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Abstract-We have demonstrated a novel analog-to-digital 
(AID) conversion architecture based on the quantized conduc- 
tance of electron waveguides. In our scheme, a dual electron 
waveguide (DWG) device implements a binary quantizer and 
encoder for one significant bit of resolution. The conductance 
values of the on and off states in the binary code are & * / h  and 
zero, respectively. By cascading multiple DWG devices, higher 
order significant bits can be attained. In this paper, we dem- 
onstrate the first significant bit and the second significant bit of 
our analog-to-digital conversion architecture using a DWG de- 

erostructure. 

a scheme, a split-gate pattern is fabricated on top of a 
normally-on modulation-doped heterostructure. B~ apply- 
ing a sufficiently negative split-gate bias, the two-dimen- 
sional 
the gates, leaving a narrow conducting channel in be- 
tween. If the channelo width is comparable to the electron 
wavelength ( - 500 A), then electrons are free to move 
only in one direction. If inelastic and elastic scattering are 

of high-purity material, then the 1D channel becomes a 
true electron waveguide [3]. 

The unique aspect of a split-gate scheme is that the 
electrons in the channel can be depleted through the fring- 
ing fields of the gate bias. We are therefore able to sweep MZ: :::k: ~ ~ ~ ~ ~ ~ ’ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~  tli the 1D subbands through the Fermi level by modulating 
the split-gate bias. Stated in a different way, through an in their electrical characteristics [l]. Such features pro- bias we can control the number of occupied 
modes in our electron waveguide. Each time a subband is vide an inherent advantage, in terms of functionality, over 

swept through the Fermi level, the current changes by the simple on/off properties of conventional transistors. 

( 2 e 2 / h )  VDs, with the result being a “staircase” structure This could potentially lead to more efficient circuits which 

in the I-V characteristics [3], [7], [8], shown in Fig. 2 for require only a small number of active components [2]. In 
this work, we help establish the feasibility of such con- one of our devices [91. This is referred to as the quantized 

conductance of an electron waveguide. cepts by exploiting the unique ‘ ‘quantized conductance” 

In the electron waveguide regime, the constant height of electron waveguide devices to implement a novel an- 

of each conductance step is independent of device length alog-to-digital (A/D) conversion architecture. 
An electron waveguide is essentially a one-dimensional and, to first order, the specific material in which the than- 

(1D) channel through which electrons travel without scat- riel is implemented. Such a universal feature is very at- 
tractive from a circuit standpoint. In fact, it is most ame- tering [3]. The propagation modes of the electron wave- 

contribution to the waveguide conductance from each conversion architecture. This is the topic of this work. 

gas (2DEG) can be 

vice fabricated in an AlGaAs /GaAs modulation-doped het- suppressed through low-tempramre Operation and the use 

I. INTRODUCTION 

guide to the lD subbands in the The nable for the implementation of an analog-to-digital 

mode, or subband, is equal to a fundamental constant The basic device element in our AID circuits is a dual 
2 e 2 / h  L4i. This from the Of the en- electron waveguide (DWG) device [lo], shown concep- 
ergy dependence in the lD density of states with that Of tually in Fig. 3. This device consists of two electron 
the electron velocity. Therefore, the total conductance of 

2 e 2 / h  contributions from the occupied modes, i.e., from 
the subbands below the Fermi level. 

guide is by using a high mobility split-gate transistor con- 

waveguides which are located right next to one another. 

tion-doped structure; two side-gates which are used to 
control the number of occupied modes in each respective 

and isolate the waveguides from each other. There are 

to the input and output of each electron waveguide. The 

an electron waveguide is simply the summation Of the Three gates are patterned on the surface of the modula- 

The most ‘‘“On to imp1ement an wave- waveguide and a middle-gate which is used to separate 

figuration [51, [61, conceptually shown in Fig. In such also four ohmic contacts to the 2DEG which allow access 
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1-V characteristics for such a device biased so as to im- 
plement two waveguides is shown in Fig’ 

served. In this paper, we use the unique double staircase 
4 [ 101. Quantized conductance in each waveguide is ob- 

I-V characteristics to implement a binary encoder for an 
analog signal. While this could be equally carried out by IEEE Log Number 92 11733. 
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Drain, 

-Gate 

Fig. 1 .  Conceptual picture of a split-gate electron waveguide device. 
Shaded region represents electron concentration at the heterointerface of 
an AlGaAs/GaAs modulation-doped heterostmcture. 
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Fig. 2. Is-VGs characteristics of a 0.2 pm long split-gate electron wave- 
guide device. 
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Fig. 3. Conceptual picture of a dual electron waveguide (DWG) device. 
The top plane represents wafer surface. The bottom plane depicts the elec- 
tron gas at heterointerface. 
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Fig. 4. I-Vcharacteristics for the individual waveguides of a dual electron 
waveguide device. Device schematic shown in inset. 

two separate conventional split-gate electron waveguides, 
the DWG device is a particularly efficient way to imple- 
ment our scheme. 

11. ANALOG-TO-DIGITAL CONVERSION SCHEME 

We obtain a single bit of the binary code by using a 
subtraction scheme in which the properly weighted stair- 
case I-V characteristics of the two electron waveguides in 
a DWG device are subtrated from one another. The basic 
circuit which we propose to carry out such a technique is 
shown in Fig. 5. The curvy lines represent the two elec- 
tron waveguides in our DWG device, as shown in the in- 
set of Fig. 4. 

The analog input voltage Vi, is applied directly to the 
first side-gate and through a divide-by-two voltage divider 
to the second side-gate. Since the step width is roughly 
linear with gate bias, the staircase I-V characteristics will 
be twice as wide in gate voltage for the second waveguide 
than they are for the first waveguide. The middle-gate is 
kept at a fixed negative voltage vb/biasl sufficiently below 
threshold in order to keep the two waveguides isolated 
from one another. An offset bias Vbias:! = V,, is needed to 
line up the staircase of the two waveguides so that they 
pinch off simultaneously with Vi,. In addition, the drain- 
source bias across one of the waveguides is twice that 
across the other waveguide. The result of this is that the 
steps in the current for the second waveguide will be twice 
as high as those in the first waveguide. For the subtraction 
technique, the drain-source bias across the first wave- 
guide is inverted with respect to the other waveguide. In 
this way, the combined current measured at the output of 
the two waveguides is a significant bit series. Fig. 6 sche- 
matically illustrates the resulting I-V characteristics for 
each electron waveguide as well as the measured bit series 
for a ramp voltage input to the circuit in Fig. 5 .  Each bit 
representing a 1 has a height in current of ( 2 e 2 / h )  VDs. 

By cascading this basic stage into an arbitrary multiple 
number of stages, one can attain more significant bits. 
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Fig. 7.  Cascaded stage architecture to attain four significant bits. Each 

stage provides one significant bit of resolution. 

Fig. 5 .  Basic circuit for achieving one significant bit in proposed A/D con- 
version architecture. 
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Fig. 6 .  Schematic illustration of input voltage ramp, I-Y characteristics of 
each waveguide and binary bit series in response to analog input of circuit 
shown in Fig. 5 .  

Each stage will give one significant bit series. For ex- 
ample, the circuit required for a 4-bit A/D converter is 
shown in Fig. 7. The input is applied across a binary- 
ratioed resistor ladder so that the staircase characteristics 
are properly stretched out to achieve 4 significant bits, 
one for each stage. For example, for the second stage, the 
steps are two times and four times as wide as the steps in 
the first electron waveguide of the first stage. The prop- 
erly weighted I-V characteristics as well as the resulting 
bit series are shown in Fig. 8. For this example, the larg- 
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f h  

DWG 2 
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I 

4'hBit 'I I I I I I I100000000 

Fig. 8 .  Schematic illustration of I-V characteristics and binary bit series 
for each stage of circuit in Fig. 7. 

est value which the input can be encoded into is 11 11 and 
the smallest value is 0000. 

Our scheme has the potential to scale to much higher 
significant bits of resolution with a relatively small num- 
ber of devices. The limitation of the number of stages that 
can be assembled together will be the number of steps 
required in the I-V characteristics of the electron wave- 
guides. Table I shows the number of quantized conduc- 
tance steps as well as the number of DWG devices re- 
quired to implement an A/D converter with a specified 
number of significant bits. For example, a 4-bit A/D con- 
verter 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 [7]. 
Therefore, the additional circuit techniques will be re- 
quired to scale beyond 4 or 5 bits. 
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TABLE I 
NUMBER OF QUANTIZED STEPS REQUIRED AND THE NUMBER OF DWG 
DEVICES REQUIRED FOR A SPECIFIED NUMBER OF SIGNIFICANT BITS OF 

RESOLUTION 

No. of Bits No. of Steps No. of Devices 

2 bits 4 steps 2 DWG's 
3 bits 8 steps 3 DWG's 
4 bits 16 steps 4 DWG's 
5 bits 32 steps 5 DWG's 
n bits 2" steps n DWG's 

111. DEVICE FABRICATION AND EXPERIMENTAL RESULTS 
We fabricated [lo], [ 111 our devices using a high mo- 

bility AlGaAs /GaAs modulation-doped heterostructure. 
The mobility of the 2DEG is 1.2 x lo6 cm2/V - s and 
the carrier density is 4.2 Xo 10" cm-2 at T = 4 K. The 
depth of the 2DEG is 890 A from the surface. Mesa iso- 
lation, ohmic contacts and gate pads are defined using op- 
tical lithography. The actual split-gate configuration, 
shown in Fig. 9, is fabricated using electron-beam lithog- 
raphy. The lithographic device dimensions are defined as 
L representing the length of the confining split-gates and 
W as the distance between the side-gate and the middle- 
gate. 

We use an L = 0.5 pm, W = 0.4  pm AlGaAs/GaAs 
dual electron waveguide device to demonstrate our A/D 
conversion scheme. We initially bias the device to show 
the properly weighted staircase characteristics for each 
waveguide. Following this measurement, the device is 
biased in a configuration to demonstrate a significant bit 
series. All measurements are carried out at T = 1.6 K. 

The actual circuit used to demonstrate the feasibility of 
properly weighted staircase features for each waveguide 
is shown in Fig. 10. Two lockin amplifiers are used to 
measure the drain-source characteristics for the two indi- 
vidual electron waveguides. An ac voltage at 19 Hz of 
100 mV is applied through a 1 / 1000 voltage divider onto 
the drain contact of the first waveguide. The source con- 
tact for that waveguide is tied to the virtual ground of a 
current-to-voltage preamplifier and then fed into one of 
the lockin amplifiers. We use the same technique for the 
second electron waveguide except the ac voltage is 200 
mV at a frequency of 1 1  Hz (different frequency so that 
lockin measurements do not interfere with one another). 
The middle-gate voltage separating the two waveguides is 
fixed at V,, = - 1.5 V. The input voltage is a ramp func- 
tion provided by an HP 4145B, beginning at 0 V and con- 
tinuing onto -2 V. This input is directly applied to the 
side-gate of the first electron waveguide. In order to line 
up the thresholds with one another, the same input voltage 
shifted by - 1.8 V, Vin, is applied through the 1 kQ volt- 
age divider onto the side-gate of the second electron 
waveguide. 

The source currents Zsl and Z, as measured by the two 
lockin amplifiers are shown in Fig. 1 1 .  The current Isl 
flowing out of the first electron waveguide has the familiar 
(2e2/h) VDs steps. The current Zs2 flowing out of the sec- 

Fig. 9. Scanning electron micrograph of gates in L = 0.5 pm, W = 0.2 
pm dual electron waveguide device. 

100 mV,19 Hz 200 mV, 1 1  Hz 

'SI Q Q '52 1 
4 t 

Fig. 10. Circuit used to demonstrate properly weighted I-V characteristics 
of each waveguide in a DWG device. 

ond electron waveguide also has the same staircase struc- 
ture, except that each step is twice as high and twice as 
wide as those for the first waveguide. The thresholds of 
the two electron waveguides also line up very well. The 
results in Fig. 11 prove that we can engineer the staircase 
features of two electron waveguides in a manner consis- 
tent with our A/D conversion scheme. 

We now proceed onto the measurement carried out to 
show the first, or least, significant bit series. The actual 
circuit used in our experiment is shown in Fig. 12. Here 
we use only a single lockin amplifier to measure the dif- 
ference current. A 100 mV ac bias at 19 Hz is applied 
through a 1 /500 voltage divider onto the drain contact of 
the second waveguide. This same ac source is applied 
through an inverting stage, then through a 1 / 1000 voltage 
divider onto the drain contact of the first electron wave- 
guide. In this way, we establish -VDs across the first 
waveguide and 2VDs across the second (VDs = 100 pv) .  
The source contacts of both electron waveguides are tied 
together and fed into the preamplifier/lockin setup. The 
input ramp voltage is configured in the same manner as 
for the preceding measurement. 
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-2.0 -1.5 -1.0 -0.5 0 

INPUT VOLTAGE Vin 

Fig. 1 1 .  Measured I-Vcharacteristics of each waveguide in a DWG device 
to implement first (least) significant bit ( T  = 1.6 K). 

10 kR 
100 mV, 19 Hz 

's2-'s1 p 
Fig. 12. Circuit used to demonstrate significant bit series. 

The source current measured by the lockin amplifier is 
shown in Fig. 13. The bit series can be clearly seen and 
it is indeed the subtraction of the two staircase I-V char- 
acteristics shown in Fig. 11. The individual bits are less 
than their ideal height, (2e2/h) VDs, as a result of the less 
than ideal staircase structure. The bit series has the same 
1010 * pattern which we outlined for the least signifi- 
cant bit in our proposal (Figs. 6 and 8). 

By passing the input voltage through an additional volt- 
age divider, we can establish the conditions necessary to 
achieve the second significant bit series. The properly 
weighted staircase features for each electron waveguide 
are shown in Fig. 14. The steps in Fig. 14 are twice as 
wide and four times as wide as they are for the first elec- 
tron waveguide (Fig. 11). The staircase features still need 
to be shifted to match the threshold voltage of -2 V for 
the results in Fig. 11. 

The second significant bit series is measured using the 

775 nA 

0 
I 

INPUT VOLTAGE Vin 

Fig. 13. Measured first (least) significant bit series at ( T  = 1.6 K). 

-4.0 -3.5 -3.0 -2.5 -20 

INPUT VOLTAGE Vin 

Fig. 14. Measured I-Vcharacteristics of each waveguide in a DWG device 
to implement second significant bit ( T  = 1.6 K). 

INPUT VOLTAGE Vin 

Fig. 15. Measured second significant bit series (T = 1.6 K). 

subtraction circuit shown in Fig. 12. It is important to 
remember that the input voltages still pass through the 
additional voltage divider. The measured second bit series 
is shown in Fig. 15. The 110011 * * * pattern is the same 
as outlined in our initial proposal (Fig. 8). The bits de- 
viate from their ideal heights due to the less than ideal 
step structure. 

IV. DISCUSSION 
We have outlined and demonstrated a novel analog-to- 

digital conversion architecture based on the quantized 
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conductance in electron waveguides. By exploiting the 
functionality of the quantum devices, we have been able 
to implement efficient circuits with only a small number 
of active devices. In this section, we will discuss the lim- 
itations of our analog-to-digital conversion scheme. 

The deviation from the expected 2e2/h conductance 
value for the steps in our data is a result of finite scattering 
in the channel [12] for the particular device used in the 
experimental demonstration. A transmission coefficient 
can be associated with each mode which gives the prob- 
ability of an electron reaching the output of the waveguide 
[ 131. For an ideal electron waveguide in which scattering 
is completely absent, the transmission coefficient for the 
different modes are all unity. However, when scatterers 
exist in the channel, the transmission coefficient deviates 
from unity and in fact becomes energy dependent. The 
result is that the steps become rounded and smaller than 
their ideal 2e2/h value [14][16]. Previous work has shown 
that even a single scatterer can strongly affect the sharp- 
ness of the conductance steps [ 171-[ 191. This of course is 
a serious concern for the practical implementation of our 
A/D conversion scheme. 

Another problem for our A/D conversion scheme is the 
low temperatures and small drain-source biases required 
to observe the quantized conductance. The main reason 
for these strict conditions is the small energy subband sep- 
arations in our channels. The energy spacing is typically 
around 1 meV for split-gate induced channels [20]. In or- 
der to resolve the individual levels (quantized conduc- 
tance), thermal and voltage smearing of the electron dis- 
tribution around the Fermi level must be kept smaller than 
the energy level spacings. Therefore, the spacing (1 meV) 
must be larger than 3.5 kT and eVDs which are the re- 
spective smearing functions [21]. This limits the mea- 
surement temperature to below 4 K and the drain-source 
bias to below 1 mV. 

The reason for the narrowly spaced subbands is the soft 
lateral confining potential induced by the fringing fields 
of the split-gate bias. In order to have high mobility sam- 
ples, a large spacer region is needed between the dopants 
and the heterointerface. This results in a deep 2DEG, far 
removed from the split-gates on the surface, which in turn 
gives rise to the soft parabolic confining potential. The 
solution to this problem is to increase the subband spacing 
through sharper confining schemes [22] and novel mate- 
rial systems [23]-[25]. 

V. CONCLUSIONS 

We have proposed and demonstrated a novel analog-to- 
digital conversion architecture based on the quantized 
conductance of electron waveguides. Our scheme shows 
that it is possible to exploit the unique features observed 
in electron devices to implement efficient circuits. This 
work represents the first electronic circuit ever realized 
that utilizes electron waveguide devices. 
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