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LETTER TO THE EDITOR 

Temperature limits for ballistic quantization in a GaAdAlGaAs 
one-dimensional constriction 

J E F Frost, M Y Simmons, M Pepper, A C Churchill, D A Ritchie and 
G A C Jones 
Cavendlsh Latoramry. Madingley Raad, Cambridge CB3 OHE, UK 

Received 15 September 1593 

Abstract. One-dmensianal (ID) ballistic constrictions have been made in a WO- 
dimensional e l m n  gas of high carrier concenkahon (6.5 x lol l  mr2) and high mobiliQ 
(9.5 x 10s cm2 V-' s-I) formed at the Metface of a GaAdAIGaAs heterosmcm. At least 
seven ballistic conductance steps were clearly observed at 4 2  K and remained discernible up to 
40 K. A ID subband spacing of 10 meV was found from the elechic-field-induced halfplateaux in 
differential conductance. The mobdity and carria concentration of the two-dimensional elecmn 
gas were also measured as functions of temperature in order to mmpare the relative effects on 
the degradation of the ballistic quantization of Fermi-Dirac broadening at the Fermi energy and 
the reduction in the Wlistic mean free pth. The close similarity between the experimental 
mnductance characferishcs and those calculated wilh a simple assumption of the Fenni-Dirac 
elemon energy distribuhon strongly suggests that lhis is the principal mechanism in smearing 
the quantized conductance plateaux. 

The conductance of a ballistic one-dimensional constriction in a two-dimensional electron 
gas (ZDEG) formed by a split Schottky gate over a GaAdAlGaAs heterostrucNre quantized 
in multiples of 2ez /h  was first observed at low temperatures (300 mK) 11.21. Ballistic 
conductance occurs when the mean free path is much larger than the length of the split gate 
and the constriction width is comparable with the Fermi wavelength. 

The earliest ballistic quantization experiments were made at 330 mK, but more recently 
ballistic transport has been studied at temperatures up to 10 K [3]. Evidence for ballistic 
quantization has been observed in a constriction defined by ion beam damage and with gate- 
controlled carrier concentration at 14.8 K [4], and in a split-gate device on a shallow ZDEG 
at 30 K [5]. If ballistic-type devices are to have any commercial application then operation 
at higher temperatures would be an advantage. Operation a t  liquid nitrogen temperature, 
77 K, would be most convenient, but any temperature higher than 4.2 K would be beneficial 
because refigeration costs decrease with an increase in temperature. The quality of the 
ballistic quantization conductance steps is usually taken to be a measure of the degree of 
ballistic transport. In this work we compare the effect on the quantized conduction due to 
an increase in temperature via two mechanisms: the Fermi-Dmc broadening at the Fermi 
energy and the reduction of the ballistic mean free path due to the temperature dependence 
of the electron mobility and carrier concentration. 

The split gate was made by electron beam lithography and consisted of two 
80% Ni:20% Cr/Au rectangular comers offset at 45" by 100 nm (inset of figure 1). The radius 
of curvature of the comers is estimated to be 20 nm. The GaAs/AlGaAs heterostructure 
comprised, from the surface, 10 nm undoped GaAs, 40 nm Sidoped AlGaAs, 10 nm 

09528984/93/440559+06$07.50 0 1993 IOP Publishing Ltd U59 



L560 Letter to the Editor 

undoped AlGaAs and 1 hm undoped GaAs. The mobility was 9.5 x le cm2 V-' s-' 
and the sheet carrier concentration was 6.5 x 10" cm-2 at 4.2 K after illumination by a 
red light-emitting diode. Two-terminal conductance measurements were made using lock-in 
techniques with a constant 100 p V  AC excitation voltage. 

Gate voltage V, 6) DC bias (mV) 
Figure 1. Split-gate conductance as a function of gate 
voltage. No m i e s  resistance correction has been made. 
The inset shows a schematic d i a m  of ihe device 

Figure 2. The differential condunance as a function of 
source-drain bias for different gate voltages. No series 
resisfance mrreclion has been made. 

Figure 1 shows the differential conductance G as a function of the gate voltage V, at 
4.2 K, there are at least seven clear conductance plateaux. No correction has been made 
for the series resistance and this accounts for the separation of the plateaux being less than 
2e2/h. Figure 2 shows the differential conductance as a function of the DC sourcedrain 
bias at 4.2 K, the bunching of the curves at values midway between those at zero DC bias 
is induced by the electric field [6].  The subband energy spacings were deduced from the 
positions of these half plateaux in the differential conductance at high M: bias in a similar 
fashion to the method described by Patel er a1 [6]. A ID subband spacing of 10 meV for the 
last ID subband decreasing to about 6 meV for the fifth ID subband were calculated from 
VI 

AE(n, n + 1) = (e/2)(Vl + Vz) (1) 

where A&, n + 1) is the energy separation between the bottoms of the nth and (n + 1)th 
1D subbands, and VI  and Vz are the negative and positive source-drain voltages respectively 
at which the curves bunch at a conductance value midway between conductance plateau 
values at zero DC bias. The value of fiw, between the last two subbands was entered 
as a parameter in the numerical calculation. Figure 3 shows the Hall measurements as a 
function of temperature up to 80 K. The mobility drops by a factor of three and the carrier 
concentration by 20% from the 4.2 K values. 

The electrostatic potential of a 1D constriction in a 2DEG resembles a saddle point, where 
the midpoint of the constriction is a maximum in potential in the direction of travel (the x 
direction), and a minimum in the confining lateral potential (the y direction). The potential 
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Figure 3. The sheet onier density (cmses) and low-field mobility (triangles) as a function of 
temperature for a WEG Hall bar without a split-gate device. 

banier and the confining potential are both most simply assumed to be parabolic in shape, 
leading to the following equation for the potential [SI: 

(2) V ( x .  y )  = v, - f m q r  2 2  + ;mo,y 2 2  . 

The transmission probability through the constriction from ID subband m to rz is given 
by P I  

T~~ = smn[l +exp(-n&.)] (3) 

&" = [ E  -ho,(n + f )  - VO]/(hOJ. 

where 6,, is the Kronecker delta and 

(4) 

The conductance, G ( E ,  T ) ,  is given by 

G(E,  T = o)(-af(Ef, ,?)jazz) dE (5) 

where f(&, E )  is the Fermi-Dirac function 

f(& E )  = { 1 +exp[(E - &)/kT]}. (6) 

The saddle point model is most applicable when there are few 1D subbands, and the 
device approaches pinch-off. For larger numbers of 1D subbands, with n more than about 6, 
the parabolic potential is flattened at the bottom by the screening effect of conduction 
electrons in the constriction [9]. This leads to the decrease in subband spacing with 
increasing conductance described above and explains why, at a given temperature, the 
lowest conductance plateau is always better defined than those at higher conductance. The 
flattening at the bottom of the well is not taken into account in OUT model and hence it fails 
to predict the decrease in step quality with increasing ID subband index. The abruptness 
of the steps at temperatures low enough to give minimal thermal smearing is determined 
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Gate voltage Vg (V) 

Figure 4. (a) The expenmental wnducmce as a function of gale voltage for five different 
lempmbres. 4.2. 12.9, 229. 31.6 and 427 K (labelled AA). No series mislance wmccion 
has been made The temperablre labels are the same as for figures qb), 5(a) and S(b). @)The 
Calculated conductance as a function of energy. 

in this model by the ratio w y / o r  [SI. This condition was met for our sample at 4.2 K, so 
these data were fitted to the theoretical conductance to obtain w,/w, = 2, a value similar 
to that found by Martin-Moreno et a1 [lo]. 

The conductance as a function of temperature was obtained by firstly applying 
equation (3) to find the conductance of one ID subband and then summing five of these 
curves, offset each time by the ID subband spacing. These data were then numerically 
convolved with the Fermi-Dirac function at temperatures of 4.2, 12.9, 22.9, 31.6 and 
42.7 K, the same temperatures as the experimental data Figure 4 shows the experimental 
and calculated conductance for these five temperatures. The curves are offset for clarity and 
the scales have been chosen to normalize the conductance steps and equate the applied gate 
voltage with the effective energy scale. Figure 5 shows the derivative of the experimental 
and calculated conductance data. The number of discemible minima in the derivatives, 
corresponding to steps in conductance, decreases steadily with an increase in temperature. 
The derivative of the first step in conductance may be enhanced by the rapid change in 
conductance as the device reaches pinch-off. 

We measured a ID subband spacing of 10 meV, similar to that estimated for the device 
of Snider et ul [5] with a similar carrier concentration, even though our ZDEG is at twice 
the depth (60 nm compared with 30 nm). An advantage of the mater  ZDEG depth is that 
it is easier to obtain higher electron mobilities as the depth increases [ 111. We believe that 
the sharp corners and narrow width (100 nm) of our device yield a very short constriction, 
less than 200 nm long, with steep potential walls, leading to a large ID subband spacing. 
Table I shows the transport properties of previous work [4,5] compared with our results. 
Measurement temperature, carrier density ns, mobility p, mean free path and constriction 
length are. given. The mean free path is given by 1 = up5 where u~ is the Fermi velocity 
and 5 is the electron scattering time. In terms of p and n,, 1 = @/e)@=. In all cases, 
even in our sample at 40 K, the mean free path is at least an order of magnitude greater than 
the constriction length, and this implies that the decrease in mean free path is not the cause 
of the degradation of the ballistic quantization with an increase in temperature in these veIy 
short devices. 

The close similarity between the experimental conductance characteristics and those 
calculated with a simple assumption of the Fermi-Dirac electron energy distribution strongly 
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Gate voltage V, (V) Energy E (meV) 

Figure 5. (a) The derivative of the experimental mnductance with respect to gate voltage as a 
function of gate voltage. (b) The derivaiive of the calculated wnducmce with respect 0 energy 
as a function of energy. 

Table 1. Elechical transpat properties of samples from previous work l4.51 and from the 
present study. 

3.4 200 
3.4 300 

Current work 4.2 6.6 9.5 12.7 200 
Current work 40 5.7 4 5.0 200 

suggests that this is the principal mechanism in smearing the quantized conductance plateaux 
[W. 

Therefore, absence of ID plateaux daes not mean that ballistic transport is not taking 
place, but that its presence must be verified by a different method. Further work is needed to 
determine the ballistic mean free path as a function of temperature, possibly using techniques 
described by Molenkamp et nl 131. 
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