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We report comprehensive high-precision direct and indirect comparisons of quantized Hall resistances in
Si-metal-oxide-semiconductor field-effect transistor and GaASAl_,As heterostructures. We find no evi-
dence for a step, device, or material dependence of the quantized Hall resiQ&tRjeat the level of 3.5 parts
in 10 provided the resistance of each contact used is sufficiently low. However, we observe deviations from
ideal QHR values of up to 5 parts in (f the resistance of at least one of the voltage probes used in the
measurement is in the(krange. The deviations in the QHR are always accompanied by nonzero values for
longitudinal voltage on at least one side of the sample. We propose that deviations such as these are responsible
for reports in the literature that purport to show deviant QHR values with zero dissipation. The magnitude of
the QHR deviations varies inversely with both current and temperature, for temperatures below 1.2 K and
currents below the device critical currep§0163-18207)02019-3

I. INTRODUCTION We recently published a small subset of these data for the
benefit of the electrical metrology community, where we
Since the discovery of the integer quantum Hall effectwere concerned with the precision and accuracy of electrical
(IQHE), there has been great interest in the question of theesistance standards at the highest l1&d¢flowever, we feel
universality of the effect that is, whether the quantized valit is important to present a fuller account here for the physics
ues of resistanc€QHR) depend in any way on the properties community in general. This is of particular importance since
of the material in which the two-dimensional electron gasattempts are being made to develop theSrtesexplain the
(2DEG) is established. The metrology community specifi-reported anomalies to the quantized Hall effectwhich in
CaIIy is concerned with the pOSSIbIlIty of device dependencqight of our data could very well be exp|ained as a conse-
of the QHR, since the IQHE has been used to realize a regyuence of poor electrical contacts, incorrectly handled
resentation of the SI-unit ohm in national standards laborasamples, or incomplete measurements.
tories around the world since 1990. In the absence of a quan- The paper is laid out as follows. The QHE devices used in
titative theoretical description of the IQHE at high currentsthis work and the measurement techniques are described in
and macroscopic device dimensions, this question has esse®ecs. Il and Ill. In Sec. IV, we describe measurements on,
tially been approached experimentally, several authors reand present data from, two types of MOSFET. In Sec. V, we
porting the quantization to be exact for different materials,present data from GaAs samples from various sources. The
devices, and step numbers’ data concern the influence contact resistance can have on
In contrast with these findings there has been a number gheasured values of the QHR in these types of samples. Our
reports of high-precision measurements that purport to showndings regarding the influence of nonideal contacts on the
that the situation is not so straightforward, and that the QHR?HR and the effects of current and temperature on this in-
values are not identical from sample to sanfbieMost of  fluence will finally be discussed in Sec. VI.
these reports concern measurements comparing metal-oxide-
semiconductor field-effect transistoflelOSFET’'S, made at
Gakushuin University on Sony manufactured wafers, indi- Il. QHE SAMPLES
rectly or directly with GaAs heterostructure samples. These
MOSFET's are reported to exhibit quantized resistance val- The relevant properties of all the devices used in this
ues of up to 4 parts in Z0higher than expected. work are listed in Table I. The Hall bar structures have the
In this paper we present data from high-precision meaclassical geometrysee Fig. 1 with two large current con-
surements of the four-terminal quantized Hall resistance iracts and three pairs of potential contacts. The first type of
various Si-MOSFET and GaAs/&ba _,As heterostructure Si-MOSFET samples were grown at Southampton Univer-
devices. The measurements were made on metrological-sizeity. They are relatively large(5.1x0.5 mnf and 2.2
samplesa few mm along the sideconfigured as Hall bars, Xx0.3 mn?, respectively with a 800-nm-thick gate oxide
using currents of tens of microamperes. We unambiguouslgnd their characteristics are described fully in Ref. 10. The
show that apparently anomalous values of Hall resistanceecond type were considerably smaller (061 mnt), and
can be related to the resistance of the contacts used to meaere configured by Gakushuin University, Tokyo, on Sony
sure the potential differences. Corporation wafers. Details of these devices can be found in
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TABLE I. Device characteristicd.andw are the sample length and width, respectivalys the distance
between two adjacent voltage contacts, and the width of the channel connecting the voltage contacts to
the main Hall bar.x is the mobility andn the carrier concentration in the 2DEG in the dark at 4.2 K.
R.1 5 is the resistance of the current contacts measured oi+tReplateau. For the MOSFET devicgs,is
given for the gate voltag¥; d is the thickness of the oxide layer.

I w a b " n d Vg Reis
Device (mm  (mm (mm (em (TH @m?2 mm V) mQ)
SIi-MOSFET
Nott 92-01 5.1 0.52 2.00 50 0.84 800 49.6 20
Nott 92-03 2.2 0.33 0.70 20 0.84 800 49.6 20
SONY 72-17H53- 0.6 0.10 0.20 10 1.20 230 144 300
NB1, NB3; 72-1 H53-1
GaAs
EPF 240/3 2.4 0.40 0.60 50 13.3 3.70 10
EPF 277/1,2,5 5.0 1.00 1.20 200 42.0 4.80 8
EPF S80/3 2.4 0.20 0.60 50 45.0 4.20 50
EPF 285/1 5.7 0.80 1.50 50 61.2 4.00 250
LEP 92-01 2.2 0.40 0.50 25 28.7 5.17 7
USSR G1 5.8 1.00 1.20 500 49.8 3.35
HCOD 130-92 5.9 050 1.50 50 130.0 3.00 1000

Ref. 7. We refer to the devices as Nottingham MOSFET'scompared either directly or via transfer resistors, using a
and Sony MOSFET's, respectively. cryogenic current comparat@CCC). Two separate cryostats
Of the heterostructures, those labeled EPF were made hyere available, a dilution refrigerator and a top-loading
the Swiss Federal Institute of Technology, in Lausanne3He system. The latter comprised a 14-T magnet and a top-
Similar structures have been described in Re_f. ll./H@O_ loading 3He insert, the QHE samples being measured in lig-
fers to a sample supplied by the Center for Microelectronicg,ig 3He at temperatures of 0.3-1.2 K. The dilution refrig-
of the Technical University of Denmark, and LEP 10 agrator also has a 14-T magnet. Here the samples were
sample made by the Laboratoires d’Electronique Phifips. \0aqured in the mixing chamber, at temperatures between

USSR G1 is a device from the Institute for Malogical 00 mK and 1 K. All QHR comparisons were made using
Services in Moscow. The GaAs samples have a range Ghe oEMET CCC bridge which is described in detail in Ref.

. . 5 _2 .
carrier conce_ntratlons from 3.0 to 4807 m' %, with mo 13. The comparator is of the binary self-checking type; no
bilities spanning a range from 13 to 130 All the hetero- S 10
) . g : ) inding errors were detectable at the level=sfl X 10" .
structure devices were defined using photolithographic an

wet-etching techniques and have conventional alloye Ee sen§itivity of the CCC is ;LA.turp/(DO where @,
AuGeNi contacts. =h/2e) is the flux quantum. The windings used for these

comparisons have a maximum of 2065 and a minimum of 16
IIl. MEASUREMENT APPARATUS AND PROCEDURES turns. The rms noise for a typic&,,(4):Ry(4) comparison
_ _ is 6.2 NVAHZ [Ry(4)=hi4e?].

The measurements were all carried out at the Swiss Fed- £\ irect comparisons, one QHE device is placed in each
eral Office of Metrology(OFMET). Hall resistances were cryostat. For indirect comparisons, either cryostat could be
used, the transfer resistors being one or both of a pair of
well-characterized 100} resistance standardiype: Tinsley
5685 A), maintained in an air bath, nominally at 30 °C.

During resistance measurements, the currents through
both sides of the bridge are reversed periodically, to remove
thermal effects. One data point is obtained typically by av-
eraging for about 30 min leading to an uncertainty of less
than 1 part in 10 (ppb) for aR, measurement. For the

determination of the longitudinal resistivipy, , the voltage
8 7 6 drop along the sample side was measured directly using the
bridge detectofnanovoltmeter type EM NJ1
[ All resistance measurements presented in this work are

referred to the QHR on stepp=2, Ry(2), observed in the
FIG. 1. Sample configuration showing the two current contacts3@As device EPF 277/1. All our tests have shown EPF 277/1
(1,5 and the six voltage contact®,3,4 and 6,7,8 The direction of  t0 be an ideal device, with good contacts and very high criti-
the current flow and the direction of the edge currdatsctrons in cal current(around 600uA in the middle of thei=2 pla-
the device for “forward” magnetic induction are indicated. Values teau.
for I, w, anda are given in Table I. The quality of the contacts may be characterized by their
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resistanceR.; which is measured in the QHE regime as fol- 8 ——————T—T—T——T
lows. The voltage drop across the contpdd be character- R § i
ized and the next contact situated at the same Hall potential el Nott 92-03 i
is measured while passing a current through conjaahd = i i
one of the current contacts. If the sample is well quantized, g sl _
the longitudinal resistivityp,, can be neglected and; is N | .
obtained directly. When determining the resistance of current oL % }_
contacts, one needs to apply the same current as for usual = § i
Ry measurements. When characterizing the voltage contacts, 0 I f
the magnitude of the current is chosen as small as possible l:' : f ¢ i * i j
(<0.5 uA), in order to minimize dissipation and/or break-

down of the quantization in the narrow contact arm.

IV. MEASUREMENTS ON MOSFET'S

A. Measurements on Nottingham MOSFET’s
In the first series of measurements, Nottingham MOS-

ARy IRy (PPb)
(=]

FET's were compared with various GaAs heterostructures. 1 m
We measured two of these devices, the measurements being
made at 0.3 K after cooling the devices slowly with a posi- 2 .

L I L I L I 1 I 1 I 1
49.0 49.2 49.4 49.6 49.8 50.0 50.2

tive emf of 10 V applied to the gate. Unlike the Sony
samples described later in this section, these devices are usu-

ally electrically stable once cooled, and can be measured for Gate Voltage (V)
several days with little change in their overall characteristics. S ) )

density is set just below 14 T and the gate voltage adjusted t&'¢ quantized Hall resistand@,(4) and the longitudinal voltage

the center of the plateau, typically to 49.6 V for these de-VXX for Nottingham MOSFET Nott 92-03. The temperature was 0.3

vices. K, the magnetic induction 13.8 T, and the measuring current80
The Nottingham MOSFET's have a particularly thick
(800 nm oxide layer and the main features observed in their
electrical properties are as follows. We measured three of these devices. One of tiémn
They have low contact resistances, typicallf)7for the =~ 17H53-NBJ is equivalent to the sample used by Yoshihiro
voltage contacts and less than 5@nfor the current con- et al. where deviations from the QHR have been observed.

B. Measurements on Sony MOSFET's

tacts. Again we cooled the samples wittt 10 V applied to the
Their pxx plateaus are flat within the measurement resogate. Because of the thinner gate oxide, these MOSFET's are
lution across a considerable span of gate voltdge typi- ~ measured on step=4 at 14 T with an applied gate voltage

cally 0.8 V. This is clearly seen in Fig. 2 which shows how of about 14 V. These devices are considerably smaller than
the longitudinal voltage/,, and the Hall resistandgy, vary ~ the Nottingham MOSFET's and in addition they have higher
across step=4 as a function of gate voltage. This contrastscontact resistances, typically around @8for each voltage
sharply with the Sony samplésee Sec. | B contact and 0.3) for the current contacts.

They carry relatively high current without dissipation.  In every case it turns out to be considerably more difficult
This is illustrated in Fig. 3 which clearly shows that there isto make precision measurements on these devices than on the

no deviation in the Hall resistance of step4 for currents ~ Nottingham MOSFET's. The current is limited 910 uA

up to 60 uA. for two reasons. Owing to the small device width, the critical
We have carried out an extensive series of high-precision
comparisons in whictiry(4) of the two Nottingham MOS- 3 T T T T T T

FET's in the middle of the plateau, in both field directions
and different currents was compared to the QHR of our ref-
erence GaAs device. As a result we find for the difference in

2 Nott 92-03

1+ —
Ry between Si-MOSFET and GaAS, g I l
> 0 t $ ¥ "
& 1
R4(4,S) o -1 =
—————=1—-(1.6£2.3x10 % <
Ro(4.GaAS 1—(1.6+2.3)X10 Ll |
3 1 1 1 1 1 ]
This result includes our data published in Ref. 1 and data 1. 2 3 40 50 60
measured since then. Our result confirms the findings of Current (uA)
Hartlandet al® who showed thaR(2) observed in a GaAs
heterostructure device is the same asR,(4) in a Si- FIG. 3. Current independence Bf,(4) for device Nott 92-03.

MOSFET within an uncertainty of- 3.5x 107 °, The temperature is 0.3 K and the magnetic induction 13.8 T.
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FIG. 4. Variation with gate voltage of the longitudinal voltage  FIG. 5. Scatter plot of the mean values of deviations from the
for all four potential contact pairs, plotted as a fraction of the Hall expected value ofR,; for two adjacent contact pairs on step

voltage for a Sony MOSFET72-17H53-NB). Open and solid i=4, plotted against the mean values\f, for the same contacts.
circles refer to the measuring current of 6 and®, respectively.  Open and solid circles indicate forward and reverBefield direc-
The inset shows the contact numbering convention used. tions. V,,(av)=|Vas 15+ Ver14/2, ARy(av)=|Ryg 15+ Ra7,14/2

—Ry(4, GaAs,EPF277).
current(current at which dissipation in the bulk plays a pole
is rather low. The plateau width is only about 0.4 V at 0.3 K, find oscillations in the gate voltage plateaus for these devices
partly owing to the small gate voltage of 14.4 V. In our at 0.3 K. The structure varies along the sample length and
experimental setup, this plateau width is further reduced byliffers for opposite sides. The voltage pattern thus differs
the Hall voltage since the gate voltage is referenced to thirom one contact pair to the next but the four sets do not
device current contact. The carrier concentration is thereforappear to be correlated in any obvious way.
given by the combination of gate and Hall voltage. The Hall For any precision measurement on the plateau, a set of
voltage changes its sign on current reversal and we do ndour voltage measurements around any rectangle defined by
compensate for this change. a set of four potential contacts yields two values Ry(4)

A further problem was caused by the tendency of theand two values foR,, (on opposite sides of the samplén
gate-voltage plateau to slowly drift, so that one had to applall cases, the sum of the voltages around this rectangle is
an ever-increasing gate voltage to maintain the operation afero within the experimental uncertainty. However, as a con-
the device. Presumably, this drift is a consequence of trapsequence of the structure, we find that the two values for
ping off electrons from the 2DEG into localized sites, lead-Ry are in general not the same, even wiaee of the R,,
ing to the need to increase the gate voltage to maintain thealues is zero. As we have previously pointed btftis has
carrier concentration at the same value. The drift rate varieslery important implications if incomplete sets of measure-
slightly from sample to sample, and from cooldown toments are used to infer a value for the Hall resistance. We
cooldown, but typically was around 10—-20 mV per hour.return to this point in the discussion. Finally, sweeping the
When making a series of measurements across a plateau witlegnetic field at a temperature of 0.3 K. while holding the
a slowly drifting gate voltage we referred all the data to thegate voltage constant produces similar structure.
plateau center voltage. It was found partway through the In Fig. 5, we show a scatter plot that summarizes the
measurements that the drift in gate voltage could be stabR, versusR,, data for the Sony MOSFET'’s where we have
lized by shining a short pulse from a light-emitting diode onmeasured a set of four pairs of contacts in a rectangular
the device. The data obtained after a pulse were identicalonfiguration at a temperature of 0.3 K and a current of 10
with those obtained without a pulse but the increased stabileA. The plotted points are determined by taking the absolute
ity made the measurement easier. This observation confirmslues of the mean of the pairs. At this point, it is crucial to
the trapping hypothesis mentioned above. note that a deviation from the expected QHRalwaysre-

The most significant feature of the Sony MOSFET mea-ated to a finite longitudinal resistance.
surements was the structure that we always measured in the In Fig. 6, we show how the structure M, varies as a
gate plateaus, at 0.3 K. A typical example is shown in Fig. 4unction of temperature. Increasing the temperature from 0.3
where we show plots d¥,, as a function of gate voltage for to 1.2 K gradually removes all signs of the structure, and the
all four contact pairs of device 72-17H53-NB1. The number-plateau becomes flat and zero valued by 1.2 K, albeit con-
ing sequence for the contacts is shown by the inset. Althoughkiderably narrower. Reducing the temperature reverses this
the details of the structure vary from sample to sample, andhange. The deviation d%,,(4) in the middle of the plateau
in some instance from cooldown to cooldown, we alwaysfrom the reference value as a function of temperature is plot-
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FIG. 7. Temperature variation of the QHR deviatio(®.Sony

FIG. 6. Temperature variation of,, vs gate voltage, in the
range 0.3—-1.2 K for the Sony MOSFET device 72-17H53-NB3 onMOSFET device 72-17H53-NB3 at a fixed gate voltage of 14.4 V
magnetic induction of 13.8 Tequal to the center af=4 plateay,

stepi =4.
dotted lines indicate the respective zero positions

ted in Fig. 1a). As can be seen, the deviation has an expo-
nential temperature dependence and decreases from

x107°

and a current of 1@A. (b) GaAs device LEP 92-01 at the center of
thei=2 plateaul =30 xA. One of the voltage contacts used for
the measurement of the QHR had a resistance of 12.9& GaAs

vice HCO130-92 at the center of the=4 plateau.l =10 uA
e of the voltage contacts used for the measurement of the QHR

had a resistance of 1.4k The data are fitted with exponential
functions indicated by the dotted lines.

4. The curves are offset in thedirection for clarity. The

at 0.3 K to a value o&3x10 2 at 1.2 K.

1,3,4,6,8i

V. MEASUREMENTS ON GaAs/Al Ga,_,As

RH(|:

=2X[1—(1.1+2.9 x10 0],

Ru(2)

HETEROSTRUCTURES

A. Devices with “ideal” contacts
ore details about these measurements and data evaluation

We have made high-precision measurements of the QH‘grocedure are given in Ref. 1.

for the GaAs devices listed in Table |. The samples var
widely in their characteristicémobility, geometry and the
aim was to check the consistency of the results at the highest
level of accuracy presently available. For all the measure- So far, there have been few reports in the literature of the
ments in this category, the contact resistances were belowrble of the contacts to the 2DEG in relation with high-
Q. It was checked that the longitudinal voltages on bothprecision determinations of the QHR. However, it is well
sides of the device were zero within the measurement resdnownt® that in the adiabatic regimé.e., small devices of
lution. In case of dissipation in the bulk, the current depen-high mobility, distance between contast100 xm) and for

B. Nonideal contacts

dence of the dissipation was determined andRhevalues  small enough currentdinear regime, large deviations from

extrapolated to zero currett. the QHR are caused by imperfect voltage contacts. The ef-

First,Ry(2) andRy(4) of all the devices were compared fects can be explained in the framework of the Landauer-
Buittiker formalism*® However, in the metrological applica-

through a device of macroscopic dimensions, charge trans-

to the QHR of the reference devi€EPF 277/]1. The results
are shown in Fig. 8 as a function of device mobility. Thetion of the QHE where much higher currents are passed
port must be described by a nonlinear theory and the pure

weighted mean of the measured differences-sl 2+ 3.2)
x10 1 and (1.0-2.8)x10 0 for thei=2 andi=4 pla-

teaus, respectively. Furthermore, the QHR of GaAs devicesdge-state description is no longer appropriate. The effects
on stepsi=1,3,4,6,8 were compared ®,(2) of the refer- caused by imperfect voltage contacts in a typical high-
ence sample. The results are given in Fig. 9. Again, no deprecision measurement are discussed next

viations from the expected ratios were found within the mea- The quality of the contacts is characterized by their resis-
surement resolution and our experimental limit for a possibldanceR; that is measured as described in Sec. lll. The resis-
step-ratio dependence of the QHR can be summarized as tance of a good AuGeNi contact is usually belov§)1(see
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Ga,':IGH 8. Device 'ndepfﬁdznf?e of thet?HR obSﬁrvech vtr:lrlous FIG. 10. Resistance measured across a partially depleted region
s heterostructures. The differences between the QHR o Serv?ﬁia voltage probe as a function of the magnetic flux density. Pla-

in various devices and the QHR of the reference device EPF 277/Eeaus appear when the filling factors in the depleted regjpand
are plotted against the device mobility. the rest of devices are integers

Table ). With one exception, all the contacts of the devices

listed in Table | haveR, values in this range, provided they b d id v b i devi f b
are cooled slowly from room temperature down to the work-, e caused accidentally by cooling a device too fast, by pass-

ing temperature of 0.3 K. The exception is the device EpENY a current above the critical current through the potential

285/1, where three of the voltage contacts have Ohmic resizp—mbe or even by leaving the de"'c? in the cold for sevgral
tances of several kilohms when measured onithe or i days. For the measurements described here, we have inten-

=4 plateau. These values are reproducible on differenrljonally generated higR; values by applying negative volt-

cooldowns and probably originate from the resistance of thj.1ge pulses to the chosen voltage contact. The resulting deple-
[

metallic contacts or the heavily doped region immediatel on of the carrier concentration in the probe is illustrated in
é:ig. 10 where the contact resistance is plotted as a function

of the magnetic inductiolB. Plateaus appear in the regions
here the filling factors of the Hall bar and the partially
epleted voltage probe, are integergsee, e.g., Ref. 17 for

of the carrier concentration in the narrow voltage probes can

2DEG close to the contacts.
The resistance of the contact region can also be varied i

a controlled way by using a gate placed over the probe, i.e, . 9. ;
the narrow arm that links the contact pad to the main chann n explanation The original contact properties are restored

of the device in the usual Hall bar geometry. Applying a y cycling the device through room temperature or by illu-

voltage to the gate partially depletes the 2DEG under thénidn_ati_nglsthe device at low temperature with infrared
gate. In metrological applications of the QHE when standard@diation.

ungated Hall bar devices are used, a similar local reductioge\\//ivcee:%?//ﬁe?:r;c;r:gggtaoizr'gf tﬂl?/l;ﬁagneeizl;gcﬁ%og d an

increased resistance as described above. Special care was
| T T T 1 T T T taken to evaluate the effects caused by the presence of a high
R. value in the measurement circuit. In general, the contact

g5 2fF 7 with the increased resistance was placed close to ground po-
s 1 tential in order to avoid unwanted voltage drops produced by
ﬁ; 1} — leakage currents. To test the consistency of the measure-
< ments, we regularly checked that the four voltages lon-

@I 0 T i 1 gitudingl voltages\/x_X and two Hall voltagesyy) forme_d i_Jy

& 1 two pairs of potential contacts summed to zero within the
% ig [ ] measurement uncertainties.

€ -1 7 Figure 11 shows the data obtained using the device HCO
g 130-92. The resistance of voltage contact 2 was 1M k
T 2 A via100Qtransfer standard . whereas all the otheR, values were below 1). The four-

f Z,}?ﬁ?ﬁ&‘;ﬁﬂiﬁﬂ standard terminal resistanc®,g ;5 (current between contacts 1 and 5
| ] l ] l ] and Hall voltage between 2 and @easured in the middle of
1 2 38 4 5 6 7 8 the i=4 plateau, clearly differs from the quantized value
Plateau Index i h/4e?. This deviation varies as the inverse of the current as
illustrated by the line in Fig. 1&). Moreover, it remains
FIG. 9. Results for the step ratio measuremeR{gi+2): unchanged on field reversal. Figure(iiishows that the lon-
Ry(i=2). gitudinal voltageV,, on the side of the device with good
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g 2F - FIG. 12. Deviation oR,g ;{i =4) from the QHR due to a high
s % ) resistance of contact 2R(,=6.4 k(}) in device EPF 277/1 as a
- I v s U S function of current. The fit for the data points above AA has a
g 1/1 dependence.
&

2r \ \ , . 1 deviation was caused by a bad contact with a value equal to

o 10 20 30 20 the QHR in the bulk of the device.
Current (uA) In general the deviations are not symmetric on field rever-
sal.

FIG. 11. Influence of high contact resistance on the QHR ob- In the case of a deviation, the longitudinal resistance on
served in the device HC@30-92. Voltage contact 2 has a resis- the side of the device with the bad contact is not zero, al-
tance of 1.4 K. Part(a) shows the deviations dRy(4) for two  though the longitudinal resistance on the other side remains
contact pairs as a function of the currdntThe deviationsR,g ;5 unaffected.
follow the fitted 11 dependencdsolid line). Part (b) shows the
longitudinal voltage measured on the side of the device with low

contact resistances. Open and solid symbols indicate forward and 1000 HRRRLLL IR ALY L P
reversedB field, respectively. ]
—_ e EPF 277 e ]
3 100 o EPF 285 e E
contacts is zero within the measurement resolution, except at < : EE; ggﬂm ,./ 3
=40 uA wherg dissipation in the bulk starts to play a role: % 10 m HCO 130-92 o i
At the same time, the QHR over the middle contact pair = o o 3
(Rs7.19 was measured in both field directions and for three % ]

different currents between 20 and 4@. The difference to 1
the reference QHR is found to be—(1.8+5.0)x10 1°
showing that only the contact pair including the bad contact ;
is affected. 1000
The inverse current dependence of deviations of the Hall
resistance caused by imperfect voltage contacts was also
seen in other devices. Figure 12 shows the behavior of
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sample EPF 277/1 with one bad voltage contact. The devia- f ,,9' .E <9
tions vary with 1f above 15uA but show a completely ;{E 10 < oo
different behavior belowsee Sec. = O

A summary of all the QHR measurements with high < %

values is given in Fig. 13 where we show a scatter plot of the ~— 1 T
deviations inRy and the corresponding valuesif for both
of stepi=2 andi=4, for all the devices tested. The mea- o1 T T A
surements were carried out at 0.3 K and current values be- 10 102 102 10" 10°
tween 20 and 5QuA. To allow a better comparison of the R, IRy()

results, the deviations were scaled to 2R by the 1/ rela-

tionship pre§ented above. The .principal characteristics of FIG. 13. Variation in the deviation of the Hall resistance from

these deviations can be summarized as follows. . the value expected fofa) stepi=2 and(b) i=4. The measure-
The deviations may have either sign, positive or negativements were a taken for botB-field directions, at 0.3 K. If one

and no preference for one or the other could be establishedssumes a relation of the typeRy, (i) max=KR. then the upper limits
There is no simple relationship between valueRgpland  of possible deviation would be given by the dotted lines. The ex-

the deviation fronRy, . The deviations tend to increase when perimental upper limit for deviations in the case of good contacts is

R. becomes larger, but cases have been observed where sitown by the small arrow in the bottom left corner of each plot.
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These effects due to high-contact resistances are ofteions in the Hall resistance of up to<110™ 7 in these devices
metastable. Deviations can vary in tirf@ver day$ and can despite the absence of dissipatiwithin the experimental
even change their sign. resolution. Heinonen and JohnEgresent a model in which

In all cases where differences caused by HRghvalues  such deviations can be caused by short-range elastic scatter-
were seen, the control measurements made on the same ggrs located at the edges.
vice using a good contact pair never gave a measurable dif- |t is clear from Fig. 4 that the value of,, which one
fere.nc.e from the reference QHR. The experimental standargheasures for device 72-17H53-NB1 depends critically on the
deviations deduced from all these control measurement&ate voltage, on the side of the device measured, and indeed

— 10 - H-
amount to 5<10" " for bothi =4 andi =2. These values are g the pair of contacts chosen. For the data shown in Fig. 4,

reported as upper limits in Fig. 13 f&.<1() (see arrows one could measure a value ¢f,= 0 for any combination of

We _have anal_yz_ed our data under the assumptiqn that ﬂ}ﬁe voltage contacts on the right-hand side of the defase
maximum deviation caused by a voltage contact is propor-

. . . . . drawn and come to the conclusion that, since there is no
tional to its relative resistanc& where §=R./Ry (straight L : s i

. I . i dissipation, a simultaneous deviation in the Hall resistance
lines in Fig. 13. This coarse approximation shows) the

deviation from the correct value is well below the actual'mplles an anomalous quantized Hall resistance. At a gate

measurement uncertainty of a few ppb if tRe values are voltage of around 14.6 V, it is even possible to si'multa—
below 1€} (which is usually the case for a good metrological "€0USly measure zero along both sides of the device, and
samplé and(2) the deviations are about four times larger for Névertheless have measurable valueg,gfalong each of the
thei=4 than for thei=2 plateau. top and bottom halves of the device. This again leads to an
The temperature dependence of the contact effect wadPparent deviation from the correct value if one measures
also measured. The deviations from exact quantization of thB+ across the middle terminals 3—-7.
four-terminal Hall resistance due to a bad voltage contact are In the data summarized in Fig. 5 we have only included
shown as a function of temperature for two different GaAsmeasurements made with two adjacent pairs of contacts, al-
devices and plateaus in Figsiby and 7c). The deviations lowing four measurements to be madeo of V,, and two
exhibit a strong temperature dependence whereas the contagftR,;) around the rectangle defined by the contacts. In these
resistances themselves do not change appreciably in thgrcumstances, we find that deviations Rf, from the ex-
same temperature range. This result will further be discussegected value always and only occur whég for at least one
in Sec. VI B. of the sides of the rectangle is nonzero. Similarly, we find
that if both values oW/,, are zero around the rectangle, for
VI. DISCUSSION instance, at about 14.4 V for the data shown in Fig. 4, then
both values oRy are as expected.
Apparently, one has to take the greatest care with these
devices in the choice of contacts used and the measurement
Under the experimental conditions described here, th@rocedure followed if one is to avoid spurious errors that can
Nottingham devices are apparently ideal metrologicallead to the conclusion that there can be a deviation from the
samples. As shown in Fig. 3 they carry sufficient currentQHR despite a vanishing longitudinal resistance. In fact the
without dissipation to allow CCC measurements to be madappropriate procedure for making correct measurements of
with 50 uA in the primary circuit of the bridge—the usual the quantized Hall resistance at the highest precision, as is
situation for comparison with 100 resistance standards, for necessary in national standards laboratories where the Hall
example. And it is clear from Fig. 2 that the plateau is wideresistance is used to realize a representation of the Bhm,
and flat enoug=0.3 V on stepi=4 at 50uA) to allow recommends that wherever possible the measurement be
current reversal at this current level. made in the way we have described here. Failure to follow
Particularly important is the fact that we never see anythe full procedure may lead to incorrect values. The full mea-
sign of structure in either the, or V,, data when plotted as surement procedure is fairly onerous, requiring many mea-
a function of gate voltage, even at the lowest measuremesturements, and on a routine basis many workers actually
temperatures useg@.3 K). This suggests that the structure in omit part of the process, with no consequences. However, if
the data that we always observe at 0.3 K and similar temene finds anomalies in the quantized value without following
peratures with the Sony MOSFET’s is in some way a devicethe full procedure, it is vital the measurement be rechecked
dependent effect. using the full procedure outlined in the technical guidelines
Perhaps the most obvious, and apparently trivial, differbefore anomalous QHR values are claimed.
ences between the Sony devices and the Nottingham MOS- There are two final points we would like to cover with
FET's are, firstly, that they are much smaller than the Notrespect to the data published in Refs. 4-7. In the reports of
tingham devices, and, secondly, that they have considerablhe measurements carried out at NIST, there are references to
higher contact resistances. In fact, we believe that the conthe effect on the Hall resistance of electrical disturbances in
bination of these two features leads to the observed plateahe laboratory. Further, Kawaji reporfethat on occasion a
structure, and to the apparent anomalies in the Hall resissaAs sample also showed small deviations from the ex-
tance. We outline our arguments for this connection in thepected value for the QHR. We described in Sec. Il how
next subsection. First we would like to discuss our data imrapplying voltage pulses to the potential contacts of a device
terms of the so-called anomalous quantized Hall effect whicltan induce small deviations in the Hall resistance. We sug-
has been previously reported by other workers who meagest that the thunderstorm effects reported in the NIST mea-
sured Sony devices.” Yoshihiro et al.” claim to see devia- surements are merely less-controlled versions of the same

A. Previously reported anomalies
of the quantized Hall resistance
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experiment. And it is possible that Kawaji's deviant GaAs We have tested the predictions for the uniform 2DEG. In
sample also suffered from a bad voltage contact. this case the observed deviation should decrease by a factor
We have studied in the literature all the repbtfof de-  of §=R./Ry for every contact situated between the current
viant Hall quantization in metrological-sized devices. Wecontact and the voltage contact used in the measurement. We
have come to the conclusion that none of the reports dedo not see this behavior. The observed deviations are of the
scribes a measurement procedure that is absolutely foolpro§fme order for the case with one bad voltage contact next to
in that it excludes the possibility of any of the effects we @ current contact and the case where the bad contact lies
have observed from being present in the measured sampld€tween two good voltage contacts. o
We propose therefore, that none of these claims of deviations N the case of a nonuniform 2DEG transmission of elec-

from the quantized Hall resistance with at the same timg'ons from a contact to a nonadjacent contact along a path
vanishing longitudinal resistance can be upheld at present.through the interior of th? .S?‘mpl.e may be p.ossmle. A general
treatment of all the possibilities is not practical so that only a

simple case is treated in Ref. 21. This case is in general not
compatible with our experimental situation, therefore, a com-
parison of this model with our data was not attempted.
A quantitative agreement between our results and the pre-
In this section, we show that the fact of having nonidealdictions of the edge-state theory of contacts cannot be ex-
voltage contacts in the measurement of the QHR accoungsected. The Btiker formalism is strictly valid only when
for all the measured deviations which we have seen to datéhe chemical potential difference between the edges is
in both Si-MOSFETs and GaAs samples. The features wsmaller than the Landau-level spacing. None of our measure-
need to account for are the followin§) The magnitude of ments was done in this domain. An extension of thétiRer
the contact effects is not readily related to basic electricamodel is needed to describe the QHE in the high-current
characteristics of the devices such as carrier concentration 68gime more precisely. In a paper by van Son, de Vries, and
mobility. (ii) The effect can be reduced by increasing either<lapwijk,?? independent edge and bulk-current components
the device temperature or the currefiit) We observe simi- coupled at the contacts are assumed. The model yields a
lar effects and dependencies in MOSFET's that are small ang'€chanism for the onset of nonlinear behavior and a proper
have relatively high-contact resistances, but not in |argé—:xten3|on of it may lead to a better quantitative understand_—
MOSFET's that have low-contact resistancés) In small "9 of our experimental results. Nevertheless, we see a quali-

MOSFET's the effect varies with both gate voltage and magi@tive agreement with Biker's edge-state model. Even
netic induction. good current contacts with resistances in the milliohm range

In our GaAs devices, bad contacts were deliberately mad@'® not ideal and consequently they do not populate all _OUt'
by a partial depletion of the electron gas in the channel cond0INg edge states equally. A bad voltage contact selectively

necting a voltage contact to the main Hall bar. In one of Oupetects the i”CO‘T“”g edgg states and, if the equilibrium be-
samples, higR,, values are due to a improper metallization tween channels is not achieved on the way fro_m the current
of the contact pads. contact, a deviation from exact quantization is measured.

In the case of the Sony MOSFET's, the gate does no{I’hese deviations become larger as the resistance of the volt-

seem to extend sufficiently over the connection to the conta@¥®€ contact increases. It IS remarkable that we see this effect
- . -H‘or our experimental situation where tens of microamps are

all regions of the probe. This variation in concentration ispassed through a device of macroscopic dimensions. This

affected by changing the gate voltage and by sweeping th&'€ans that even in this regime, scattering between channels
magnetic induction with a stable gate voltage. Changing th&® strongly _suppressed. o
gate voltage directly modifies the carrier concentration of the The qQV|at_|onA Ry from exact quantlzgt|094|s related to
main channel, whereas sweeping Bréield changes the den- the equilibration length through the relatiof?
sity of states available to the carriers.

Komiyama and co-workef$ have developed a model ARH:ae‘L“
based on the Btiker formalism of contacts that allows an Ry '
estimate of the upper limits for the deviations of the four-
terminal Hall resistance as a function of the contact resiswherelL is the boundary length between the selective contact
tances. The calculation is based on the assumption that, até@d the adjacent one andis a parameter characterizing the
given current and temperature, a nonequilibrium distributiorcontact properties. The parameteis closely related to the
of edge states created by an nonideal current contact exten@gntact resistanc®.. As mentioned earlierR. does not
over macroscopic distances and is only selectively detecteghange with temperature in the temperature range considered
by a voltage probe with a finite resistance. Expressions argere. As in Ref. 23, a independence otr is assumed.
given for the case of an uniform 2DEG where the nonuni-Becausex is not known in our case, no numerical value for
form population of the edge states is produced by the currerthe equilibration lengti can be extracted from our data.
contact only and for the case where this unequal populationlowever, the measured temperature dependenca Ryf
is produced by the nonuniform 2DEG. The authors claimyields the temperature dependencd 6f As shown in Fig.
their model should qualitatively remain valid even in the 7, the data fit well to a function of the formARy /Ry
regime when most of the current flows through the bulk of=koe 1T, whereT is the device temperature ang and
the device, which we assume to be our experimental situgk, are the fitting parameters. This means that in the tempera-
tion. ture range considered, the inverse equilibration length 1/

B. High contact resistances
and erroneous Hall resistance values
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varies linearly with temperature. The slope is given byeach of the Ohmic contacts to the 2DEG used in the mea-
ky/L which is (a) (26+4)x10° 2 um 1K1 at i=4 in  surement has a resistaneel Q). This is, to our knowledge,
MOSFET device 72-17H53-NB3, (b) (7.4=0.6) the most extensive study reported to test the device indepen-
X103 um K™t ati=2 in GaAs device LEP 92-01, and dence of the QHR at high precision. Our results do not prove
(©) (2.0+0.5)x107% um *K™" at i=4 in GaAs device the relationRy(i)=h/ie% The correctness of this equation
HCO 130-92. _ _ can only be shown in a comparison Rf, with an indepen-

~ In agreement with our data, Alphenagtral®® also find @ gent realization oh/e?. But our demonstration of the uni-
linear temperature variation ofllin thel range from 0.510 4\ ersality of R, (i) at high precision adds considerable weight
K n a dewc_el of mobility u=36T . The slope is 2.5 5 the supposition that the equality is exact.

X107 pm K™%, very close to our value for cage). On the We have found that large deviations of up to 5 parts in
other hand, Kom'ya”,“*t al™ see an exponential tempera- 10’ from the quantized Hall resistance can be caused by
ture dependence ofllih the temperature range from 1 to 12 nonideal contacts. The measuring current in our experiments

i ; i — 1
K In a device of mobility u=130T"". The temperature is in the range 10-5@A corresponding to a chemical po-
variation aroud 1 K has the same order of magnitude as, .. : ;

tential difference between the sample boundaries much

ours for the two GaAs devicdgases(c) and (b), respec- | than the Landau-level . Th g tat
tively]. Our temperature range is too small to clearly estap;2 9€r than he Lan azul-_eve spacing. the pure edge-state
formalism of contact$?!is no longer valid in this domain

lish theT dependence of I/ In fact, the data in Fig.(€) can . o )
as well be fitted to a function of the fordRy /Ry = kT2 and we have found no satlsfagtory quantitative e>§planat|0n
with k,=(—1.6+0.4). This may point to a nonlinear tem- for our results. The QHR de_watlons caused by nonideal con-
perature dependence ofl if a wider temperature range is tacts decIegse with mcreasmg_temperature and current. They
considered. vary ase” “' for temperatured in the range 0.3-1.2 K and
For device HOOL30-92,i =4, the current dependence of as 1I for a range of current smaller than the device critical
ARy, was also measure@ee Fig. 11 A 1/I dependence of current.
the deviations from exact quantization was found. In combi- We have shown that the so-called anomalous behavior of
nation with the 1594 dependence mentioned above, wequantized Hall plateaus reported in the literature by various
therefore find for the current dependent effective temperaturaguthors can probably be ascribed to bad contacts. In light of
in the 2DEG: T,x1%6=%1 This current scaling perfectly our data to our knowledge, none of the claims made to date
agrees with the results obtained by others from the measuref deviant QHR values despite vanishing longitudinal resis-
ments of the width of the Shubnikov—de Haas oscillattbns tance can be upheld at present.
or from the slope of th&,, versusB curve?’ However, our
measurements were performed on a plateau whereas the data
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