integer quantization, dI/dV = 2(N - 1/2)e2/h (N = 1, 2, 
. . .). arises instead of the integer quantization dI/dV = 2Ne2/h which is found at zero 
bias. More precisely, SE12 = e(V1 - V2)/2. where V,,, is the positive (negative) source- 
drain voltage at which the second derivative d21/dV2 has its maximum value 1151. The 
value SE12 =s 18 meV has been obtained by both methods, and is almost twice as large as 
that in the best split-gate structures [7]. The classical turning-point width of the intrinsic 
constriction at the bottom of the first and the second subbands, Sy = 2h((2N-l)/mSElz)'/2, 
is then Syl % 16 nm and Syz % 28 om. 

The value ho, = SE12 characterizes the constriction in the direction perpendicular to 
the current. For different samples from the same wafer this value varies from 10 to 18 
meV. The comparison of this value with the V,-separation of the two steps gives the value 
of dEF/deV, - 0.2 which is the rate of the constriction potential shift with varying gate 
voltage relative to the Fermi energy. The steepness of a step in the G(V&dependence 
is determined by the transmission coefficient T,(EF) for the Nth subband, which in turn 
depends on the potential curvature in the direction of the current. Here we will obtain the 
value of Am, and analyse the evolution of the step shape with increasing temperature and 
magnetic field supposing that the two conductance steps correspond to the same constriction. 
According to 1131 

U ( X ,  y) = U, - $"x2 + $"y 2 2  

TN = 1/(1 + exp(-n&N)) (2) 

where EN is the ratio of the electron energy (measured from the bottom of the Nth subband) 
to the energy ho,: 

EN ~ [ E F  - hoy(N - 4) - U o l j A ~ ~ x .  (3) 

The perpendicular magnetic field gives rise to the cyclotron motion with frequency o, = 
eB/mc ,  which changes the energy EN in the following manner: 

E N W )  = [EF - h ( N  - $) - UOI/UI (4) 

where UI = [ h / ( Z d ? ) ] [ ( S 2 ' +  4o$~i)' /~ - S22]1/2, U2 = F/fi][(s24 + 4o~:o~)'/~ + S22]1/2 

and Q2 = o: + o; - U:. This corresponds to the sharpening of a step and the increase of 
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the separation between the steps. Finite temperature smears the steps in accordance with 
the expression 

' wheref=(I+exp[(&-&F)/kT]]-'. At T=OandH=OthemaximumvalueofBG/BE~ 
at E,& is equal to (ez/2h)hwx. i.e. it is determined by the curvature of the constriction 
potential in the x-direction [ 131. The value of o, is obtained from the experimental value of 
aG/aVg at the lowest temperature taking intoaccount that aG/aV, = (aG/aEF)(aEF/aVg) 
and using the value for aEF/BV, calculated above. The parameters Eo, and ho, obtained 
(ho, is typically half the value of hw,) are then used in the analysis of the G(V&dependence 
at different T and H with the threshold gate voltage as an adjustable parameter. Figure 3 
and figure 4 demonstrate a good agreement between the experimental data and expression 
(5) for the case of two ID subbands in an intrinsic constriction. The fact that the smearing 
of the steps is successfully described as being only due to the temperature smearing of the 
Fermi function means that the mobility variation in our temperature range does not affect 
the ballistic propagation of electrons. 

2 

c 
N 
% 
51 

0 - 5 -0.90 -C 
vg, v 

5 -  

T=45K 

m 75 
Figure 3. The differentid conductance as a function of the gate voltage at different tempciahi.%; 
sample H03. Dotted line: theory ( 5 )  with Rw, = 15 meV and to, = 8.1 meV, 

Such a description of the conductance steps as being due to the same constriction 
is applied to all the samples that we have studied which have two steps in the G(V& 
dependence. We have also observed the superposition of two I D  channels when three 
conductance steps were seen. In this case the shift of the first two steps with magnetic field 
can be described by theory while the third step moved much more slowly than would be 
expected if it had its origin in the same ID channel. 

The general behaviour of G(V&dependences is in agreement with the idea of non- 
linear screening of the random potential from ionized donors by two-dimensional electrons 
[16, 8, 91 which arises at small electron concentrations. In this case the RMS amplitude 
of the long-ranged fluctuations y and their correlation length R strongly increase with the 
decrease of elechun concentration, y(n) % e2Nd/xn,  where x is the dielectric constant, and 
R % Nd/n2 [16]. However, when the increasing R becomes comparable with the distance 
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Figure 4. The differential conductance as a function of the gate voltage 31 different values of 
the magnetic field at T = 4.2 K, sample H04. Dotted line: theory (5)  with h o ,  = 18 meV and 
Aw, = 9 meV. 

t between the 2DEG and the gate, the amplitude of the fluctuations becomes independent of 
the electron concentration as the screening is now determined by the metallic gate. This 
can explain why one path can dominate the total conductance over a Vs-range of about 200 
mV corresponding to the two steps in the G(V&dependence (figure 1). The rapid increase 
of the conductance after the steps occurs at the stage when with rising concentration the 
electron screening becomes important and the decrease in y results in the merging of many 
I D  paths into a ZD sheet of eIectrons. The estimation of the electron concentration at which 
R is equal to the distance from the 2DEG to the gate ( t  = 500 A) gives n, W 4 x 10"cm-Z. 
We can estimate the corresponding value of V, suggesting the linear relation between n 
and V, 

W s )  - n o  = (C/e)(V, - Vgd (6 )  

where C=x/4zt. For the sample H1 we thus have obtained V,, W -0.25 V, which is very 
close to the region of the rapid Conductance increase in figure 1. 
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The conductance quantization in an inhinsic path could be destroyed by the scattering 
inside this path imposed by the potential fluctuations [9]. The fact that we see very 
pronounced quantization is due to the short length of the channel in our structures, which 
is comparable to the correlation length of the fluctuations R - t in the region of the steps. 

In conclusion, the observed ID conductance quantization in the 2D system is due to a 
single ‘natural’ constriction formed by the fluctuation potential. The analysis of the step- 
like G(V&dependence at different temperatures and magnetic fields shows that the intrinsic 
conshictions are significantly narrower than that in conventional split-gate structures. Direct 
evaluation of the fluctuation potential parameters can he a useful application of the study 
of the ballistic electron propagation through intrinsic constrictions. 

We would like to acknowledge the financial support of the Royal Society. We are grateful to 
J H Davies and M E Raikh for helpful discussions and T Griffiths for reading the manuscript 
and valuable comments. 

References 

[41 
[SI 
161 . .  
171 

181 
191 

I101 
1111 

Wharam D A, Thomton T J, Newbury R, Pepper M. Ahmed H, Frost 1 E F, Hasko D C, Peacock D C. 

van Wees B J, van Houten H, Beenakker C W J, Wdliamson 1 0, Kouwenhoven L P. van der Marel D and 

For a review, see 
BecnaWter C W J and van Houten H 1990 Solid Store Physics vol 44 (New York: Academic) 
Davies 1 H 1988 Semicond Sci. Technol. 3 995 
Snider G L, Tan I H, Miller M S, Rooks M 1 and Hu E L 1992 Superlm. Microstmet. 11 297 
Koester S 1. Bolognesi C R. Rooks M J, Hu E L and Kroemer H 1993 Appl. Phys. Len 62 1373 
Frost 1 E F, Simmons M Y, Pepper M, Churchill A C, Ritchie D A and Jones G A C 1993 J.  Phys. C: Solid 

Nixoxon J A and Davies 1 H 1990 Phys. Rev. B 44 7929 
Nixon J A, Davies J H and Baranger H U 1991 Phys. Rev. B 43 12638 
Laughton M J. Barker 1 R. Nixon J A and Davies J H 1991 Phys, Rev. B 44 1150 
Pepper M 1979 J.  Phys. C: SolidStme Phys. 12 617 
Savchenko A K. Orlov A 0, Laiko E I and Kumetsov V V 1991 Superloll, Micmslrucl, 9 297 
BUttiker M 1990 Phys. Rev. B 41 7906 
Patel N K, Nicholls J T, Martin-Moreno L. Pepper M. Frost 1 E F, Ritchie D A and Jones G A 1991 Phys. 

Zagoskin A M 1991 E T P  Left. 52 435 
Shklovskii B I and Efros A L 1986 Pis. Zh E k p .  Ror. Fk 44 520 

Ritchie D A md Jones G A C 1988 J.  Phys. C: Solid Stole Phys. 21 U 0 9  

Foxon C T 1988 Phys. Rev. Len. 60 848 

Stm Phys. 5 U59 

Rev. B 44 549 


