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ABSTRACT

This report contains results on the ballistic injection of electrons
between AP. and n+ Si and A and the Si inversion layer. This was the
first experiment on ballistic injection between a semiconductor 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 invL 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 quantized
by a strong magnetic field, is related simply to the fine structure
constant. Tie experiment is described in detail.
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1. Ballistic injection of electrojns in metal-semi conductor jun ci l.,

la Phonon spectroscopy and impurity enhanced inelastic

scattering in n + silicon

It has been known 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, structure is found in the I--V character-
istic. Work by Yansen 1,2 and Jansen et al. 3 ,

' showed that d'I %.;as
d V2

proportional to the electron-phonon coupling constant, g(w), given by

g(L) = U2 (w) F(w) . (1)

Here a2 (M) is the square of the matrix element for electron-phonon
coupling averaged over the Fermi surface, and F(o)) is the phonen density
of states. These authors have investigated c(Gj) for a number of metals.

The theory of electrical resistance arising from small contact
areas was first considered by Maxwell 5 , who predicted a resistance R
given by 1/2ob, a is the bulk conductivity and b is the contact radius.
Sharvin6 considered the ballistic nature of current flow which occurs
when the contact radius is smaller than the bulk mean free path. t.
He derived the contact resistance, R, in the following manner. The
current flowing through the junction, I, is given by

I = neTb 2 6v.

n is the carrier concentration and V is the velocity acquired by a
carrier on passing through the junction. If the Fermi energy,
EF >> eV, v is given by eV/2mvF, where V is the applied voltage and
VF is the Fermi velocity. Thus, R = 2mvF/neib 2 

= 2/ ob2 .

Wexler has given an interpolation formula,

R (K) 4K
2ob 3ireb

Here (K) is a function of the Knudsen ratio, £/b, being 1 for K = 0
and %O.7 for high K. The first term in equation 2 is a "Maxwell" term
and the second a "ballistic" term, i.e. independent of the bulk mean
free path. Theoretical work, for example van Golder 7 , has shown that
minima in d2 /dV2 are due to electrons which are initially emitted but
then scat-ered hack into the contact region Each minima corre ponds
to thu. onset of a particular scattering process. Van Celder finds
that

d11 5 3 e DTb (3)
dV - VF- g (eV) .(3

lH'r( c 1' 1,i 1-AI- ir usual. mcaningF;, D is a factor close to I for
hi, e', n n. ,d 'T, whicli j.; ner uity, is the transmi:.ion

: the (, w.,, . I:, WV w O: ti.u i tLl ickqYou:d in d§ i/;V

ari r i f ; i;I i Ii; ] hinn r , :; ton pr cc r . All tl.i , previ( e:, work
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on this topic utilized metal-metal junctions, and, in general, the
principal peaks in the phonon density of states corresponded to minima
in d' I/dV2 . In this work the first results were obtained on ballistic
emission between a metal point contact (AJ) and a degenerate semiconductor
(Si). As will be shown the various phonon scattering processes are
observed more clearly than for emission in metal-metal junctions.

The structures used comprised a thin film of AP, of thickness
about I OL, separated from an n+ diffusion in Si by a 500 A - 1000 A

thick thermally grown film of SiO2 . A filamentary contact, ("short"),
between AA and the n+ 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 kQ and 10 kQ decreasing slightly with increasing voltage.

An important difference between this system and the metal-metal
system is that there is here a considerable disparity between the

conductivity of the A)' and the conductivity of the n+ Si of doping
1-3 x 1020 cm- 3 . This will result in the voltage drop occuring in the
Si. Although the AZ 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 the contacts 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 Al 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 n+ 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(,). This is
because most results are obtained for values of \/where eV / EF, EF
being 200 meV for the n+ Si used in this work. Even where 0 1 - EF,
I does not increase asV 1-, but faster than V, indicating that, perhaps,
space charge effects are important in the depleted Si around the junc-
tion region.

Figure 1 shows d2 I/dV2 plotted against V for injection into arsenic
doped Si at 4.2 K, this is achieved by biasssing the Si positive with
respect to the AP-. 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.O. and, or, intravalley phonons. The low energy g pro-
cess is forbidden in zero order by group theory and occurs as a higher
order process 8 . It is to be stressed that the combination minima do
rot correspond to the simultaneous emission of phonons, as here we
would expect the strength of the minima to decrease rapidly with
increasing number of phonons emitted. Rather they are due to electrons
which have emitted n phonons, where n = 0, 1, 2 .. ., ovr a period1 af
time then emitting another and being scattered back intu the junction.

Figure 2 shows thle corresponding result for injection into rhcF't
doped Si. The principal points are the reduction in strength of the
lowest ene(rgy g procc-ecn, the virtual disanpearance of tlhc, majo - pe(c!Ih
at 30.5 mrvV, and the icpearance of new ctructure near 40 ireV . 1bi
contains a stiranary of the results and cumpre.s them with those e ct ni
from magnr t,-phonorln res'nance s tu]iiies on higch purity Si (avCs .i CA .9),

WNMMWi



From a qualitative -point of vi''Jit is r(co~bothat the h(eavir-A L
impuri t-v, As, enha ea-! the lever e nergy ice.It i- a rel-ovant th-It
impuritY 1- ;C cenance h-yeo ,n : :,.d in inic-r- aertion at
54.6 r.,c-, (P7), and '5. 3 no I.)rfzr fiuan the striuc ti.,-e rcnor tce, here

The theory of absorption has tee(n discus.ed b-y 1)avher and Ellioltj
and their predicted optical rc.icsare aline distait. from the
impurity aided scattt,.rj no procre es found In this work.

We propose the followinr7 explanation of the additional structure
due to ii epuri ties. The, new p1iee cwhich a isst interval ley t ran.-J.tioni;
are thocqc found ait the K point, (G.75, 0."''), 0) , on the poo cm r a
curve 12. The scattering is arn f procesf-, i.e. between (100) and (0)
valleys, anJ conservation of moiLecent~u-i i~s maintained by the electron
trans;ferrijngj mome ntum~ to the ic'urt,-which eventually misa
shower oF) low energy peonion. In addition, the presence of ch-arged(-
impuritics wilenhanco the, election.-ehonon coupling. rho As pee--k
at 30.5 ime\% is associated with the TA phonon at K posses.-Iing i- Iye
metry. The 7 1, phonon J s not ocryocvd, beingj forbidden by time revcercal
symmetry. The transfer of moetmto the A,'s likew%.'ise enhances the
role of the g T.A. phorcon w ichs normally ea.Phor shoruo enhaeec,-s
the higher energy phono.ns nc.ar 410 moV, we ass ociate themecl with the L. A.
phonon at K with '1 symmbetry and the L.0 Phon'an at K with 7.3 symmtry.
Both these. phonons are near 46 ino(,V for pure Si, and possibly the sift
in energy arise-s from,,, a change in the force constants as well as t1he
difference in m,-ass b)ctwe,,en P and3 Si.

These difference2s between P? and As were general but the strength
of the nodes,, and the shape of the background, could differ- bet-ween
specinc -enFe prepared in different ways, with different values of doenlg.
Figure 3 shows a case of injection into Si:P1 where d2 I/dy 2 becomes
negative; this cppeared, due to beoth strong Phosphorus enhancement and
strong f sea ttering near 50 meV. This junctio-n also showed evidence
of oscillations,,psil due to quantum effects, (when the miodlulation
voltage was low) , previously observed in metal-metal contacts (Jensen
et al. 4) .It is not clear if these are due to interference effects
betwe~en multiple junctions or diffraction effects in single junction
injection.

The principle features of the phonon spectrum were. apparent at 77K,
an shoe-n f,-r Si :As in t ure 4. It is noteworthy that the 30.5 noV
ninimun; 1w nt as dlom-inant at thin temiperature, possibly absorption
proceseo a ; c nc from the enhanced, density of low energy phonons
incro-i'-e tlSiroran; of conventional intervalley scattering.

Pronn ( tii~- Ltructe ic was o. rvdat high energies ,nd is rurccuLwnedJ
in Vi qirr This 5 tlrii ture eeli, i toa a d ,uble resonan-ce, ecm

relo C c pa dthcs tw.o zire .- ::paratued b-y ruP mov. *r- Ch ealice in

d]2I /dV ,I a finett ci of10 grt t or than the- ehauccedY
1,o o.'t ira-i I 1c e cci cpl i n1g. Thu cnac is ul ike the m:inlimra omm
f- ho 1tretov nd iail.tthat rn ceonliic is

toc ac; etra Ia ;iltc -ci nle t~-tY, teei, i
to a iu y pn:;recce a tou aced cit or hecino

Tb'' ccic--omcheci' n maccn of I he (,]r (t)-on ccs i' roo'c l

I'e thi o!c'ill c of tie. f~1itig 1. a cy c- -c romi va-i '--va
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interactions introducing a small, extra, anisoty(u1)y of the mass, or
possibly, the(, effects of strain on surface plasrmons. This point :s
being investigattod in dLail.
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FIGURE CAPTIONS

1. d2 I/dV2 for electron injection into Si:As at 4,2 K. The principal
phonons are indicated. The g(T.O.) and intravalley (I.V.) phonons
are too close in energy to be separated.

2. d2 I/dV2 for electron injection into Si:P at 4.2 K.

3. d' I/dV' for electron injection into Si:P at 4.2 K. The top curve
showing possible quantum effects was; obtained with a modulation
voltage of 0. 1 mV, the lower curve with I mV. The L and T Ar. phonons
are clear, th.-'e are difcussed in the following paper.

4. d2 I/(IV2 for injection i-ntoSi :AS at 77 K. The A.e L phanon is clear
as is the comination of this with the Q phonon. These are discussed
in the following paper.

5. Structure in d 2 I/dV' attributccd to two plas4mons. The ngs-.itude
of the structure is about a factor of thirty gruater than thle stronnest
phonon produced minimum.
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lb Phonon spectroscopy of aluminiun

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 d 2 1/dV2 against V plot shows
minima corresponding to Af' phonons, Figure 1. The clarity of this
figure, and the generally clear observation of Ap phonons, contrasts
with the reported failure of Af-Ar junctions I.

Inspection of the E-k diagram of At, (for example Harrison 2 ,

shows that there are many possible types of phonon scattering. The
most important processes are, a) between X points; b) between W points,
(W = , 0, 1); c) between U points, (U = 4, , 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 principal phonons involved in these processes
have coordinates, a) (100) - an Umklapp process; b) (0, , ) for both
normal and Umklapp processes; c) (0, 1, 2); d) (0, 0, ), for normal
and Umklapp processes, e) (1, , 0) and (1, 3, 0) for Umklapp proces-
ses; f) (4, 4, 0), Umnklapp 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 A'. phonon dispersion curves 3,
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 rise to the
principal peak in the density of states. There are also two transverse
phonons with the same momentum, T1 at 19 meV and T2 at 25 meV; c) the
(L) phcnon at the K point with energy 29 meV and two (T) phonons, TI,
with a high density of states at 21 meV, and T2 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 should be well
defined. Inspection of the phonon dispersion curves shows th-t the
possible phonon energies for process cy are, 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 weV is identified as the T2 phonon at (12, , 0) . A minimum found
at 17 meV is attributed to the T phonon having coordinates (i1), i.e.
at the r point.

The major features of Figure 1 are clearly associated with the
35 meV I, and 22 meV T photoans. In view of the many subsidiary minima.
and the large niimher of pufnsible phonon combinations, a detailed
analysis of thi(' figure wa:; not perfora (i. As seen in Iigure 1, phonon
coiabinations ire elf rly oL cr'ed. It is not clear why combinations
of 1, phonon5 fadh t abrout y, or why the, T combinations increase
in strength 1(av I T0 mV. The d( aree of electron heating i.ppears
too siall ,t sJnan;a a; Ii 0 jal f(atures of the band ntructul . The
comb nat ior; '.. ~a' ob.'; ! ,rv for mo';t; of the specimens used in this

work, except f:r th.1-tt ued for Pigur, 3 of the preceding section, where
structure wa . nt found p. I;t tie principle L lni imium.

Tho princ iple fi-ntures of the A C olservation were clear at 77 K,
for examnple, th(, A4' sid,) of Fiure 2 in the )rc-vi.ous p:ar; r clearly
.;howf; the 35 r.;V L phonon, and, .i urp2ri..inqly, ir:-; combirat ions with

the, 12 neV Q 6orion thoug(ht responni),! e for ,sca t c rilng n(-,ir the U point
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It is noteworthy that this experiment has revealed a clearer AC
phonon spectrum than tunnelling iox'-rineonts . Possibly the Af. filament
is ordered by local heating during the formation process, or the
electrons pans through the filament into the evaporated AC before being
scattered back.

REFERENCES

I Yansen, I.K., 1974 Soviet Phys. J.E.T.P., 39, 506
2 Harrison, W.A., 1966 Pseudopotentials in the Theory of Metals,

Benjamin New York
3 Gilat, G. and Nicklow, R.M., 3966 Phys. Rev., 143, 487

FIGURE CAPTIONS

1. The plot of d 2I/dV 2 against V for injection into AP. The increase
in low energy structure caused by decreasing the modulation voltage
from 2mV (-) to 0.6 m% (---) is clear. The principal phonons and
combinations are indicated and are discussed in the text. Sometimes
those indicated were minima only at low modulation voltaQes, 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.

Ic Phonon and subband spectroscopy of silicon

inversion layers

For this work MOSFET's were fabricated on the (100) surface of
10 0 cm p type Si, (NA  2.1015 cm "3) . A filamentary contact was
formed between the AC gate and the Si through 800 A of thermally grown
SiO2 . In order to sustain an inversion layer without applying a
voltage to the gate, the Si02 was contaminated with Na+ ions before
evaporation of the Al. The Na+ was drifted to the Si-SiO2 interface,
and the device was cooled to 77 K to freeze the Na+ 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+ occurred and the carrier
concentration could not he defined more accurately than 2.5 ± 0.5 x 10)2 cm •.
Although the Si is p type, Ep at the Si surface is in the conduction
band tail, and so a barrier does not exist between the Ar and the
inversion layer.

It was found that at 4.2 K the resistance of the inversion layer
in series wi t h the! contact \Ja., too 'hi.rjh for Trvaningful meas'a-rements
to be taken. Consequently the er periHment was performed at 7'i 1, where

.. ------- m ow
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tile resi stance was considerably lower. A number of minima were found
on tile (CI2 T/dV 2 versus gate voltago plot far injection into the inversi on
layer; tile principal L minimum was clearl y observed for injection into
the A..

Before considering the phonon spectrum-. in the inversion layer, we
first briefly discuss phonon Escatteringq in this system. Thle iniversion
layer differs from bulk Si in that the degoneracy of the vallerys is
lifted by the strong surface field. For the (100) surface, the ground
state, Eo, is formed from the two valleys with heavy mass perpendicular
to the interface; there is also a series of excited states ass;ociated
with these two valleys, El, E2 1 E 3 --- . In addition, another lridder
of energy levels is associated with the other four valleys which have
light inass normial to the inter-face, L 0, El', E 2' . Andol has
found that E lies close to E3

Intervalley scatt-ring in the twofold degenerate levels i s by g
phonons. As there will be a sharp threshold for this process, it is
observable despi to the genc-ral backg.round of intervalley scattering
imposed by the absenrce of inole,)nLuir conservation at the interface. For
intrasubband transit-ions, the !iility is net affected by direct
scattering -.Iong the, major ( 101-) axis. How'-ver, in sy.ste-ms with small
k F1 phon-,n; very closec to the q snerqy wi1l s-cattcr effectively. As
the energy of tas I- 4irectc-d el-clrons incurease-s we would expect to
observe g seattorin-i in 1-, follovwed b--y g scattering in Ei. an,' both
g and f scatterinog in LQ as wcell ais J- scattering beotweeni r andbt

EOand E, P Sca-ttr ri rig bewe sbbands forne-d from thec same set of
valleys i s- forbidden i-, the zeroth order 2 . Scattering across the Fermi
surface by long wavA-ength phonons will noL be observed.

The minimra in d 2 1/d V 2 as a function of V were found and ide-nti fled
as part icular phonons. However, two weak minima were found which could
not be asrbdto phonons. If these were identifie:1 as the bottom
of new subbands, a whole new ph-)non zeries followed in a rational way.
These minjima were at 29 meV and 55 meV. The energies are above the Si
Fermi level, which cannot be ascertained directly due to a lack of
precise knowledge of carrier concentration. Ignoring the existence
of band] tailing, and assuming a carrier concentr-ation of 2.5 40.5 x 1012,
we find that E F is roughly 12 meV. Thus the subbandis are 's, 41 no V and2
'5 67 muV above th( bottom of Ec. These energies appojcir too giroat for

IF- E I arid 12- Eo1 for the value of subst~rate doping. In fact
the phonon spectrum suggested that the subbands are Eo' an1d L . This
was not s,;rprisingj as E0 only gave one reasonable inuinmin - the 65 meV
g phonon. The details of El and E 2  appear lost in the co-mplex s pnctra
of L and V1 -. The cause of the ob. ervato, fwa iiacrsonr
to the .ostof suhlbandcs must be in the greater dens1it;1y of stat(es-
enhancing the probab-ility of ibackscatterirlg by phinn ahesorpt ioni. A
very wea): mi niiuni was identified at % 7 meV, pocsqibl ': tis is duo to
surface (P iyl eigh) pliornons which mray be important ill 6-termini ng the
low tcempera ture Itiobi .11 ty.

Turni,-e now to the detailed rec-uli, tll she'e 'n i.1 It v:--1
bare]ly pc~ Ieto ide nt ify the low oecq~ p;honon - 1 ouqh0 tho '65 me\'
g phonon was, cle ar. A :i ni-i was lso *s'!-''ed It (Pr 'Vccrie5rin
to an f phonon. 'Jhi-- could not, arise fr:.-,~ lg o tho F'
banrl, but frer.i elinnesiesLed in to E0  E I' b"r g 1)1 tr, d I Tito
E0 .
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Examitia ties of the phtul 111 se~ries for the subLc-ind £ tart i-n- at
29 m(A' shuws ou1Jra-ll y clcar evidence of f scattr ring, suer"porting
identification cis E T!iu I -e c t ro ns i cil.ating in tis rcs
maiy be scattur( ! wit-i E 1, or into this :Tubb,!anJ from E0 .

The subbu-nd cni~zfniing at 55 may di spilys a coi-,prehJensive phonr.
spectrum, hut it cainnot be directly afxce rtaji ed if this is5 of the E
o r E se r ics . The existence of f scattering is not- consive -;, in
the absFence or- compression experiments, it cannot lie deternei j if
this is inter or int-rasubba,1nd scatrering. However, the strength of

C) I 0' w tentatively

identify this subb)And as E'.

Further minimoa were observed at 128, 133 and 140 me-V, end con-
siderable structure was found at energices greater: than 120 rnev. Due
to tihe complexity of identification, farther analysis was not
performed. These minima may result. from higher subbands, phonesn
combinations or possibly plausmons.

In conclusion, this appears to be a promising t.uchnique for the
investicration of both phonen scattering, which can be clarified b
the application of coiworession, plasmon effects and subbarid sn-cctro-
scopy. In this latter context, it is to be note-d tha--t it is po Ssible
to vary the suhbarid splitting by the application of substrate bias.
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2. A new method) for high accuracy determination of the fine structure
constant bas;ed on quantized Hall rcsistance*

In this section we resnort a new, potentially hi gh-accuracy method
for determinin7g t.he fine-structure constant, aX. The new ar-eroach is
based o~n the f.-,ct that the. dcIC Onerate electron oas in the invorseron
layer of a MOSi'F (ea-xie-ei-odco fieold-effect trans~istor)
is fully quantized -hen the transistor is operated, at helirum
te percAturces and in ai 'I c h17gnetic field of order 1 5 Ti. Tile cdlectri c
field cl no .I toa th8 - 17fcc (gatec field) pro .2nce 5suhSw for
thc met i en nior:: to tl- , - 41cuncluctor-ozi de interf,> so, and the
mragne:.Ac ie 'r pci ace 1a L quanti--,at en of mot-i(en naal to theo
inte-rface. The dcni y of ft a tea' D (E) eel s .i strS of br-odened 6 furic ti ass
minimal overli ap i. *~ tif.- the ;ag!n , field is suff;ic-ic-me11j higioh
Thu nmhili,er of tA*~. Nj , wit in out Isia iewel 'S C i! ee b

N1 /h()
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whe2re we exclude the :;pin and valley degeneracies. If the density of
the states at 1.he Fermi energy, N (Ep) , is zero, an inversi on layer
carrier cannot ne scatt ered , jid th. can tr of the cycilralsen orbit
drifts in th. ii.reLction 1-ernendicul ar to the (eletctric an,; magnetic
field. If N(E F ) is finite but small, an arbitrarily smil rate of
scattering cannot occur and localization produced by the long lifetime
is the sa,ne as a zero scattering rate, i.e., th-2 same absence of
current-carrying states occurs". Thus, when the Fermi level is between
Landau levels the device current is thermally activated and the minixa
in x5 lNxxin, can be less than 10-7( max.,, Increasinq the ma-,netic

field and decreasing the temperature, further decreases cnrin The
Hall conductivity oyc which is usually a complicated function of the
scattering process, becomes very simple in the absence of scattering
and is given by 2

0 xy = -Ne/B (2)

where N is the carrier concentration.

The correction term to the above relation, A7xv, is of the order
of Gxx/owr, whure w is the cyclotron frequency and T'is the relaxation
time of the conduction electrons; WT >> 1 in strong magnetic fields.
When the Fermi energy is between Landau levels, and Oxxml ln  10-7axx ma x ,

the correction Aaxy/axy<10 - 8 . Subject to any error imposed by Aoxy,
when a Landau level is fully occupied and N = 11Li (i = 1, 2, 3 ... )
0 xy is immediately given from equations (1) and (2):

-Gxy = e 2 i/h. (3)

The Hall resistivity Pxy = -Gxy/(Gxx2+exy2 ) = - xy-lis defined by
EH/j (EH = Hall field, j = current density) and can be rewritten RH/I,
where RH is the Hall resistance, UH the Hall voltage and I the current.
Thus, RH = h/e

2 i, which may finally be written as
5

RH = a-poc/2i, (4)

where po is the permeability of vacuum and exactly equal to 4R x 10
- 7

H m- ', c is the speed of light in vacuum and euual to 299 792 458 m s - 1
with a current- uncertainty of 0.004 ppm and a = -- 7 is the fine-

structure constant. It is clear from equation (4) that a high-accuracy
measurement of the Hall resistance in SI units to a few parts in 103
by means of the so-called calculable cross capacitor by Thompson and
Lampard 5 , the question of absolute units versus as-maintaincd units is
much less of a problm than in the determination of e/h from the ac
Josephson effect. Furthermore, the magnitude of RH falls within a
relatively convenient rangs : RH " (25 813 e)/i, with i typically
between 2 and P,. Finally, we note that if a is assumed to be known
from some oth.r exp(erjment (for cxarple, from 2e/h and the proton
gyromagnot 1c ratio y p) , equation (4) may be used to derive a known
standard resistance.

Two well-known corrections in the low-field hll effct become
unimport;i it. Ti, firnt is the correction due L, t !h :;hcrtj iq of the
Hall voltage ,, the source and drain contc1:;7 . 'hi.s is i 'sor tart at

low fielcsa for ]' I .with length- o-widt ati' , L/W, ].:-. th'in 'I,
but J)(co::,(,:; I, 'a ,i :' tue li( I na aI' I c ( i. < , ci . C , (&xx
The second corr(l tion \:ich',cemr uninip or ta t is that due to in
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in exact C1-i 1 i Iml I~t 01 th I ~ IY aCrs 1, 1. a l2'trc_ l; 'I c-xact I.. .

Ti.s i s j-2 l(e\ajI t , as the Vol I. ;rC Q drop edlonlth :eIvnia 'ltf

Tn pr np eecarri.-d] out on T. dw,,ic'i t I I a II
oxid~ i i ,- ic'"~(c 10 4f o--00 ie ard 1e(I

ranqian ten TI 25 to L/'W A! 0..5 AL) 1 tr.-rlp L' C:a

oiltile (1,0) Sut. dCc orientation aId3, t Y C 11 7 ,ithe ty;-e stub)- _

ha r)n1it,:i Or tAr eq st vi v of 10 Q) (:l 'Ihc. rc,-,I it

to-so. rat ,re was ti'j r an 1! , 3 cm, io cl irrent fl o] r')het' asor
and draitn a' oulnd 1 hr channel co l e hon " -'1' tLcrg citvioc.- (L/lK
had potent'ial pro1 '-es inl additi on Lo tle 11._ii probe'~s

The mc asured voltage U,. Jti proportijaai to tho re-i.E-Livity
Component r"\ =...Fr + ix z *At gatft vol ragc . 1ci the 14isi
the enlergy (--i. 1ct ina Ili ar 1u~~e jmni boh and pq.. are
ob~serv'". '~- c i a re_,-1 visib). , and au Ia it, d in
Figure 1; the n ' I ue to Lid lifi lic oa: tueC spill. 1C 1 w-al
valley diecgor,(rcy arrc also app'i ont 1h.1 P; Ii voltatj u "car 1v it el.
off at thce Lauo o~1U5cf carrier conia~ntramior;c- whoere r .. C art-
zero. The valuer; ofI 1Ji obtained. in 4.i rc-Lons arc, ix10( god r.
with thr2 prc-dictod2 values, ecueticn (4), if the error due to tha

found that t:he va lue o f UH in1 the71 " ateP %, x u , for cOc:; rt C cuI1u e'11,
indepornjdcnt of saie geomotry and dieti on of mange ticj ed

that cxyO zero.

An area or- po3ssiblIe cr.iticirsn of the th eorotical 04vi of l--

experirnont i a. the role of carrie.rs- %whit ii aj( oa .z ohitsir ,
main Landau I vci ere we do not sri -ify tlie local!J, ti ); mc1
but the presencet of localized carrier-s will ;validiatu 1) In thL.
relation N -- NL and erquation (4) .How'evor, t I e exper i mce' tjl rt. <t
strongjly sugj-'st that such carriers do not Jnval iciatoerate (4) .
Present there v.both theoreticajl aol O\a' ial -Tv~I*--- j,:. of I 1'i

type of l.oc-alizaation 3 , 14 9' -12. Ando2 has Jee t*at, the ci e:tn:,u
in impurity badarising from a.b ort ra,ig urr, c;,, not c-.rih
to the Hall curicnit. whereas the electrons in the 1,ariri_ le.velqC l
to the sanme Hall current as- that obtaine-d wheli(n all tile- c'lrctroia ire
in the ic-vol and canl move freely. Clearly this a roccr s mucrt be ce'eul
examJinud cas an accompaniment. to hi ghly accurate. ilieasur c:iat s of .1
reisrtance.

Foy hi gh-p-ccici on rmeasureme,(_nts we use-d a norma. -l rt sistancoe R
in (,ri es 'a i Llb thec. devicec. The vol tage (iltip, U0 , acrorEs RL andi the2

voll I g's a .1., ind 11 across and aogthe de vite'-;casrca;odwt
hih i:p1;c<vL;e r (_R -2:.) : H TIht rosa stanjce Wal*tsc] hite

i, a' i t' 'Clj s- i ti~t1,hrush' aria
valu(' o' Rc OW9dC( 9/ ai~t 'te .ptittilo of )0(. A\ I *-ral r''1 1 o _r

K1 -- , U 'i I I '~ ie it 'of' "11C, ,';"_Ce is il

OUc tt ol ' t . 1 r "bIa 9

ofi I , i.:' l I r: g ta
-1 '1 h' i t ) i t:'
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" 0.1 0 was (Pe to the limited sencitivitw of the voltieter. v'. eot] I
like to wention that mrost of the samp Ics, (S', . ir I! Y . vi ' ; : .,i:; '
small length-to-width ratio, nvowed a mu)ni as iii tlhe Hal I v .l. :

a function of 'g at gate voL ,1 .::;clo.(se to the .,ft sdj'je of Ih.- 1 '; '1 t(:l.

In Figure 2, this minimum is r latively shallow and has a valt (
6452.87 Q at Vg = 23.30

In order to demonstrate the insens:itivity of the Hall res[, I;
on the geometry of the:} device, measurements on two samples wit th ,
length-to-width ratio of L/1 0.65 and ,/4 25, rcoectlve 1y ,

plotted in Figure 3. The qatL-voltage scale is given in arbitra u

units, and is diffei-ent for the two saniries because the thicki' k-.*' of
the gate oxides atr2 different. A gate voltage Vg I .00 corr(
approximately, to " surface carrier conc(entraticn where the fi -t

fourfold-degenerate, Landau level, n = 0, is compiletely filled. Withi n
the experimental accuracy of 0.1 Q, the sae value for the p1  in
the Hall resia-tance is measurcd. The value for / p753.2

based on the recomriended value for the fine-structure constant" s
plotted in this figure, too. Tile decrcasc of the Hal] resisLa c th
decreasing gate voltage for the sample with L/W = 0.6" arig,
mainly from the shorting of the Hal voltage at the contacts.
effect is most pronounced when the Hall angle becomes sr.,a] er ta.
90o . In the limit of small Pall. angles, the Hall voltage is red.:ccd
by a factor of 2 for the sample with L/W = 0.65. 7

The mean value of the Hall resistance for all samples inve{:jatod
was 6453.22±0.10 C for measurements in the energy gap between the
Landau ) evels n = 0 and n = 1 (corresponding to i = 4 in equation 4)
3226.62:0. 10 0 for measurements in the energy gap between Landau levels
n = 1 arid n = 2 (i = 8), and 12 906. 51 .0 0 for measurements in the en_.r y
gap between the spin split levels with n = 0 (i. = 2) . These res ictances
agree very well with the calcul ated \,l u(,sofh/e 2 i based on the r.ce!ntly
reportedl 1 highly accurate value of a,-] = 137.035 963(15) (0.11 ppm).

Measurements with a voltmeater with higher resolution and a
calibrated standard resistor with a vanishing small teaxeraturc coefficient
at T = 250C yield a value of h/4e2 = 6453.17±0.02 Q corresponding to
a fine-structure constant of u-1  137.0553±0.0004.
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FIGURE CAPTIONS

1. Recordings of the Hall voltage UjI, and the voltage drop betweon
the potential probes, Upp, as a ftinction of the gate voltage k/g at T =

1.5 K. The constant eagnetic field (B) is 18 T and the source drain
current, I, is 1 JIA. The inset, shows a top view of the device '.:ith a
length of L = 100 pin, a width of W = 50 jim, and a distance between tije
potential probes of Lpp = 130 ktm.

2. Hall resistance R 1 , and device resistance, R -), between the t tial

probes as a function of the gate voltage g0 in a region of gate t

corresponding to a fully occupied, lowest (n = 0) I.,ndau level. T1;
plateau in RH bus a value of 6453.3+0.1 0. The geenatry of the de'.i,
was L = 400 p-m, V = 50 aro, and L1 ,, = 130 jIm; B = 13 T.

3. Hall resistance R11 for two samples with dIfferent geometry in a
gate-voltage re-ion V 9where the n = 0 Landau level is fully occei ad.
The recommended value h/4e 2 is given as 6453.204 Q.
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