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A length-dependent analysis of quantized conductance in split-gate constrictions fabricated on InAs/AlSb
quantum-well heterostructures is presented. Conductance steps with spacing within a few pere#t arfe2
observed in constrictions with channel lengths of @r&. With increasing constriction length nearly ideal
guantized conductance can still be observed, even in constrictions as long asm2Dhe values of the
quantized step heights are found to vary more from device to device with increasing length. Our length-
dependent data differ considerably from previous reports on GafG#\l ,As split-gate devices where the
guantized conductance was severely degraded for constriction lergth$ um. Temperature-dependent
measurements indicate that the 20+long devices have one-dimensiofaD) subband spacings close to 10
meV. The improved length performance of our devices is believed to be due primarily to the increased 1D
subband spacings relative to the magnitude of potential fluctuations in the channel region. Our explanation is
shown to be in agreement with recent theoretical analyses relating various scattering mechanisms to the
breakdown of quantized conductang80163-182@06)03719-9

[. INTRODUCTION essentially quasi-1D, it might be expected that backscattering

would be suppressed compared to the 2D case, due to the

The phenomenon of quantized conductance has beenlarge momentum transfer required for these processes in a
topic of great interest since its initial observation in split-gatelD system’. From this, it might also be expected that the

ballistic constrictions(or quantum point contadtsseveral gquantized conductance should persist in constrictions as long
years agd:? The conductanc& of a constriction with arbi- @s or longer than the 2D transport mean free path

trary dimensions at zero temperature is given by thdv=7%Kruc/e, whereke is the Fermi wave vector and, is
Landauer-Buttike¥? formula the electron mobility. Therefore, it was somewhat unex-

pected when Timpet al® found that the quantized conduc-
2e? O tance deteriorated significantly in constrictions with litho-
G=+ > T, (1) graphic channel lengths greater tharD.6 um, even in very
= high quality molecular-beam epitaXiMBE) grown samples
wheree is the electron chargdy is Planck’s constanty is  wherel,, exceeded 9um.® Timp et al. also noted that the
the number of occupied one-dimensiofiHD) subbands, and quality of the quantized conductance in constrictions of vari-
Tjj is the transmission probability for an electron incident inous lengths was highly dependent upon the transport proper-
subband exiting the constriction in subbarjd Even though ties of the two-dimensional electron g48DEG).X° They
none of the constriction properties such as width, length, ofound that the quantized conductance for a given length con-
subband energies appear explicitly (h), a great deal of striction deteriorated as the mean free path of the 2DEG was
information is contained in the transmission faclgy. For  reduced.
the conductance to be quantized, the summation of the prob- Since the initial observations of Timgt al, several theo-
abilities in (1) should approach the number of occupied sub-etical explanations for the breakdown of quantized conduc-
bandsn. In point-contact geometries where the lithographictance in longer constrictions have emer§ét:'* These
length L of the channel is less thar 0.2 um, electrons analyses attribute the degradation of quantized conductance
typically propagate through the constriction without scatterto potential fluctuations caused by the random distribu-
ing, i.e., ballistically. In this casél;; can be replaced bg;,  tion of remote impurities. Numerical simulations of
where the latter term is the Kronecker delta function. TheGaAs/ALGa _,As heterostructures have revealed a correla-
summation in(1) then equals and the conductance is quan- tion length of ~ 0.2 um for the potential fluctuations.
tized at values ofG=2ne*h. It is important to note that These simulations have led some researchers to set an upper
though ballistic transport is sufficient for the observation oflength of ~ 0.5 um for the observation of quantized
quantized conductance, it is not a necessary condition. Foconductancé?! in agreement with the experimental results of
ward scattering between 1D subbands du&silter the sum-  Timp et al. However, reports in the literature have shown
mation in (1); only backscattering events destroy the quan-that quantized conductance can be observed to much greater
tized conductancg® Because ballistic constrictions are lengths'>® Most notably, Ismail, Washburn, and L‘8ee-
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ported the observation of quantized conductance steps in

constrictions with channel lengths as long ag®. These

constrictions were not fabricated using the split-gate method, X

but rather by a low-damage deep-etching technique. In addi-

tion, Snidet’ found length-dependent results similar to those

of Timp et al, i.e., degradation of the quantized conductance

for L = 0.6 um, but Snider's analysis was performed on a

sample with a value of;, about one-fifth that of Timget al. \
In this paper we report on the length dependence of quan- &

tized conductance in split-gate constrictions fabricated on

InAs quantum wells clad on either side by AISb barrier lay- (@)

ers. These studies may help develop a more comprehensive

understanding of the lengths at which breakdown of quan-

tized conductance occurs. Ballistic constrictions fabricated %

on InAs/AISb materials may also have potential for observa- f'

E

tion of quantized conductance at increased lengths compared * e W —»| 4 e W —»]

to GaAs/AlGa; _,As. The remainder of this paper describes 7z s « nd. . . .. D000
our detailed length-dependent experiments on InAs-channel _Gaas GaSb

ballistic constrictions. In Sec. Il we give a motivation for TAIGaAs Trrrrrase ey AlSb

using InAs/AISb quantum wells for the realization of ballis- GaAs  ====== + ':IQZQW nknbndndeiel

tic constrictions. Section Ill describes the experimental de-

tails and explains some of the properties of InAs/AISb split- (b)
gate devices that are important when performing
measurements and analyzing the subsequent data. Section IV . . ,
details our length-dependent results and indicates consider- FIG. 1. (@ lllustration of lateral potential profile produced by

bly diff | h-d d behavior th . plit-gate confinement for GaAs and InAs channels. For identical
ably ditterent length-dependent behavior than previous stu confining potentials, the energy spacing of the 1D subbands should

iefs. 9” GaAS/A,!Gai—XAS' We. also discuss the reIaFive sgn- be considerably larger in InAs than in GaAb) Schematic cross-
S|t|V|_ty of _ de\_/|ces V\{Ith various lengths to the impurity ¢octional diagram of split-gate structures on InAs/AISb and
configuration in the vicinity of the 1D channel. The 1D sub- GaAs/ALGa,_,As heterostuctures. The symbols indicate the lo-

band spacings of a 2/Gm-long device are quantitatively cation of the primary doping layers in the two heterostructures.
determined using temperature-dependent measurements. In

Sec. V'we compare our experimental results to the Vanouger intriguing feature of InAs/AISb quantum wells is their
theoretlcgl predictions. We s_how that the length _de_pendenc&nique doping mechanisti:2 Large electron concentra-

of quantized conductance in INAS/AISb constiictions ap-+,ng can pe obtained in INAS/AISh quantum wells without
proaches the theoretical limits set by first-order scatterinqhe addition of intentional dopants.Figure ib) shows
models. We further argue that hlgher—order scattering prog,qq sectional diagrams of split-gate devices fabricated on
CcEsses are suppressed in our dpwces due to the energy S.pé%'As/Aleai,xAs and InAs/AISb 2DEG heterostructures. A
ing of the 1D subbands exceeding the magnitude of iMpUrity, e is typically obtained at the GaAs8a, _,As hetero-
potential fluctuations. This explanation is shown to be CONjhterface by inserting as-doping layer iin)éo the top

sis.tent with.previous experjmental stgdies.and recent t.heO'IXGai_xAs barrier layer. Though this modulation-doping
retical .pred|ct|ons concerning scattering via qyasﬂocahzecfcheme is responsible for the very high mobilities achieved
states in 1D constrictions. Finally, our conclusions are P'®n these structures, scattering from potential fluctuations
sented in Sec. VI. caused by the remote dopants dominates the transport prop-
erties, especially in near-surface 2D layers. As indicated
1. MOTIVATION schematically in Fig. (b) electrons in InAs/AISb quantum
wells originate from donors located at the surface of the
The InAs/AISb material system has several distinct differ-GaSb capping layer. Therefore, scattering from remote im-
ences from the more commonly studied GaAs@d4, _,As  purities should be reduced in InAs/AISb due to the absence
material system. First, the effective mass of InAsii(  of a nearby doping layer.
=0.023n,) is approximately one-third that of GaAs. There-  Practically all of the previous experimental studies on bal-
fore, the energy spacing of the 1D subbands in InAs shouldistic constrictions have utilized the GaAs{8a, _,As ma-
be considerably larger than those for GaAs. For nominallyterial system. The properties listed above make InAs/AISb
identical lateral potential profiles, as depicted in Figa)l quantum wells an attractive alternative for studying the
one would expect a subband spacing ratio oflength dependence of 1D ballistic transport because they
AE;p(INAS)/AE p(GaAs ~ 1.5-2.5. Such a direct compari- may allow the study of this complex problem in a parameter
son of 1D structures has not been performed as far as wapace different from GaAs/gGa _,As. For instance, to in-
know; therefore, the actual advantage gained by using InAsreaseAE; in a typical split-gate device, the spacing be-
is still undetermined. Nevertheless, previous studies on InAstveen the 2DEG and the surfadeneeds to be decreased. In
AISb constrictiont® have revealed 1D subband spacings upGaAs/AlLGa, _,As this requires the thickness of the spacer
to 12 meV, which are considerably larger than mostlayer between th&S-doping layer and the 2DEG to also be
GaAs/AlLGa, _,As split gates reported in the literature. An- decreased. Therefore, an increased valuaBf; is accom-



53 LENGTH DEPENDENCE ON QUANTIZED CONDUCTANCEN.. .. 13 065

> W e
T ——
W 15-nm InAs %
E— (300 nm) 250 nm Alg.7Gap 3Sb S

(@)

1Mm

25KV X30,000 17mm

L4444 041 ELLEiidid
S e

(b)

—+— FIG. 3. Scanning electron micrograpt®EMsg of various split-
/////// //// gate geometries ofa) wafer A and (b) wafer B. The gates ina)

T haveL=0.4 and 1.5um and were patterned by electron-beam li-

L thography using 50-kV electrons. The gateghphavelL=1.0 and

2.0 um and were patterned with an accelerating voltage of 25 kV.

'77/77"’/&7%777?)""3
R IRK 4440400444
955257572%: 55555522%%

indicate where the thickness of layers differed in waer
(b) The electron sheet concentration and mobility at 10 K were
ns=6.5x10" cm 2 and u,=3.8x10° cn?/V s for wafer A
. . . ~andng=4.5x10" cm? and u,=3.4X10° cn?/V s for wafer
FIG. 2. (a) Cross-sectional diagram of device structure, showingg  These numbers lead to transport mean free paths of
the epitaxial layers of the InAs/AISb heterostructure used in thqtr:5_1 and 3.8um, respectively. The constrictions were fab-
present experiment. A selective wet chemical etch is used to undel:icated by standard mesa etching and Cr/Au nonalloyed
cut the InAs quantum well to avoid shorting to the gate electrodes.Ohrnic contacts. The InAs quantum well was undercut using
Values inside parentheses indicate where the layer thicknesses Njective wet etching to avoid shorting of the quantum well
wafer B differ from wafer A. (b) Schematic top view of general . .
split-gate device configuration, to the gate _electrodgs. Flguréb)Z shows a top view of the
general device configuration. The gates were patterned by
electron-beam lithography using a rectangular split-gate ge-
panied by a corresponding decrease in electron mobility angmetry. Figure 3 shows electron micrographs of typical de-
very likely an increase in potential fluctuations from the re-yjces fabricated on wafers andB. Different electron-beam
mote impurities. HOWeVer, for the reasons listed abovewriting equipment was used for patterning the gates on the
INAS/AISb split-gate constrictions should make possible ajifferent wafers, which accounts for the somewhat different
different regime, more difficult to obtain in shape of the constrictions in FiggaBand 3b). The conduc-
GaAs/ALGa _,As, where the subband spacings are largefance was measured in either a two-point or a four-point
than the random pOtential variations. TherEfore, our StudiE§onfiguration_ For two_point measurements, a small ac bias
of quantized conductance in InAs/AlSb constrictions shouldyf V4s ~ 100-200uV,,s Wwas applied between source and
help elucidate the relative importance of various constrictiorjrain contacts, while the ac source currenivas monitored
parameters on quantized conductance. Such studies may alg§ing a lock-in amplifier. For four-point measurements the
clarify the apparent discrepancies in the literature concerninggme procedure was followed, except the voltage across the
the length dependence of quantized conductance, as well @gnstriction V. was measured using leads located 3%
help determine some of the ultimate capabilities of ballisticapart on either side of the constriction. In both the two- and
constrictions. four-point cases the series resistaitg was subtracted to
determine the actual conductance of the constriction. Unless
IIl. EXPERIMENT otherwise noted, the measurement temperature was 4.2 K.
INAs/AISb ballistic constrictions exhibit two particular
The experiments were performed on epitaxial layerscharacteristics that are important to the interpretation of the
grown by MBE. Two nearly identical layer structures were conductance data. First of all, a finite conductance exists af-
grown, which are labeled wafefs andB; growth details for  ter the pinch off of the last subband. This conductance is
waferA are described elsewhefeA schematic cross section believed to be associated with electron transport at the mesa
of the layers for wafeA are shown in Fig. @). Parentheses edge, where the Fermi level is pinned in the conduction band
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120 gions underneath the gates are depletédgatV,,p and the

fringing fields from the gates eventually pinch off the 1D
channel aVy=V,yp. If V, is swept back toward zero from
its most negative point, as indicated by the dashed line in the
figure, we find thaw/;, shifts negatively. Subsequent up and
down sweeps betweevi;=0 and V,;p tend to follow the
dashed line in the figure, thus obscuring any quantized con-
ductance characteristic that may have been observed on the
initial down sweep. We have found th¥t,y can be shifted
back toward its original value by applying a positive voltage
(@) to the gate electrodes before each measurement. After appli-
cation of this positive premeasurement bias volt
V,2p shifts back toward more-positive valugsg. 4(b)]; the
larger the value o¥/,, the more positive the shift iN,p.
The ensuing up sweep always shows the hysteresis observed
on the initial trace. The threshold at which the constriction
pinches off,Vi;p, typically is not altered by/,.

We believe the dependence of the constriction character-
istics on the bias history of the gates is due to the charging
(or discharging of impurity or surface states underneath the
gate electrodes. After the application of a large negative
(positive gate bias, the states remain charged until a large
L (b) bias of the opposite sign is applied to gates. For a given
-1.8 1.4 -1 -0.6 -0.2 premeasurement bias voltage, the ensuing down sweep is

Gate Voltage (V) extremely repeatable and indicates that the amount of charge
accumulated under the gates is consistent for a particular

FIG. 4. (a) Conductance vs gate voltage trace for a typical bal_value Of V. We WII! dlsc_uss_ Iate_r our _belle_f th&ip_a_ls_o
listic constriction device. The solitashediline shows the charac- 2€Cts theconfigurationof ionized impurities in the vicinity
teristic for the down sweefup sweep The 2D threshold voltage of ©f the 1D channel. For the present length-dependent analysis,
the up sweepy/,p is shifted negatively with respect to the thresh- th€ premeasurement bias voltage is used primarily as a
old on the down sweepyy,p. Ensuing measurements between Method of obtaining consistent conductance vs gate voltage
V=0 and Vy;, generally follow the dashed line, in both sweep traces. Unless otherwise indicated, a voltag®&/p#+2.0 V
directions. The voltage at which the 1D region is depletge, ~ has been applied to the gates for 1-2 min before each mea-
typically remains roughly constantb) Conductance data after ap- surement. A rather large value ®f, is chosen in order to
plication of different positive gate voltages before each measureincreaseV,,p—V;p and therefore more effectively probe the
ment; larger positive voltages shiit,,p to the right. All data are  constriction characteristics. In addition, all data are taken as

taken as a function of decreasing gate-source bias. The measur-function of decreasing gate-to-source voltage only.
ment temperature i$=4.2 K.
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IV. RESULTS
of InAs.2®> The magnitude of the parallel conductar@evar-
ies somewhat from device to device, usually within the range
of 20—-70uS. Becausds; is essentially constant as a func-  Constrictions with channel lengths varying from 0.20 to
tion of gate voltage, it is normally subtracted out to obtain2.0 um were fabricated on both wafefsandB. The litho-
the true conductance of the constriction. Using this procegraphic width of the devices fabricated @nvaried from
dure, the total normalized conductan@, for two-point  0.12 um in the shortest constrictions to 0.}@n for the

A. Length dependence

measurements can be determined as longest devices. The width of constrictions on waBewere
approximately 0.05um wider than those foA due to the
1 lower electron concentration in waf&. Quantized conduc-
Gn:m_Gu- (2 tance characteristics for constrictions patterned on the

higher-mobility material are shown in Fig. 5. The data in this
For four-point measurements, the constriction voltAge  figure and in Fig. 6 represent the “best” devices for each
replacesV/ys in (2). Except where noted, the normalized con-length used in this study. Here the term “best” refers to
ductanceG,, as determined by2) is presented in this paper. devices whose quantized conductance values are closest to

Second, we have found that, for all devices tested, thé¢he ideal values of 2e’/h. Ideally, as part of a quantitative

conductance characteristic is dependent upon the sweep déngth-dependent study, it would be desirable to perform a
rection and the bias history of the gate volta§&he term statistical analysis of the quantization for each length due to
“bias history” means whether or not a large positive or the varying nature of the device parameters and changing
negative voltage has most recently been applied to the gateisapurity configuration from device to device. Unfortunately,
Figure 4 shows a typicdlunnormalizeglconductance vs gate the number of devices at each length that would need to be
voltage trace for an InAs/AISb split-gate device. As the gatdested to perform a meaningful statistical analysis is beyond
bias, V4 is swept toward more-negative values, the 2D re-our means at the present time. However, subsequent figures
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FIG. 5. Quantized conductance characteristics
for constrictions patterned on wafArwith litho-
graphic channel lengths &) 0.2 um, (b) 0.4
pm, (c) 0.6 um, (d) 1.0 um, and(e) 1.5 um. The
constriction conductance is indicated by the solid
line, while the derivative of the mathematically
smoothed conductance data is shown by the
dashed line. The measurement temperature is
T=4.2 K.
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do give an indication of the types of variations that occur formean free path. In that study, Ow2n-long constrictions fab-
different device lengths. Figure 5 shows quantized conducricated on GaAs/AlGa, _,As 2DEG's with [,~=10 um
tance traces for constrictions of width=0.2, 0.4, 0.6, 1.0, showed extremely well quantized steps, while constrictions
and 1.5um. The constrictions with =0.4 and 1.5um could  with L=0.6 um fabricated on the same material had severely
not be pinched off before the onset of excessive gate-leakagtegraded characteristics. In  Snider's length-dependent
current. Because of this, the parallel conductance could nanalysis;’ performed on a GaAs/AGa ,As heterostruc-
be determined and therefore was not subtracted when notdre withl,=2.1 um, the quantized conductance was rapidly
malizing the data. Despite variations in the sharpness of thdestroyed with increasing length, with remnants of the fun-
steps for the different lengths, each device shows condudiamental plateau persisting te<0.6 um.
tance steps with spacing approximately equalé®/8. Eight It is useful to compare the actual quantization values for
well-quantized conductance steps are observed ih the.0  constrictions of different lengths. The quantization for each
um constriction, while at. =1.5 um five conductance steps stepQ, is determined as
are observable.

Constrictions with various lengths were also fabricated on _G(n)h
wafer B, which had a value of,, approximately 25% less " 2ne? ! )
than that for wafeA. The results of these measurements are
shown in Fig. 6. Once again, quantized conductance is obvhereG(n) is the conductance step height, defined as the
served for all three device lengths. As expected, the Stelg;alue of the conductance that corresponds to a minimum in
spacings of the shortest device with-0.6 um are closest to the mathematical derivativeshown in Figs. 5 and)6 The
the ideal values of €/h. Nonidealities in the quantization average guantizatio,, is then determined by averaging
begin to appear for =1.0 um [Fig. 6(b)], where the heights ©over all clearly observable step
of the low-index steps are considerably nonideal, but the step N
spacing improves for higher. Surprisingly, in Fig. 6c) at 1
L=2.0 um, the quantization is better than that for the Qa= ngl Qn- @
1.0-um constriction. Some deviations from ideality occur,
but they are not as severe as in the Ar@-long device. The The quantization is defined in this manner because the quan-
data of Fig. 6c) indicate that quantized conductance cantization values obtained give an indication of the transmis-
persist in constrictions with lengths over 50% of the 2D sion probability through the constriction, even if the conduc-
mean free path. Our results are in noticeable contrast to thogance characteristic is smeared by temperature, bias voltage,
of Timp et al,® where the quantized conductance deterio-or parasitic effects such as heating from gate leakage. In this
rated dramatically at constriction lengtksl0% of the 2D  way, if the transport is ballistic, even at finite temperatures
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TABLE I. Average quantization values of constrictions with

’ conductance characteristics shown in Figs. 5 and 6. The quantiza-
N@ 6 g tion value for a given ste®, , wheren is the subband index, is
& 5 = determined as the value of the normalized conductance that corre-
‘q'; 4 %’—_ sponds to the minimum of the mathematically determia@€gd/ Vg
2 @ vs Vg curve. The average quantizatiQy, is determined by aver-
% 3 é‘? aging the values of, for all clearly observable steps. Ideal quan-
2 2 : tization would correspond to a value @f,,=1.
c
8 1 \% Wafer Iy (uem) L (um) No. of steps Q.
1.4 1.2 -1 08 -0.60 A 5.1 0.2 3 1.020.04
8 A 51 1.0 8 0.96:0.08
. / B 3.8 0.6 6 0.93:0.05
= g B 3.8 1.0 8 0.86:0.11
S 2 B 3.8 2.0 7 0.89-0.05
‘% 3 that since the lower-index steps of the LBlong device
=l = could not be probed, nonideal quantization may exist for
8 g’, these steps. For the devices fabricated on wBfeTable |
0 0o~ clearly shows that the quantization is best for the0.6 um
17 45 13 -11 09 -07 constriction, deteriorates at=1.0 um, and then surprisingly
7 improves forL=2.0 um. For theL =2.0 um device shown in
Fig. 6(c), Q,y is within ~10% of the ideal values and the
N@ 6 S step heights at this length are only slightly lower than those
& 5 g for L=0.6 um.
g 4 H
S 3 = B. Effect of impurities
§ P g Despite the fact that quantized conductance can be ob-
5 1 = served in constrictions as long as 2ubn, longer devices
O k2 appear to be more sensitive to the precise impurity configu-
(_)1 é"" a2 . o o 60 ration than short devices. First of all, longer constrictions
Gate Voltage (V) tend to show greater variations between nominally identical

devices than shorter devices. To illustrate this property, Fig.
7(a) shows three nominally identical 02m-long constric-
Tions fabricated on wafeA. Clearly, the sharpness of the
conductance steps varies considerably from device to device,
indicated by the solid line, while the derivative of the mathemati-bUt the heights of the conductance plateaus dolnot deylate a
cally smoothed conductance data is shown by the dashed line. T}%reat deal from the ideal values oh&*/h. The deV|.ce varia-
measurement temperatureTis-4.2 K. f[lons become more pronouncgd when the device length is
increased to 1.um however. Figure (b) shows three con-
strictions withL=1.0 um (two fabricated on wafeA and
and bias voltages, the conductance step heights should lo@e on wafeB). At this length, significant deviations from
equal to Z1e’/h, and from(3) and(4), Q,=Q,,=1, for alln. ideal quantization are observed, as well as variations in the
The error values quoted in this paper indicate the uncertaintgharpness of the steps. For devices with2.0 um, some
in determining the precise value of conductance associatefdrm of quantized conductance is evident in each device;
with a minimum in the mathematical derivative. Table | however, both the heights and sharpness of the steps vary
shows a comparison @, for devices withL=0.2 and 1.0 considerably from device to device. The two rightmost char-
um fabricated on wafeA andL=0.6, 1.0, and 2.um onB. acteristics in Fig. &) have very nonideal quantization, in
The quantized conductance characteristics of these devicesme cases with step heights less than half of the ideal values
are shown in Figs.®) and 3d) and Figs. 6a)—6(c), respec- of 2ne?/h. However, the device corresponding to the left-
tively. Despite the fact that the conductance stepdfed.0  most trace in Fig. &) has quantized step heights much
wm are somewhat smeared o@,,~=0.96+0.08. The devia- closer to 21e?/h than the other devices with=2.0 um. The
tion from ideality is small and shows little degradation com-large variations that occur in nominally identical constric-
pared to the 0.2sm-long device, whereQ,,=1.02+0.04. tions make it easier to understand the somewhat anomalous
The constrictions with.=0.4 and 1.5um shown in Figs. quantization values in Table |. Presumably, the somewhat
5(b) and He), respectively, also have nearly ideal quantiza-poorer quantization in the device with=1.0 um, compared
tion. However, because the parallel conductance could not e the best 2.Qxm constriction, can be explained as being
determined, it is difficult to extract the quantization valueswithin the normal expected range of statistical variations for
from the experimental data. Furthermore, it should be notedbng devices.

FIG. 6. Quantized conductance characteristics for constriction
patterned on wafeB with lithographic channel lengths ¢&) 0.6
um, (b) 1.0 um, and(c) 2.0 um. The constriction conductance is
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FIG. 8. Variations of the conductance characteristics as a func-
tion of premeasurement bias voltagg, explained in Sec. Ili(a)
Conductance vs gate voltage of a short constriction0.2 um) for
a voltage ofV,=+1.6 and+2.0 V applied before measurement.
Two consecutive sweeps at this voltage are shown displaced by 0.1
V. Data at each value dfp are repeatable, while nonidealities in
the quantization differ a¥, is changed(b) Conductance charac-
teristic of aL=1.0 um constriction[different from the device
shown in Fig. &)] for Vy=+1.5 and+2.0 V. The quantized con-
ductance is weakened compared (8. However, steps are still
visible for Vp=+15V, while atv,=+2.0V guantization is al-
most completely obscured. The measurements for the same value of

V, atL=1.0 um are also not as repeatable as in the shorter device.
The measurement temperatureTis 4.2 K.

Gate Voltage (V)

FIG. 7. Conductance data taken Bt4.2 K for three sets of P€havior indicates that the position of the impurity with re-
constrictions with lithographic channel lengths @j 0.2 wm, (b) ~ SPect to the 1D channel is the same for a given valuéof
1.0 um, and(c) 2.0 um. In each case, the curves have been shiftediowever, the characteristic changes somewhat wigims
along the voltage axis for purposes of clarit@) For L=0.2 um,  increased to+2.0 V. The differences in the plots for
despite variations in the sharpness of the quantized conductanc¥,=+1.0 and+2.0 V suggest that different premeasurement
step heights very close ton2?/h are typically observed() For  voltages may slightly alter the impurity configuration with
L=1.0 um, more significant variations from ideal values can occur,respect to the position of 1D channel. Figuf®)8&shows the
though sharp conductance steps and nearly ideal quantization cafy, dependence of & =1.0 um constriction. Clearly, the
be observedic) The device variations are most severe in the long-characteristic at/,=+1.5 V is considerably different than
est constrictions with. =2.0 um. Here very nonideal quantization the one for\/p=+2.0 V. In fact, whereas quantized conduc-
is observed in two devices, particularly for the low index stepstance is observable fc)yp:+1_5 V, the steps are consider-
n=1-3. However, the quantized conductance of a third constrictiorab|y obscured for the latter case. Though slight differences
shows much more ideal step spacing. typically occur for shorter devices, as in Figag it is not
uncommon for a long device to undergo wide variations for
We stated in Sec. I that the application of a positive different values o¥/,. This behavior indicates that long con-
premeasurement bias voltayyg can reproducibly shift the strictions are more sensitive to slight changes in the impurity
2D threshold voltagd/,,. Since this effect is attributed to configuration than shorter ones. Figuré)8also illustrates
the charging and/or discharging of impurities or surfacethat consecutive traces for a given value\gf are not as
states, one would also expect that the additional charge®producible forL=1.0 um as forL=0.2 um. This would
would affect the quantized conductance as well. In F{@ 8 suggest that the configuration of impurities with respect to
the conductance characteristic of a short constrictibon the 1D channel is not exactly reproduced for a given value of
=0.20 um, W=0.10 um) is shown for different values of V,, as the length of the constriction is increased. A final
V,,. The signature of an isolated impurity is evident in theindication of the effect of impurities on the constriction char-
characteristic corresponding ¥g,=+1.6 V and is consistent acteristics is their sensitivity to temperature cycling. Raising
after repeated measurements, as indicated in the figure. Thisd then lowering the temperature of split gates fabricated on
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GaAs/ALGa,_,As material has previously been shown to 20
change the distribution of ionized impuritits?’ Both de-
vices in Fig. 8 were cycled from 4.2 t6160 K and then
back to 4.2 K. While the short device retained its character-
istic almost exactly, the 1.gam split-gate characteristic was
altered considerably.

Another factor that may cause wide variations between
long devices with similar geometriéas in Fig. 7 is residual
impurities in the InAs quantum well. An ionized impurity
directly in the InAs layer will likely act as an isotropic scat-
tering center and could have a significant effect on the elec-
tron transport through the constriction. For a reasonable
background concentration &f,=10" cm ™3, we would ex-
pect~3 of these impurities in a constriction with dimensions / j
W=0.1 um andL=2.0 um. A change in the number of N . N A A
actual impurities from device to device combined with varia- T Raevongets . Gaevoigey
tions in their precise location could likely cause the wide
conductance variations observed in our devices. These varia-

tions are expected to be enhanced as the constriction Iengéﬂrsleefa?ajf; gir?]ué;eng;i‘;:ggiggﬁC(;ftetzeoﬁm?gﬁ%gé\\//g

bed by | L. F | like the i %/g characteristic of this device is shown in Figcp Measurements
probed by longer constrictions. Fortunately, unlike the inten-,, T=4.2, 18, 28, and 40 K are shown {@—(d), respectively.

tionally introduced dopants in  GaAsia _,As _ Oscillations in the differential conductance were observed to tem-
heterostructures—a  necessary part of the devicgerapyres as high as 35 K.

characteristics—the background impurity concentration in
our heterostructures should be reduced as the MBE growth

T=42K T=18K ’

dG/dVg (arb. units)
p
- <
L C?
e ———
- "-—-—-’
o
-
-
=
\>
{2

dG/dVg {arb. units)
o

technology is improved. smaller than the 1D subband spacings. The latter relation
basically assumes ballistic transport through the constriction,
C. Determination of subband spacings which is a reasonable assumption given the good quality of

the quantized conductance for this device. Reflections due to

To understand the possible correlation between subban&i1e gate geometry, scattering from impurities, heating from

splittings and enhanced length-dependent behavior in InAS‘g]ate leakage, or any other effects that tend to smear the steps

channel constrictions, we have performed temperaturez o ¢ explicitly introduced, but are instead lumped into an
dependent measurements on the 2m-Hong constriction

S U ) ffecti t . Using th i h -
whose characteristic is shown in Figch For this study, a effective temperaturgo. Using these assumptions the quan

. > ) tized conductance at finite temperature becomes
direct analog measurement of the differential conductance is P

taken. A dc bias o¥/3s=1 mV is applied between source and
drain contacts, while a small 19 Hz sinusoidal voltage of 10 0.8
mV,siS placed in series with the ramp voltage applied to the ~c

. n E__(meV)
_n_EpAmey)

gates. The ac component of the source current is monitored .O'E 1 97
using a lock-in amplifier. In this configuration the detected + 06} 2 7.8
signal is proportional to théunnormalized differential con- § | 3 7.6
ductancedG/dVy. As shown in Fig. 8a), the differential o o e . 4 74
conductance at low temperatures is an oscillatory function of =~ 04F g oy Z 72

n
o

the gate voltage. Figuregt9—9(d) show the effect of tem- £ I oS

perature on the differential conductance oscillations for the 'CI’

Jo

L=2.0 um device. Remnants of the conductance oscillations % 0.2

persist to aboulr =35 K. We quantitatively determine the - ; :fl ......

1D subband spacing®\E;p by analyzing the temperature ~ 0.0 — . L
dependence 0#G/3V, using a method similar to Refs. 28 o 5 10 15 20 25 30 35
and 29. To perform this analysis, we define the values Temperature (K)

Amax=9G! IV glmax @nd dpyin=0G/ IV 4| that correspond to
the maximum and minimum of the differential conductance
for each 1D subband, respectively. The quantltycomputeol using E$5)(7). The maximunTl =G/ 3V g maxand

(dmax—Amin)/(dmaxt dmin) i then plotted as a func_tion of minimum dpin=9G/ 9V g|min Of the differential conductance are de-
temperature for each subband and compared with theoryeimined for each value of the subband index The ratio

Figure 10 shows the temperature dependence of the ratiQ g . y/(d,.+dmy) is plotted vs temperature far=1 and 4.
(dimax— Amin)/(dmaxtdmin) for steps corresponding ta=1  These data are indicated by the solid and open circles, respectively.

FIG. 10. Fit of experimental data in Fig. 9 to theoretical values

and 4. ) ) ) _ The best-fit curves fon=1 and 4 are indicated by the solid and
For the theoretical analysis we start by assuming a draindashed lines, respectively. The best-fit values of the subband spac-
source voltage that approaches zero @je- 6, wheres;  ings AE,, for each subband are listed in the figure. The back-

is the Kronecker delta function. The former assumption isground temperatur&, was held constant for all subbands; a value
justified since the 1-mV drain-to-source voltage is muchof To=14 K was found to fit the data most closely.
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2e2? 1 Glazman and Jonson gave a criterion for the number of
Ga=~ ; 1+ ex (En—Ep)/KTog]’ 5 well-resolved steps), that should be observable in a 1D

constriction in terms of the properties of the unconstrained
where 2DEG:

Ter=VT2+T5. (6) 45 |

<o~ (8)
. . . . . q 2 '
Finally, the effect of the series resistance is taken into ac- In“(2ngLo/ls) 1s
count, so that the total calculated conductance becomes \ynhere L, is the constriction length ant, and I, are the

1 transport and scattering mean free paths, respectively. For
G= (UG4+Ry" (M our waferA we havel «+=5.1 um and even though the value
) . of I for our material is not known, a value of/l; some-
UsingAE p=E,—E,_; andT, as adjustable parameters and yhere between 10-50 seems reasonable for fairly high qual-
assuming thak varies linearly withV,, the conductanc® ity 2DEG materiaf® Furthermore, we can estimate the actual
is calculated as a function of ;. The dl_fferentlal conduc- channel length(rather than the lithographic lengthas
tan_ceaG/an is then calculated numerically and the theO'LO%L+W, where L and W are the lithographic channel
retical values ofd yax— dmin)/(dmaxt dmin) are compared with  |ength and width, respectively. For our longest two devices

experiment. The solid line in Fig. 10 represents the best fit ofgpricated on wafea, we havel ,=1.6 and 1.1um. Insert-
our numerical calculations to the experimental datanferl  jng these values int¢8), we obtainn,<4-8 and 5-8. For

and 4. A value 0”0:1-4 K is found to fit the data most the |Ongest constriction OrB' we have L0:22 um and
closely. The results of fits for the other subbands are shown =3.8 um and thus obtaim,<3-6. These numbers are in

in the inset. The subband spacings are seen to increase WFi?asonabIe agreement with the data in Figs. 5 and 6.
decreasing gate voltage and vary from 5.8 meV for the high-  For comparison purposes we solv@ for the devices of
est lying subband to 9.7 meV for the fundamental mode inTimp et al® and Snider” For the former),=10.3 and 9.5
the constriction. These values are Sl|ght|y lower than preVi-Mm’ L0:09 pum, and the same range of values fgﬂs is

ous magnetic-ﬁeld measurements on shorter Constrictio%sumed_ Once again inserting these VaerS(B)tOJVe ob-
fabricated on wafeA.*® This discrepancy is expected due to tajn ng=<7-11 and 7-11. The number of clear conductance

the |arger |Ith0gl’aphIC width used for devices fabricated Orbteps actua”y observed for those devices w@gs and 0.
B. Our devices have much larger valuesidt,p than those  similarly, in Snider's work, fol,=2.1 um andL,=0.7 um

of Tlmp et al. Simulations performed by Snioﬂérl’eveabd we obtainnq§4_7_ The number of actual Steps Wl

that those constrictions hallE;p~1.5 meV. In the length  Clearly, (8) tends to be consistent with the our data on InAs
analysis performed by Snider, subband spacings around I&nstrictions, but significantly overestimateg for GaAs
meV were reported. The deeply etched wire structure charconstrictions. One possible reason for this discrepancy is that
actengged by Ismail also had subband spacings around 1&4ditional mechanisms for backscattering may exist in
meV.: GaAs/ALGa, _,As constrictions, beyond the first-order pro-
V. DISCUSSION cesses assumed _b_y Glazman and Jonson. An in_cr_eased back-
scattering probability would decrease the constriction length
A comparison of our results with the previous theoreticalat which quantized conductance disappears or decrease the
work is useful in understanding the improved length perfor-number of discernible steps for a given length. Glazman and
mance observed in our devices. As stated in Sec. |, most afonson’s treatment also does not take into account the re-
these theoretical studies have attributed the breakdown of thduiced sheet concentration of electrons in the 1D channel
quantized conductance to scattering from potential fluctuacompared to the 2D regions. As noted previoulthe
tions caused by remote impurities. Modulation doping of hetlower electron concentration reduces the screening of remote
erostructures such as GaAs/Bh, _,As allows very large impurities that can lead to an increase in the fluctuation po-
mobilities by spatially separating the dopants from the mo-ential. For these reasons, we need to look beyond this first-
bile charge carriergtypically electrony However, the order approach to understand the improved length-dependent
dopants still produce random potential fluctuations in thebehavior observed in InAs/AISb constrictions.
conduction plane of the 2DE®& Since the fluctuating poten- Nixon, Davies, and Barangerapproached the problem of
tial profile is slowly varying on the scale of a Fermi wave- scattering in 1D wires in a different manner. They used nu-
length, to first order, only small-angle scattering can occurmerical calculations to show that in constrictions longer than
Glazman and Jons&hused the Born approximation to show the correlation length of the potential fluctuatidrs0.2 um)
that in a 1D constriction, small-angle scattering is suppresseguantized conductance can be seriously degraded. Laughton
exceptwhen a mode is newly populated. When a mode iset al® demonstrated that this impurity potential can create
just turned on, the momentum transfer required for backquasilocalized states in the channel, producing an indirect
scattering is small. Therefore, such scattering events armmechanism for electron backscattering. Scattering via
likely to occur. However, backscattering in the lower-lying quasilocalized states is not limited to the highest occupied
subbands is suppressed because of the large momentu® subband, but can occur for any propagating mode and
transfer needed to reverse the direction of these electronbecomes more probable with higher mode occupancy. This
Glazman and Jonson went on to show, for realistic constrictwo-stage scattering mechanism was treated analytically by
tion geometries, that small-angle scattering in the highesZagoskinet al,'* who found that their analysis agreed favor-
occupied mode is sufficient to obscure the quantized conduably with numerical simulations similar to those of Nixon,
tance. Davies, and Baranger. More importantly, the analytical re-
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sults of Zagoskiret al. showed that the density of quasilo- fore, there appears to be no fundamental reason why large
calized stategthat lead to the breakdown of quantized con-subband spacings cannot be obtained in GaAs without a sub-
ductancg decrease exponentially with the ratio of the 1D stantial increase of the disorder in the wire region. Our stud-
subband spacings to the standard deviation of impurity poies do show, however, that InAs/AISb quantum wells are
tential fluctuationsAE /iy - better suited for this task than GaAsi@a, _,As particularly

The analyses of Laughtoet al. and Zagoskiret al. take  when the split-gate configuration is used. For
into account both screening and scattering mechanismGaAs/ALGa _,As devices, one needs to find somewhat
above simple first-order processes and therefore may be cerore clever methods of achieving larges,p/oyy,, ratios,
pable of explaining the contrasting length dependence behereby enhancing the length performance of 1D wires.
tween InAs/AISb and GaAs/AGa _,As constrictions. Un-
fortunately, the numerical studies are difficult to compare VI. SUMMARY
with experiment because they do not express the criterion for We have performed lenath-dependent analvsis of quan-
guantized conductance in terms of easily measurable quantti- P 9 P y d

ties. However, the work of Zagoskat al. establishes that an ized conductance in split-gate constrictions fabricated on
increased ratio ofAE, /oy, can suppress scattering via InAs/AISb quantum wells. Quantized conductance steps with

) . . ights within about 10% of r2e*/h are observed in con-
guasilocalized states. The 1D subband spacings can read'%ctions as long as 2,am. This length is over 50% of the

be determined by temperature-dependent measurements, transport mean free path of 3.8n. The improved length

we have shown in Sec. IV, and by magnetic-field . )
measurement®. The termo;,,,,, which is the standard devia- depen(_jence of our d_ewces over Ga.AglMl.—XAS split .
P gates is shown to be in agreement with various theoretical

tion of the fluctuation potential, ianﬁolt an easily therminGdanalyses that describe the scattering mechanisms that lead to
quantity. However, Davies and Ti etermined a relation the breakdown of quantized conductance. One such mecha-

for gimp based upon simple electrostatics and a Thomas-ism is scattering via quasibound states in the 1D channel,

Fermi screening model. Davies determined a value o he concentration of which is exponentially dependent upon

oimp~1.6 meV for the device structure used by Tirapal. . ; o
The potential fluctuations are on the same order as the su he ratio of the 1D subband spacings to the standard devia

band spacing$~1.5 meVj and should therefore produce a ion of potential fluctuations. By careful determination of the
large number of q'uasilocalized states. For InAs/A1Sb quangfljbband spacings in our dewce_s and estlmat|on of the poten-
tum wells, the mobility is mainly Iihited by interface- tial fluctuations based upon existing theories, we show that

. ! ; L AE,p/oym ratios are likely realized in our devices. We
roughness scattering and probably by residual impurities IJt]arge 1D “imp
thegAISb barrier Iaygrs amg)the InXS )(;uantum ﬁélﬁ the urther show that our length-dependent data approach the

relation of Davies and Timp is used for our devices, the!ess stringent requirements set forth by the first-order scatter-

potential fluctuations arising from deep dondNpy=10" ing model used by Glazman and Jonson. Our studies do in-

o ) nhe arierayers on et i of e quantum el (154 Nowever bat lger sonaitote ) re
give oinp~2.4 meV. We also estimate additional potential P Y '

fluctuations of no more than 2 meV caused by nonuniformi—ThIS behavior is evidenced by an increased dependence on

ties in the InAs/AISb interface®. The total standard devia- various experimental parameters such as the premeasurement

tion of the fluctuations would therefore be3—4 meV, still mzitvggt?ﬁs |?]nAi /tpigger;a;?éﬁafgiggﬂhggnunélr?gull(;ngzlz\\/;_
less than our 1D subband spacings of 6—10 meV. 9y

erther reduction of potential fluctuations caused by uninten-

Our length-dependent data and subsequent comparis . . .
with theory give a strong indication that higher-order scatter(—%IOnaI dopants and interface roughness. Additional studies

ing mechanisms are suppressed in InAs/AISb split-gate cordT® st_iII needed to determine the precise length at which thg
strictions. This reasoning explains why the theoretical vaIu@ulan.t'zeij tc_:onductaln(f /(Xj}gbn% Ictmger:[ betobserved. I\Ilumsn—
of ny is much larger than experiments actually indicate inczef‘ﬂ Imil;l]an:%r:: ggm?ratsel in iiﬁ:i?] S “tfeursese(mﬁ:y rilz(t)ione
GaAs, i.e., because scattering via quasilocalized states is n Stween the various cozsfric'?ion zgramete‘r)s and electron
glected. SincAE;p/oyy, is small in GaAs split-gate devices, ttering in 1D ricti P

scattering from these states is expected to be important. poatternng in constrictions.

our devices, however, backscattering is suppressed, except in
newly populated modes and therefore the theoretical value of
ng is in reasonable agreement with experiment. This reason- This work was support by the NSF Science and Technol-
ing could also explain the data of Ismail, Washburn, and Leeogy Center for Quantized Electronic Structures, Grant No.
Instead of using the split-gate method, they utilized a deeppMR 91-20007, and was performed in part at the National
etching technique that allowed them to fabricate devices witliNanofabrication Facility, which is supported by the NSF un-
large subband spacings on very high mobility material, leadder Grant No. ECS-8619049, Cornell University, and indus-
ing to a largeA E, p/ajn,, ratio, similar to our devices. There- trial affiliates.
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