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Abstract 

We have demonstrated a novel analog-to-digital (A:ID) 
conversion architecture based on the quantised condnc- 
tance of electron waveguides. In our scheme, a dual elec- 
tron waveguide (DWG) device implements a binary qua.n- 
tiser and encoder for one significant bit. The conductance 
values of the on and off states are 2e2/h and sero, respec- 
tively. By cascading multiple DWG devices, higher order 
bits can be attained. In this paper, we demonstrate the 
first significant bit and the second significant bit for a 2-bit 
analog-to-digital converter using a DWG device fabricated 
in an AlGaAs/GaAs modulation-doped heterostructure. 

Introduction 

The recent excitement behind quantum-effect devices 
stems from their unique and prominent transport charac- 
teristics [l]. Such characteristics could potentially lead to 
more functional devices which would reduce the number of 
components necessary for today's complex circuits. In our 
work, we exploit the quantized conductance phenomena 
in electron waveguides to demonstrate a novel analog-to- 
digital (A:D) conversion scheme. 

The most common way for implementing an electron 
waveguide is by using a split-gate field-effect transistor. 
In such a scheme, split-gates are patterned on top of a 
normally-on modulation-doped heterostructure. A neg- 
ative gate voltage depletes the two-dimensional electron 
gas (SDEG) underneath the gates but leaves a narrow 
conducting channel in between. If the channel width is 
comparable to the electron wavelength (M 500 A), then 
electrons in the channel are only allowed to move in one 
dimension (1D). In addition, if the electrons travel through 
the channel without scattering, then the channel can be 
considered to be an electron waveguide [2]. 

In an electron waveguide, the 1D electronic subbands 
correspond to  the transverse modes of the waveguide. The 
split-gate bias can modulate the electron population in tlhe 
channel and thereby control the number of occupied 1D 
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Fig. 1. A dual electron waveguide (DWG) device. Shaded 
regions represent electron concentration at the heterointerface 
of an AlGaAs/GaAs modulation-doped heterostructure. 

subbands or transverse modes. With the application of a 
drain-source bias, the resulting current through the waveg- 
uide increases in discrete steps as the subbands sweep be- 
low the Fermi level. Each step, when normalised by the 
drain-source bias, is a fundamental constant equal to 2ea/h 
(M 7.75xlO-'S) [3,4]. 

The split-gate approach can be extended to  implement 
a dual electron waveguide (DWG) device, shown in Fig. 1, 
in which two electron waveguides are formed in close prox- 
imity to each other using a three-gate configuration [5]. 
The two side-gates are used to independently modulate 
the electron concentration in the respective waveguides 
and the middle-gate is used to provide isolation between 
the two waveguides. The conductance for each waveguide 
in an actual DWG device is shown in Fig. 2 [5]. 

In this paper, we use the unique double staircase I- 
V characteristics of a DWG device to  implement both a 
quantiser and binary encoder for an analog signal. 
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Fig. 2. I-V characterietics of a dud electron waveguide device. 
Device schematic shown in inset. 

Analog-to-Digital Conversion Scheme 

We obtain a single bit of the binary code by using a 
subtraction scheme in which properly weighted staircase 
I-V characteristics of two electron waveguides in a DWG 
device are subtracted from one another. The circuit nec- 
essary to  implement this single stage is shown in Fig. 3. 

current measured a t  the output of the two waveguides is 
the single bit for that atage. 
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Fig. 3. Circuit for one nignificant bit. 

As seen in Fig. 3, the input signal voltage Vi, is applied 
directly to the first side-gate and through a divide-by-two 
voltage divider to the second side-gate. The middle-gate 
is kept a t  a fixed negative voltage V W ~ , ~  below threshold 
in order to keep the two waveguides isolated from one an- 
other. Since there is a linear relation between the width of 
the channel and the gate voltage, the staircase I-V charac- 
teristics will be twice as long in gate voltage for the second 
waveguide. An offset bias Vho,a is needed to line up the 
staircases of the two waveguides. In addition, the drain- 
source bias of the slower varying second waveguide is twice 
that of the first waveguide. One of the drain-source biases 
is inverted with respect to the other so as to  achieve a sub- 
traction of the two staircases. In this way, the combined 

Fw. 4. Dluntration of subtraction scheme of I-V characteristics 
for first, second, third, and fourth bit of a 4bit A:D converter. 

Fig. 4 illustrates the subtraction scheme of the staircase 
I-V characteristics in the implementation of a 4 b i t  A:D 
converter. The weighted staircases necessary for the first 
bit are shown in the first pair of overlapping staircases 
in Fig. 4. With the addition of two more waveguides, 
or one more DWG device, in which the side gate-voltages 
are again divided, we can implement the second pair of 
staircase I-V characteristics in Fig. 4 to obtain the next 

Fig. 5. Extention to a 4bit A:D converter. 
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significant bit. As seen by the rest of Fig. 4, with iddi- 
tional DWG device stages we can attain higher order bits. 
Each bit representing the on-state has a conductance value 
of 2e'/h. The circuit in Fig. 5 shows how cascading the 
single stage in Fig. 3 results in a 4-bit A:D converter. 

Our scheme has the potential to scale to higher order 
bits utilising a relatively small number of devices. The 
limitation to cascading arbitrary number of stages will be 
the number of steps in the I-V characteristics of the wiaveg- 
uides. Table 1 shows the number of steps as well as the 
number of DWG devices required to implement an A:D 
converter with arbitrary number of bits. For example, 
a +bit A:D converter requires 16 conductance steps and 
4 DWG devices. This is close to the maximum number 
of conductance steps which have been observed using the 
split-gate scheme [3]. Therefore, additional circuit tech- 
niques are required to scale beyond 4 or 5 bits. 

Table 1 
No. of Bits No. of Steps No. of Devices 

2 bits 4 steps 2 DWGs 
3 bits 8 steps 3 DWGs 
4 bits 16 steps 4 DWGs 
5 bits 32 steps 5 DWGs 

n bits 2n steps n DWGs 

Fabricat ion 

We fabricated [5,6] our devices using a high mobility Al- 
GaAs/GaAa modulation-doped heterostructure. The m e  
bility of the sample of the 2DEG is 1.2 x lo6 and 

the carrier density is 4.2 x 10'l cm-' at  T=4 K. Mesa is0- 
lation, ohmic contacts and gate pads are done using optical 
lithography. The actual split-gate configuration, shown in 
Fig. 6, is fabricated using electron-beam lithography. The 
lithographic device dimensions are defined as L represent- 
ing the length of the confining split-gates and W as the 
distance between the side-gate and the middle-gate. 

Results 

We use an L=0.5 pm, W=0.4 pm AlGaAs/GaAs dual 
electron waveguide device to demonstrate our A:D con- 
version scheme. The device is initially biased to show the 
staircase characteristics necessary for the first significant 
bit as well as the second significant bit. We then i m p k  
ment the circuit in Fig. 3 to measure the individual bits. 
The input signal applied to the gates is a negatively sweep- 
ing bias. All measurements are carried out using l o c h  
amplifiers at  Tz1.6 K. 
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Fig. 7a. Measured I-V characteristicr to implement first bit. 
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Fig. 6. Scanning electron micrograph of confining split-gates. INPUT VOLTAGE V," 

Fig. 7b. Measured first bit series using Fig. 3 circuit. 
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The ramp input signal is applied to the side-gates 
through the binary-ratioed resistor ladder discussed in the 
previous section (R is equal to 1 k n  for the divider in Fig. 
3). The drain-source bias (200 pV) across the slower vary- 
ing waveguide is twice that of the other waveguide (100 
pV). In this way, we are able to engineer the conductance 
s t e p  for the two waveguides to give the I-V characteristics 
shown in Fig. 7a. By implementing the circuit in Fig. 3 
and inverting one of the drain-source biases, we measure 
the subtraction of the two staircase characteristics in Fig. 
7a. The resulting first bit series is shown in Fig. 7b. 

By sending the input signal through an additional 
divide-by-two voltage divider (R is equal to 130 n for 
this divider) before the above 1 kn divider, we achieve 
the properly weighted staircase features for the second bit, 
shown in Fig. 8a. The measured second bit series is shown 
in Fig. 8b. 

INPUT VOLTAGE Vin 

Fig. 8s. Measured I-V characterbtica to implement second bit. 
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Fig. 8b. Measured second bit scrim using Fig. 3 circuit. 

Fig. 7b and 8b show clearly distinguishable bits. How- 
ever, the bits deviate from the ideal 2ea/h values due to 
the lack of perfect conductance quantkation of the elec- 
tron waveguides. This arises from finite scattering in the 
electron waveguides which causes the transmission coeffi- 
cient for the Merent modes to deviate from unity [7]. 

The lack of robustness in quantum-effect features does 
raise serious questions on the practicality of such devices. 
Impurities and nonidealities have very strong effects on 
electron waveguides. It has been shown that even a sin- 
gle scatterer can severely degrade the conductance quan- 
tkation [7]. Our A:D conversion scheme might be some- 
what immune to this problem since only a small number 
of devices is required. This makes it more likely to  have 
impurity-free circuits. 

Conclusion 

We have demonstrated a novel analog-to-digital conver- 
sion architecture based on the quantked conductance of 
electron waveguides. This is the first electronic circuit ever 
demonstrated that utilizes electron waveguide devices. 
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