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Abstract. A new mode of operation with a split-gate device has been studied 
theoretically. A simple model for quantitative description of the pinch-off voltage 
and channel position is proposed. Independent control of voltages applied to 
disconnected parts of a split gate enables t h e  electron channel to be shifted 
laterally. The sh i f t  was calculated for both narrow and wide channels. The method 
can be used to study electron scatterers i n  the area defined by the slit in the gate. 

1. Introduction 

Experiments with split-gate devices based on high-mobil- 
ity GaAs/AlGaAs heterostructures revealed quantization 
of the ballistic conductance C [ 1 ,  21; more than ten 
quantum steps in the dependence of C on the gate voltage 
V, were well defined. However, at sufficiently low tem- 
peratures, a non-monotonic, fluctuating part in the func- 
tion G(VG) is clearly present [3]. This indicates the 
presence of a number of scatterers in the electron chan- 
nel, even in the best samples. For relatively long channels 
( L  2 900 nm) scattering degrades the steps in the G(VG) 
function and a mesoscopic pattern emerges [4, 51. 

The experimental results mentioned above emphasize 
the importance ofstudying scattering in a channel. In this 
paper a method for scanning scatterers with two-dimen- 
sional (2D) electrons is considered. This method exploits 
entirely new possibilities provided by the split-gate tech- 
nique of depletion. Contrary to the usual [l, 2, 61 mode 
of operation with a split-gate device, we consider inde- 
pendent control of the two parts that form a split 
gate (figure 1). (In [6] there was. only independent con- 
trol of different channels.) This enables one to shift the 
channel position xo in the x direction across the channel. 
A similar mode of operation has been applied in [5] 
where channel shifting was achieved by the application of 
different voltages to p+ areas around the channel. 

If a scatterer is present in the area defined by a slit in 
the gate, then the shift of the channel position x,, provides 
a tool for changing the scattering parameter of propagat- 
ing electrons. We show in the following section that 
proper operation with the gate voltages V,, V, (defined in 
figure 1) makes it possible to change x,, without signifi- 
cant change of the width d of the channel. Hence, under 
different values of x,,, the scatterer can be probed using 
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the same propagating channel modes. The position of a 
.._.._ n l r ~ n w  .. rhann-I (i \___. P .__ fnr rhsnnel width< II I m w h  lprr __II th." 

slit width D) is considered in section 2. 
Scattering also causes transitions between different 

edge states formed by the magnetic field in a 2D electron 
gas (ZDEG) [6-91. In order to study this kind ofscattering 
it is convenient to vary the position of only one channel 

Figure 1. Gate circuit of t h e  device. The lateral positioning 
of an electron channel (lull line) is determined by the 
difference V ,  - V,  in gate voltage between the left and 
right parts of the gate and the PDEG. 
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boundary. This is possible for a wide channel, (D - 
d)/D 4 1. The latter case is considered in section 3; the 
boundary position is controlled by the corresponding 
voltage, VL or V,. 

We use the simplest model for calculations, assuming 
a homogeneous slit in the gate (i.e. L B D). The distance 
h between the planes of the gate and of the ZDEG is 
neglected in calculations (this is reasonable for h 4 D - 
d) .  So, in our model (figure 2) the metallic half-planes 
that form the gate, the positive background produced by 
donors and the electron channel all belong to the same 
plane. The half-space z < 0 corresponds to the semicon- 
ductor. Calculations will be performed by using the 
theory of analytical functions. 

2. Control of the narrow channel posltlon 

The positive background far from the gate is compen- 
sated by the charge of 2DEG. The area in the slit, however, 
is fully depleted at sufficiently high voltages V,, V,. The 
charge density U in this area coincides with the hack- 
ground and, hence, is related to the unperturbed ZDEG 
density no; U = (elno. The electrostatic potential in the 
slit 4(x, z = 0) is determined by U and the gate potentials. 
The condition for the formation of an electron channel in 
the depleted area is 

max&(x, z = 0) = 0. (1) 
All potentials are measured with respect to the Fermi 
level E~ of the ZDEG far from the gate. This means that the 
chemical potential of ZDEG is E ~ ( x )  + e+(x, z = 0) = 0, 
where the ZDEG exists. The boundary conditions for 
4 ( x ,  z = 0) are 

r$(x < -D/2, z = 0) = V, 4(x > D/2, z = 0) = V, 
(2) 

WJZI,=+~ - K a4/JzIZ=-, = 4nleln0B(D/2 - 1x1) 

t‘ 
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Figure 2. Simplified model used for the calculation. Full 
lines 1x1 > 012 correspond to parts of the gate. The full line 
in t h e  middle is the electron channel. Broken lines 
correspond to the  positively charged depleted area. The 
narrow channel position control ( d  - 0) is discussed in 
section 2. Boundary position control for a wide channel 
(0 - d 4 d) is studied in section 3. 

Here K is the dielectric permeability of the semiconduc- 
tor. We neglect the contact potential drop between the 
ZDEG and the gate circuit (figure 1). The condition K % 1 
(satisfied for GaAs) enables us to neglect 8 $ / 8 ~ ( , = + ~  in 
(2) and to  solve the Laplace equation 

A4(r) = 0 (3) 

in the half-space z < 0. We recall that we have placed all 
the charges in the same plane as the gates, so their 
influence on the potential distribution appears only as 
boundary conditions for the Laplace equation. This also 
means that immediately below the gate the positive 
background is fully screened by the charge image in the 
gates. The solution of (3) can be represented as a sum 
4 = 41 + b2 of harmonic functions +,, $i2 that satisfy 
the conditions 

&(x < -D/2, z = 0) = V, 
b1(x > D/2, z = 0) = V, 

4,(x, 2) is regular at 1x1 < 012, 

4z(X < - D/2, z = 0) = ~ Z ( X  > D/2, z = 0) = 0 

(4) 

It should heemphasized thatcondition q5z(lxl > D/2) = 0 
has an important influence on the &(X,Z) function 
representing partial screening of the charge in the slit by 
the gate charges. Both functions can be found by means 
of the conventional theory of analytical functions. The 
result for 41 is well known [IO]: 

4l(O = VR + I( ‘‘ - “ Im log{; - [e7 - I]”’) (6) 

where i = x + iz. For I x I < D/2 and z = 0 one finds from 
(6)- 

vL - vR arcsin(2xlD). (7) VL + VR &(x) = ~ - ~ 

2 7 l  

$z(x, z) can also be represented as an image part of the 
analytical function 4 = lm(F([)), where F ( ( )  satisfies the 
following boundary conditions: 

I m -  = O  (g) at 1x1 > D/2. 

This means that for the analytical function 

f(() = i - d F  [(D/2)’ - 5211’2 
dC 

we know the values for Im(/(x)) along the whole real 
axis: 

Im(f(x)) = 4nnolel[(D/2)2 - x2I1” 
Im(f(x)) = 0 

1x1 < Dl2 

1x1 > Dl2 
To regenerate f([) for the whole lower half-plane we use 
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the Schwartz integral 

where c is the real constant of integration. 
Direct calculation gives f(i) = 4nle(noi{[(D/2)’ - 

[2]1/2 + i[}/ti and, therefore, we obtain F = 4nleln0(i + 
i[(D/2)* - [2]1/’}/ti. One can choose c = 0. The poten- 
tial 42(x, z )  is 

d12(x, z )  = Im[4n!elno{i + i[(D/2)’ - ~ ’ I ” ’ ~ ~ / K  (3) 
and we have for potential in the slit 

For the symmetrical case, = VR = V,, equations ( I ) ,  
(7) and (9) determine the pinch-off voltage Vp. As this 
voltage minimum of 41(x) + 42(x) = 0 is at x = 0, corre- 
sponding to the appearance of an electron channel at 
x = 0, 

(10) eno 
V P  = 2n - D .  

ti 

For the typical [ l ,  21 values D = 300 nm, no = 4 x 
IO” cm-’ this value is of the order of 1 V and signifi- 
cantly exceeds the Fermi energy +/e E 0.03 V. Hence, in 
definition (10) of V P  we omit the quantum correction. 

It is convenient to introduce new variables V,, V, 
instead of V,, V, for the non-symmetrical case: 

(11) 

The maximal value of the potential 4(x, z = 0) corres- 
ponds to 

V,  = f ( 5  + v,) v, = V, - v,. 

(12) 
D 
2 

xo = - (VJVP). 

An electron channel arises at x = xo. The threshold value 
of V ,  (under constant V,) is 

v, V: = [(VP)’ - (V,)’]1’2 + -arcsin(VJVp). (13 )  

It is noteworthy that the dependence xo(V,) is a linear 
one, but the function KP( V,) has a quadratic expansion 
for small values of VJVP. Hence the changes in Vy are 
negligibly small (less than 1 %) for substantial (20% of 
the D / 2  value) shifts, xo, of the channel. Quadratic 
expansion is also valid for the curvature R of the poten- 
tial $(x, z = 0) near the maximum value of 4. Using 
results of Chaplik’s paper [ l l ]  and the Bohr-Sommer- 
feld quantization rule it is possible to show that the 
widths of plateaux [l,  21 in the G(V,) function are deter- 
mined by the value of R. Hence the changes in G(V,) 
dependence are proportional to (VJVP). 

Summary of section 2. The lateral position of a 
narrow electron channel depends linearly on V, - V,, see 
(12). The step-like behaviour of the conductance for a 
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channel G versus V,  = (V, + VR)/2 function is preserved 
under a non-zero constant value of V, - V,. The changes 
caused by V, - V, # 0 in the threshold voltages V,, 
determining steps in the G( V,) function, are proportional 
to [(V, - V&)/Vp]2, and are small. 

3. Gate-controlled boundary of ZDEG 

In this section we shall assume that the channel is wide, 
( D  - d) /D  < I. We shall see helow that the gate-induced 
potential decays with characteristic length a. We suppose 
that 2a is the distance between the gate electrode and the 
ZDEG boundary. Hence one can study the influence on a 
of only the closest gate electrode. Although a/D g 1, we 

,still assume that a exceeds both h and the Bohr radius a, 
(which plays the role of the screening length in a 
ZDEG [12]). We again use the model of figure 2 with ti 9 1 
and study (for definiteness) the distance 2a between the 
2DEG edge and the left gate electrode. 

The potential is determined by (3) with boundary 
condition 

&(x< -O/2,z=O)=VL (14) 

for the gate, 

for the depleted arca, and the self-consistent condi- 
tion [12] 

a4 
az - ro - = (6 - &&)O(x + D/2 - 2a) (16) 

for the ZDEG. Here ro = ti/4nJeJg = a,/4 is the 2DEG 
screening radius, where g is the 2D density of states. At 
d b a the channel can be considered as a half-plane 
x > -D/2 + 2a. Its edge corresponds to zero electron 
density, i.e. 

(17) - no 
& r = - 0  K 3! 

Equations (15) and (17) demonstrate the continuity of 
a+/azl,= -o at x = - D/2 + 2a. The assumed smallness 
of the ratio 

enables one to treat equation (16) in the framework of 
perturbation theory, In the zeroth order approximation 
the LHS of (16) roa@/a, L (ro/a)$ should be replaced by 
zero: 

q$(x > 2a - D/2, z = 0) = 0. ( 1 6 4  

Boundary conditions (14), (15) and (16a) are similar to 
those in the previous section and the potentials 41 and 
q52 there obtained can be used again. In the general case 
(for arbitrary values of V, and a) the potential q$(r) has a 
square-root singularity at x = -D/2 + 2a, see (6) and 
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(9). This singularity vanishes, and a+/dzl,=-, becomes a 
continuous function, only for 

Equation (19) determines the dependence of the ZDEG 
edge position on the gate voltage V,. Using the self- 
consistency equation (16) and (6), (8), (19) one obtains 
the first correction to the value (16a): 

x 2 0 1 2  + 2a, z = 0. (20) 
The potential - eF/ea. It follows from (19), (20) that 
the longitudinal field inside the depleted area is para- 
metrically larger than the one inside the ~ D E G :  

&$/ax - VJU - EF/ero in the depleted area 
(21) 

Equations (21) show that the shape of the potential can 
be regarded as rectangular on the rough scale 141 % 
&,/lel. However, on the finer scale 4 - &,/e there is a 
relatively long ( - a )  tail of screened potential, see (20). 

The subsequent orders of perturbation theory renor- 
malize potential (20) only in the vicinity ( - r o )  of the 
ZDEG edge. 

Summary ofsection 3. For a wide channel, the distance 
2a from the ZDEG edge to the gate electrode is proportion- 
al to the corresponding gate voltage, see (19). The 
potential inside the ZDEG decays on the length scale a. 

&$/ax - c,/ea in the 2DEG. 

4. Discussion 

We have shown in section 2 the possibility of a shift x n  of 
channel position within the limits determined by the slit 
width D. What are the physical scales relevant to the 
value x,? The first, coarser scale is determined by the 
channel width d.  For lxol > d,  electrons propagate 
through a completely different strip to the condition 
x ,  = 0. To estimate the minimal width d we shall use the 
condition kFd = n, corresponding to a single propagating 
mode, combined with the relations between d and k ,  in 
the channel that were obtained in [Ill in the Thomas- 
Fermi approximation. This leads to 2d - AF(D/AF)"3. 
For values [l, 2, 41 A, z 42 nm, D z 300 nm, one finds 
d - 40 nm or d / D  z 0.13. The other, finer scale corre- 
sponds to variations of a truly random potential affecting 
the electrons. For the 2D density of scatterers N this 
condition is N L I x o l  - I ;  here L is the channel length. 
Assuming L - 600 nm [4] and N - no - IO" cm-' one 
finds x ,  - 2 nm. Using relations (12) or (19) one can 
determine the scale of the changes of the gate potential 
needed for observation of mesoscopic fluctuations. 

The results of section 3 can be applied to studies of 
the edge states formed in the presence of a magnetic field. 
Actually, these quantum states result from the simulta- 
neous influences of magnetic and inhomogeneous electric 
fields. As follows from (20), the electric field that affects 
electrons inside the channel can be regarded as un- 
changed for boundary shifts 16x1 a. Information about 
the shift of the edge of the ZDEG due to variation of V ,  can 
be obtained from 161, where Aronov-Bohm oscillations 
have been measured. The dependence of the period of 
oscillations Bo upon gate voltage points to variation of 
the quantum dot [6] area S since E ,  = @,/S(VG). As 
6s = 2nr& we obtain from (19) 

Here r is the radius of the quantum dot. This relation 
agrees with the experimental data [6] to within 15 %. 
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