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This report contains results on the ballistic injection of electrons
between Af and n+ Si and Af and the Si inversion layer. This was the
first experiment on ballistic injection between a scmiconductor and a
metal, and yielded results of considerably greater clarity than those
found from the all metal work. Basically the phonons responsible for
intervalley scattering can be clearly observed and the technique offers
a means of identifying the various subbands in the Si inve sion layer.
Plasmons could be observed and in future it is planned to extend this
technique to III-V semiconductors.

The other area of research described in this report is a collaborative
experiment with Dr. K. von Klitzing and Dr, G. Dorda. It is shown that
the Hall resistance of a MOSFET, when the conduction band is guantized
by a strong magnetic field, is related simply to the fine structure
constant, The experiment is described in detail,
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1. Ballistic injection of clectrons in metal-semiconductor junciions
la Phonon spectroscopy and impurity enhanced inelastic

scattering in nt silicon

Tt has becn knowr for some time that the electron-phonon coupling
in metals can be investigated by the use of point contacts. If the con-
tact area is sufficiently small, c<tructure is found in the I-V charactex-
istic. Work by vansen!s? and Jansen ot al.3'" showed that gig_was
av?
proportional to the electron-phonon coupling constant, g(w), given by

g(w) = o (w) Flw. (1

Here a? (w) is the square of the matrix eclement for eclectron-phconon
coupling averaged over the Fermi surface, and F(w) is the phoncon deusity
of states. These authors have investigated «(w) for a number of metals.

The theory of electrical resistance arising from small contact
areas was first considered by Maxwells, who predicted a resistance R
given by 1/20b, o is the bulk conductivity and b is thc contact radius.
Sharvir® considered the ballistic nature of current flow which occurs
when the contact radius is smaller than the bulk mean free path. L.

He derived the contact resistance, R, in the following manner, The
current flowing through the junction, I, is given by

I = nerb? Sv.

n is the carrier concentration and V is the velocity acquired by a
carrier on passing through the junction. If the Fermi energy,

Ep >> e\ﬂ v is given by eVVvaF, where V¥ is the applied voltage and
Vp is the Fermi velocity. Thus, R = 2mvp/ne’nb? = 2{/mob?.

Wexler has given an interpolation formula,

K, K

R =% * Trop -

(2)

Here (K) is a function of the Knudsen ratio, £/b, being ! for K = 0
and 0.7 for high K. The first term in equation 2 is a "Maxwell"™ term
and the sccond a "ballistic" terxm, i.e. independent of the bulk mcan
free path. Theoretical work, for example van Gelder7, has shown that
minima in d*I/dv? are due to electrons which are initially emitted but
then scaltlered back into the contact region Fach minima corresponds
to the onset of a particular scattering process, Van Gelder finds
that

a1 5.3 ¢ DIb
——— — — ~\7

Here o ulﬂ]ﬁ hove thedr usual meanings, D is a factor close to 1 for
high aacscon nente s and T, which §s neoar undity, is the trancmicsion
factor ol the contwct, 1o was vound that tho background in &7 r/av”
arises from noltiple phonon caicsion proces: os, A1l the previovs work




on this topic utilized mctal-metal junctions, and, in general, the
principal peaks in the phonon density of states corresponded to minima
in d*1/av?. 1In this work the first results were obtained on ballistic
emission between a metal point contact (Af) and a degencrate scmiconductor
(Si). As will be shown the various phonon scattering processes are
observed more clearly than for emission in metal-metal junctions.

The structures uscd comprised a thin film of AZ, of thickness o
about 1 pm, separated from an nt diffusion in Si by a 500 & - 1C00 2
thick thermally grown film of SiO,. A filamentary contact, ("short"),
between AL and the nt Si was formed by the application of a high field.
For values of applied voltage up to 100 mV, the 4.2 K contact resistance
was between 5 k® and 10 k@ decreasing slightly with increasing voltage.

An important difference hetwcen this system and the metal-metal
system is that there is here a considerable disparity bhetween the
conductivity of the A and the conductivity of the nt Si of doping
1-3 x 1020 cm~3, This will result in the voltage drop occuring in the
Si. Although the A{ filament is probably polycrystalline the resistance
of the filament was estimated to be small compared to the observed
resistance. From equation 2 the radii of ghe congacts used in this
work were estimated to be in the range 20 A - 50 A. It was possible
to observe a small hole in the Af on the surface of the oxide where
the filament had formed. This was about 1 pm in diameter, indicating
that the filament narrows rapidly, or that the radius of contact is only
a fraction of the total radius.

It is to be noted that this type of experiment is only possible
in the absence of tunnelling, i.e. a depletion region is not present at
the contact. This implies the use of nt doping and junctions with very
small barrier heights. Unfortunately, it does not seem possible to use
equation 1 for the extraction of the coupling constant g(w). This is
because most results are obtained for values of V where eV Ep, Ep
being 200 meV for the n* Si used in this work. Even where eV >> Ep,
I does not increase as\’%, but faster than\/, indicating that, perhans,
space charge effects are important in the depleted Si around the junc-
tion region.

Figure 1 shows d*1/dv? plotted against\/for injection into arsenic
doped Si at 4.2 K, this is achieved by biasssing the Si positive with
respect to the Af. The major peaks are identified in the figure.
Essentially, the strongest effects are associated with the T.A. phonon
responsible for g scattering, i.e. between valleys on the same (100)
axis, the g T.0. and, or, intravalley phonons. The low cnergy g pro-
cess is forbidden in zero order by group theory and occurs as a higher
order process8. It is to be stressed that the combination minima do
rot correspond to the simultancous emicsion of phonons, as here we
rould expect the strength of the minima to decrease rapidly with
increasing number of phonons emitted. Rather they are due to electrons
which have enmnitted n phonons, where n =0, 1, 2 ..., over a period of
time then emitting another and being scattered back into the junction,

Figurc 2 shows thoe corregponding result for injcction into phocpliorus
doped €i, The princiwal points are the reduction in strength of the
lowest energy g procens, the virtual disanpearance of the major peah
at 30.5 mev, and the appearance of now structure ncar 40 m»v,  Table 1
contains a surmary of the results and compares them with those cbtainaed
from magnoto-phonon reconance studics on high purity i (Eaves ot al.®y.




From a qualitative point of vicw, it is rcasonable that the heavioest
impurity, As, enhancces the lover energy nodes. It is relevant that
impurity reconances have been ohoerxved in infra-red absorption at

54.6 eV, (D), and 45%.3 meV(AS)lﬁ, far from the structure reportosn here
The theory of absorpticen has beon discussed by Dawber and Elliottll,
and their predicted optical rozononces are also distant from the
impurity aided scattering procecses found in this work.

We prepose the following explanation of the additional structure
due to jupuritics. The now plhionons which assist intervalley trane
are thosc found at thoe K point, (G6.75, 0.75, 0), on the phonon dispcersion
curvel?, The scattering is an { process, i.c. between (100) and (01C)
valleys, and conscrvation of momontum is meintained by the electron
transferring monentum to the imravity, which eventually emits a
shower of low encrgy phonons, In addition, the pregence of charged
impuritics will enhance the electron-phonen coupling. The As peok
at 30.% meV is associated with the TA phonon at K posscssing 73 sym-
metry. The ¥; phonon is not observed, being forbidden by time revaercal
symmotry., The transfer of monmentun to the As likewise enhances the
role of the g T.A. phonon which 35 normally week. Phorphorus enhan
the highoer cnerqy phonons near 40 meV, we assoclate theze with the LA,
phonon at K with 7; symnetry and the LO phonon at K with L3 symmetry.
RBoth thesc phonons arce near 46 wmeV for pure Si, and possibly the shif
in energy arises from a change in the force constants as well as ithe
difference in mass between P and Si.

ilLiong

Those differences hetween P and As werc general buc the strength
of the modes, and the shape of the background, could differ betwcen
specimens preparcd in different wayvs, with different values of doping.
Figure 3 shows a casc of injection into 8i:P where d?1/dV’ becomes
negative; thiz appeared due to both strong Phosphorus enhancement and
strong £ scattering neav 50 mev., 7This junction also showed evidence
of oscillations, possible duc to quantum effects, (when the modulation
voltage was low), previously observed in metal-metal contacts (Jansen
et al.“). It is not clcar if these are due to interference effects
between multiple junctions or diffraction effccts in single junction
injection,

The principle features of the phonon spectrum were apparent at 77K,
as shown for Si:As in "igure 4, It is noteworthy that the 30.5 meV
ninimun is not as dominant at this temperaturce, possibly absorption
procesues arising Irom the enhanced density of low energy phonons
increasce the dmportance of conventional intcrvalley scattering.

Pronounced structure was oboerved at high energies ond is roproduced
in Vigure L, This structure consicsts of a double resonanse, each
resonance is sharp and the two are coparated by A8 meV, The change in
A*I1/av is, arproximately, a factor of 30 greater than the change duc
to optical plonon conpling.  The rosonance is unlike the minima oboorveld
for phoron interaction~, and indicotes, that strong coupling is
producing Lwo minina in Lhe elcotronic denzivy of atates.  The oncray
and corricoy corcentration strongls

suggest (hat the structure iz dae
to a pair of plasacns, although the sincertainty in the carrier
concentryation prevents identilicabion ag a zuriace or Lualk plaumon,

Tho roczdvum chenge in mone ntun of the dectron gas ic too =mall
to allow placren enhinced dntervajloy ceatioriag,  Thars, thio cannet
be the origin of the splitiing.,  7hic moy vesolt from vallov-valley
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interactions introducing a swmall, oxtra, anisotrepy of the mass, or
possibly, the effects of strain on surface plasmons, This point Is
being investigated in delail.
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FIGURE CAPTIONS

1. d*1/dv? for electron injection into Si:As at 4.2 XK. The principal
phonons are indicated., The g(T.0.) and intravalley (I.V.) phonons
are too close in energy to be separated,

2. d*1/dv? for electron injection into Si:P at 4.2 K.

3. & 1/4Vv? for clectron injection into Si:P at 4.2 K. The top curve
showing possible quantum cffects was obtaincd with a modulation
voltage of 0.1 mv, the lower curve with 1 mv., fThe L and T Al phonons
are clecar, thrse are discussed in the following paper.

4, Aa?1/av? for injectioninte Si:As at 77 K. The Al L phonen is clear
as is the combination of this with the Q phonon. These are discusscd
in the following paper.

5. Structurce in @I1/av? attributed to two plasmons. The magnitude
of the structure is about a factor of thirty greater than the stronagest
phonon preduced minimum,
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1b Phonon spectroscopy of aluminium

In the previous section it was shown that electron injection into
Si revealed the phonons responsible for scattering. When the Af is
positive with respect to the Si, the dZI/dV2 against V plot shows
minima corresponding to AL phonons, Figure 1, The clarity of this
figure, and the generally clear observation of Af phoneons, contrasts
with the reported failure of Af-Al junctionsl.

Inspection of the E-k diagram of AL, (for example Harrisonz,
shows that there are many possible types of phonon scattering. The
most important processes are, a) between X points; b) between W points,
(W=1%, 0, 1); c) between U points, (U =}, }, 1); d) between X and W;
e) between X and U; f) between W and U, and g) scattering between the
two bands near U. The priuncipal phonons involved in these processes
have coordinates, a) (100) - an Umklapp process; b) (0, 4%, %) for both
normal and Umklapp processes; c) (0, 7, 2); 4) (0, 0, %), for normal
and Umklapp processes, e) (I, i, 0) and (}, 2, 0) for Umklapp proces-
ses; €} (4, 2, 0), Umklapp process; g) this is a phonon close to the
(100) direction, and, assuming only the component in this direction,
has coordinates (.17, 0, 0). From the AL phonon dispersion curves3,
the phonons responsible are a) longitudinal, (L), and transverse, (T),
phonons at the X point having energies of 37.5 meV and 22.5 meV; b)
the (L) phonon with energy 35 meV, this phonon gives risc to the
principal peak in the density of states. There are also two transverse
phonons with the same momentum, T, at 19 mevV and Ty at 25 meV; ¢) the
(L) phcnon at the K point with energy 29 meV and two (T) phonons, Tq,
with a high density of states at 21 meV, and T; at 35 meV.

Thus scattering is accomplished principally by 35 meV L phonons
and 21 - 22 meV T phonons., A range of phonons can cause processes
d) -~ f), which will make identification difficult. On the other hand,
process g) will be caused by low energy phonons and chould be well
defined. Inspection of the phonon dispersion curves shows thot the
possible phonon energies for process o arc, approximately, an L mode
at 11 mev and a T mode at 6 meV, In figure 1 these are identified
as the minima P and Q at 6 meV and 12 meV respectively. Minimum R at
26 meV is identified as the Tp phonon at (%, %, 0). A minimum found
at 17 meV is attributed to the 1T phonon having coordinates (111), i.e.
at the [P point.

The major fcaturcs of Figure 1 are clearly associated with the
35 meV I, and 22 meV T phorons. In view of the many subsidiary minima.
and the large nusber of poasibie phonon combinations, a detailed
analysis of the figure was rot performed, As seen in Pigure 1, phonon
combinations are clearly ciocerved., It is not clecar why combinations
of I, phonons fade cut abrujtly, or why the T combinations increcase
in strength above ¥ 160 mev,  The degree of electron heating appears
too small to sumple acdiditional features of the band structure. The
corhinations woere obacrvable for most of the gpecimens uscd in this
work, except for that used for Figure ? of the preceding section, where
structurc was net found past the principle L mininum.

The principle features of the Al observations were clear at 77 X,
for example, the AC side of Figure 2 in the nrovious panor clearly
shows the 35 meV L phonon, and, surpricingly, its combinations with
the 12 mev @ phopon thought responsible for scattering near the U point.,
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It is notcworthy that this experiment has revealed a clearer Al
phonon spectrum than tunnclling experiments®, Possibly the Al filament
is ordered by local heating during the formation process, or the
electrens puss through the filament into the evaporated AY before being
i scattered back,
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: FIGURL CAPTICNS

1., The plot of dZI/dV2 against V for injection into AP, The increase

in low energy structure caused by decreasing the modulation voltage

from 2mvV (—) to 0.6 mV (---) is clecar. The principal phonons and
combinations are indicated and are discussed in the text. Sometimes

those indicated werc minima cnly at low modulation voltages, and shoulders
at the higher modulation voltage. A wide range of combinations was

found for a low modulation voltage. This was not analysied in detail.

lc Phonon and subband spectroscopy of silicon

inversion layers

For this work MOSFET's were [abricated on the (100) surface of
10 @ em p type Si, (Np = 2,105 em=3), a filamentgry contact was
formed between the AL gate and the Si through 800 A of thermally grown
$i0, . 1In order to sustain an inversion layer without applying a
voltage to the gate, the Si0, was contaminated with Nat ions before
evaporation of the Af, The Na‘* was drifted to the Si-si0, interface,
and the device was cooled to 77 K to frecze the Nat into position prior
to formation of the filamentary contact. Unfortunately, at this
temperature the resistance between the inversion layer and the substrate
was too high, and the contact was always formed between the gate and
the source or drain. The contact was formed satisfactorily at 300 K,
but at this temperature some drift of the Na%t occurred and the carrier
concentration could not be defined more accurately than 2.5 * 0.5 x 1027 em™?,
Although the Si is p type, Ep at the i surface is in the conduction
band tail, and so a barricr does not exist between the Al and the
inversion layer,

It was found that at 4.2 K the resistance of the inversion layer
in sericn with thoe contact was too high for meaningful measurements
to be taken. Consequently the experiment was performed at 77 K where

o , 1--u--nn-llh-I!IilIhI-ﬁlIIlIl-Iiillﬂlil.l...l..ll.l."




the resicstance was considerably lower., A number of minima werce found
on the (I?I/dv2 versus gate voltage plot for injection into the inversion
layer; the principal L minimum was clearly observed for injection into
the al.

Before considering the phonon spectrum in the inversion layer, we
first briefly discuss phonon ccattering in this system. The inversion
layer differs from bulk Si in that the dcgeneracy of the vallerys is
lifted by the strong surface field. TFor the (100) surface, the ground
state, Ey, is formed from the two valleys with heavy mass perpendicular
to the interface; there is alco a series of excited states associated
with these two valloys, Eyy Ey, E3 ... . In addition, another ladder
of energy levels is associated with the other four valleys which have
light mass normal to the interface, Eg”, E{7, of Ando! has
found that Eo’ lies close to Ej.

Intervalley scattering in the twofold degenerate levels is by g
phonons. As there will be a sharp threshold for this process, it is
observable despite the general background of intervelley scattering
imposed by the absence of momentumn conservation at the interface. For
intrasubband transitions, the nobility is not affected by direct
scattering «long the major (l100) axis. Howaver, in systems with small
kg, phonons very close to the g cnergy will scatter cffectively. As
the cnergy of the injected elrctrons irncreasces we would expect to
obscrve g scattering in E,, followed by g szattering in E;. and both
g and f scattering in ES” as well as § scattering between Eg” and both
E, and Ey.  Scattoring between subbands {ormcd from the same set of
valleys i< forbidden in the zeroth order©. Scattering across the Fermi
surface by long wavelength phonons will not be chserved.

The minima in d°1/dv? as a function of V werc found and identified
as particular phonons. However, two weak minima were found which could
not be ascribed to phonons. If these were identified as the bottom
of new subbands, a whole new phonon zeries followed in a rational way.
These minima were at 29 meV and 55 meV. The encrgies are above the Si
Fermi level, which cannot be ascertained dircctly due to a lack of
precise knowledge of carrier concentration. Ignoring the existence
of band tailing, and assuming a carrier concentration of 2.5 4 0.5 x 1012,
we find that Ep is roughly 12 meV. Thus the subbands are v 41 meVv and
v 67 meV above the bottom of Egy. These encrgics appear too great for
|E1 -~ Eol and |E, - Eg| for the value of substrate doping. In fact
the phonon spectrum suggested that the subbands are Ep” and Ey”. This
was not surprising as E5 only gave one reasonable minimun - the 65 meV
g phonon. The details of Ey{ and E, appear lost in the complex spectra
of Eg” and F{”. The cause of the obrervation of weak minima corresponding
to the ontet of subbands must be in the greater density of states
enhancing the probability of backscattering by phonon abcorption., A
very weal minimm was identificd at v 7 meV, pogsibly this is due to
surfacce (Rayleigh) phonons which may be important in determining the
low temperature mobility,

Turniirg now to the detailed results chown in Table 1. IL was

barely possible to identify the low encrgy g phonons although the 65 meV
g phonon was clear. A ninicn was also oabocrved at v G0 roV correspronding
to an f phonon, This could not arisc frowm scattering within the T
band, but frem electrons injecled into EO' oy El' bLeoing scatterod into

Eqg-
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Fxamination of the pnonon scries for the subband starting at
29 meV shows aenerally clear evidence of £ scattering, supporting
-

identification as ¥, 7., The clectrons parificipating in this vrocess
may be scatteroed within EU’, or into this subband from Eg,

The subband coimencing at 5% mev displays a comprehensive phonon
spectrum, hut it cannot be directly ascertained if this is of the E
or E” series. The existence of f scattering is not conclusive as, in
the absence of compression experiments, it cannot be determinced if
this is inter or intrasubband scattering. However, the strength of
the gminirun is wore akin to EO' than Eg, and so we tentatively
identify this subhkand as E”.

Further minima were observed at 128, 133 and 140 meV, and con-
siderable structure was found at energies greater than 120 mevV. Due
to the complexity of identification, fuarther analysis was not
performed. These inima may result from higher subbands, phonon
combinations or possibly plavmons.

In conclusion, this appears to be a promising technique for the
investigation of both phonon scattering, which can he clarified by
the application of compressicn, plasmon effects and subband spectro-
scopy. In this latter context, it is to be noted that it is pessible
to vary the subband splitting by the application of substrate bias,
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2. A new method for high accuracy determination of the fine structurc

constant basced on quantized Hall resistance®

In this section we report a new, potentially high-accuracy method
for determining the fine-structure constant, o. The new approach is
based on the fact that the dogoenerate clectron gas in the inversion
layer ofF a MOSFET {(metal-oxide-scmi-conductor field-efifcct transistor)
is fully quantized when the Lransistor is operated at heliuvm
toiperaturcs and in a strong nagnetic field of order 15 7!, e electric
field perpendiculay to the surface (gate ficld) proiuces subbands for
the motion normal to the senicenductor-oxide interface, and the
magnevic field proauces Landas quantization of motion parallel t
interface. The density of stutes D(LY comaists of broedenad § functjonsg;

iy higl,

i

o the

minimal overiap i. achicevea if the magnetic field is suificicem
The nunbeor of staters, Ny within each Lamiag ievel is qgives by
,

N, = «is/h, (1)

*]:;:;uzrer:nt:; corformand by B ovon Kliteing of Wuroburg University, West
St .
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where we exclude the spin and valley degencracies. If the density of
the states at the Fermi cnergy, N(Ep), is zero, an inversion layer
carricr cannot be scattered, and the centrz of the cyclotron orbit
drifts iu the directicen porpendicular to the electric ana magnetic
field, 1IFf N(Ep) is finite but small, an arbitrarily small rate of
scattering cannot cccur and localization produced by the long lifetime
is the same as a zero scattering rate, i.e., the same absence of
current-carrying states occurs3. Thus, when the Fermi level is between
Landau levels the device current is thermally activated and the minima
in Oy, xxml“, can be less than 10—7oxxmax.u Increasing the magnetic
field and decreasing the temperature, further decreases Oxxml“. The
Hall conductivity Oy which is usually a complicated function of the
scattering proccess, becomes very simple in the absence of scattering
and is given by2

Oxy = -Ne/B (2)

where N is the carrier concentration,

The correction term to the above relation, onv, is of the order
of oxx/wr, where w is the cyclotron frequency and T is the relaxation
time of the conduction electrons; wt »> 1 in strong magnetic ficlds.
When the Fermi energy is between Landau levels, and Oxxmln " 10_70XXmaXl
the covrection Aﬁxy/oxy<10_8. Subject to any crror imposed by ony,
when a Landau level is fully occupied and N = Npi (L =1, 2, 3 ...},

Oxy is immediately given from eguations (1) and (2):

= nl;
“Oxy = € i/h, (3}
The Hall resistivity pyy = —Oxy/(oxx2+oxy2) = —oxy_lis defined by

Eﬂ/j(EH = Hall field, j = current density) and can be rewritten RH/I,
where Ry is the Hall resistance, Uy the Hall voltage and I the current.
Thus, Ry = h/ezi, which may finally be written as®

Ry = a’luoc/Zi, (4)

where Us is the permeability of vacuum and exactly equal to 47 x 1077
H m“l, c is the speed of light in vacuum and equal to 299 792 458 m 5!

with a current uncertainty of 0.004 ppm and o = 1%7-15 the fine-
structure constant. It is clecar from equation (4) that a high-accuracy

measurement of the Hall resistance in SI units to a few parts in 10°
by means of the so-called calculable cross capacitor by Thompscn and
Lampards, the question of absolute units versus as-maintained units is
much less of a problem thun in the determination of e/h from the ac
Josephson cflect.  Furthormore, the magnitude of Ry falls within a
relatively convenient rangza: Ry (25 813 @) /i, with i typically
between 2 and &, Finally, we note that if o« is assumed to be known
from some other experiment (for cexample, from 2c¢/h and the proton
gyromagnetic ratio‘{p), oquation (4) may be uscd to derive a known
standard resistonce.

Two well-known corrections in the low-ficld Hall effcct become
unimportant., The first is the correction due Lo the shorting of the

Hall voltage iy the source and drain contacts’

low fields for rcamples with length-to-width ratio, L/W, less than 4,
@

Thie ig irportant at

but becowes nogiaginle when the Hall angle ps 909, i,0., Ogxy = OO
The second corrcotion wnich becomes unimportent is that due to an




inexact alignment of the Hall probes, .o, thevy are nol exactl orroacit,

This is irrelevant, as the voltage drop elong the sqaueple vanichor wiien
—-n Y

&x = O.

The exporiments wore carricod out on Mo devices with a ran.e »f
oxide thicknesses (dg.. = 100 ma - 400 iy, and length-te-width rotios
ranging fvom L/W = 25 to L/W = 0,05, All thoe trancisicors werce iLoiricatesd
on the {100) sur’ace orientatieon and, typicrlly, the s-type substrotc
had room toamperature resistivity of 10 Q ¢, The resistivity #* holiun
temporature was hignoer than 103 o cry, ul no current flow ety o scurce
and drain around the channcl could be measured, The long devices (L/W-8)
had potential probes in addition to the Hall probes,

The measured voltage Upp in proporitional to the resictivity
component fiyy = Oxxr“xxﬂ + p*w“]. At gate veltages wheve the Ep is in
the energy gap between Landau levels, minima in both c.... and Do ore
observed”?.,  Such minima are cleariy visible, and arce identified, in
Figure 1; the miuliwa due vo the lifting ol the spin and the {Ltwoiold)
valley degencracy are also apparent, The Hzll voltage clcarly lovels
off at those values of carrier concontration where C"x ana Dy ALC
zero, The values of Uy obtained in t it 26

e regions are in good agroeer.ont
with the predicted values, equation (4), if the error due to thoe 1-MD
input impodance of the X-Y recorder is talen into account. It was
found that the value of Uy in the "steps" was, for consitant curyent,
independoent of sample geometry and direction of mangctic field, jrovided
that oyy was zero,

An arca of possible criticism of the thooretical haoasis of this
experiment is the role of carricrs which arce localized outsido the
main Lanrndau level, Here we do not specify the localirzation mech o,
but the presence of localized carricrs will invalidate both the
relation M = Ny and cquation (4). However, the experinental roerults
strongly suggost that such carriers Ao not invalidate ecuation (4). ot
present there s both theorctical and experivental investigation of thias
type of lozalization®s "¢ 27120 Ando? has suggerted that the eloctrons
in impurity bands, arising from short range scatterers, do not contribute
to the Hall current; whereas the clectrons in the Landsu level give rise
to the same lall current as that obtainced when all the eloctirons oarce
in the level and can move freely., Clearly this procoos must be carerully
exanined as an accompaniment to highly accurate measurcaeits of Hall
resistance,

For high-proecision measurements we used a normal resistance Ry
in cerics with the device. The voltage diop, U,, across R,, and thoe
vollages 1, und v,

high pugsod

5 QCYOSS and algng the deovice was measured with a

see vollmeter (R>2x10°9 Q). The resistance Ry was calibratoed
b the Physizaliseh Technischne Bundesanstali, Braunschveiq, and ned a
valuo oll Ry, o 0429.69 0 at a toooerature of 200C0 A tyoical reeutl of

the measured Holl resistance Ry < Uyg/T=U P 0o, and the resistansc,
Ry = U)pP“/UO, Lotwer sy the potential poaben of the device is Sinn in
Pigure 2 (B = 12 7, 7 - 1.3 ¥,, oo ominice, oin T ot V,J = 23,6V
corvesronds Lo the mintmuam at V, = 8.7 it Vigave 1, because the
thicknos, ol the gnte oxiden ef hoco toe s S dom Giffer byoa focim
of 3.6, Ouy exporim ntal oarroae oo e oottt ernough toe
moasure a value oF 2 of Less oo 0 o7 Teh s found dn the goates
vOltarge roerion 279,40 K \(3 S22,00 0 0 The Bt ocanintoonee din this gate

voltage veqicon el oovalvte of GON505 0 GoT 0L This daceracy of




# 0,1 Q was dnie to the limited sensitivity of the voltmeteor, would
like to mention that most of the samples, cspecially devices v
small length-to-width ratio, showed a winimum in the Hall voltargp: as

a functicn of‘»g at gate voltages closo to the left side of the nlatcau.
In Figure 2, this minimum is relatively shallow and has a valuoe oF

6452.87 @ at Vg = 23,30 .

In orcder to demonstrate the insensitivity of the Hall resictace
on the geormetry of the device, moasurements on two sanples with a
length-to-width ratio of L/W = 0,65 and L/7 = 25, resncectively, ore
plotted in Figure 3. The gate-voltage scale is given in arbitrary
units, and is different for the two samples because the thickne. o
the gate oxides are different., A gate voltage V4 = 1.00 correror
approximately, to a surface carrier concentration where the first
fourfold-degeneratce Landau level, n = 0, iz completely filled, Within
the experimental accuracy of 0.1 Q, the same valuce for the placn
the Hall resistance is measurcd, The value {or h/G'AfCJSB.Qﬁf
based on the recomnended value for the fine-structure conctant'
plotted in this figure, too. The decrcasc of the Ball resistanc with
decreasing gate voltage for the sample with L/W = 0,65 originatas
mainly from the shorting of the Hall voltage at the contacts, This
effect is most proncunced when the Iall angle becores smaller than
80°, In the limit of small Nall angles, the Ball voltage is reduced
by a factor of 2 for the sample with L/W = 0.65.7

The mean value of the Hall resistance for all samples investigated
was 6453,22+0,10 @ for measurcments in the energy gap between the
Landau levels n = 0 and n = 1 (corresponding to i = 4 in equaticn 4),
3220.6210,10 @ for measurements in the energy gap botween Landau levels
n=1andn=2 (1L =8), and 12 906.5+1,0 Q@ for measuremcnts in the energy
gap between the spin split levels with n = 0 (i = 2). These resistances
agree very well with the calculated wlucsoefh/e?i based on the rcecently
roported13 highly accurate valuc of o) = 137,035 963(15) (0.11 ppw).

Measurements with a voltuweter with higher resolution and a
calibrated standard resistor with a vanishing small teaveraturc coefficicnt
at T = 25°C yield a value of h/4e? = 6453.1740.02 Q corresponding to
a fine-structure constant of «”! = 137.0553+0.0004.
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FIGURE CAPTIONS

1. Recordings of the Hall voltage Uy, and the voltage drop betwcen
the potential probes, Upp, as a function of the gate voltage V% at T =
1.5 K. The constant magnetic ficld (B) is 18 T and the source drain
current, I, is 1 pA. The inset chows a top view of the device with a
length of L, = 100, a width of W = 50 pm, and a distance betwcon tie
potential probes of Lpp = 130 .

2. Hall resistance Riys and device resistance, Rppr between the rotential
probes as a function of the gate voltagc Vb in a region of gate veltage
corresponding to a fully occupied, lowcst (n = 0) Iandan level, Tho
plateau in Ry has a value of 6453.3+x0.1 Q. The geonmztry of the device
was L = 400 pm, W = 50 um, and Lpp = 130 yum; B = 13 T.

3. Hall resistance Rjj for two samples with different geometry in o
gate-voltage region Vq where the n = 0 Landou level is fully occuy:ind,
The recommended value h/de” is given as 6453.204 Q.
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