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We hawe studied the currert—voltage characteristis | (V) of ultrasmal area AISb—InAs resonant
tunnelirg diodes (RTDs) with diametes down to 20 nm. Resonanhtunnelirg peals were observed
for all the diodes at room temperature The peak-to-vallg ratio reduce with the decreasing
diamete of the RTD. We found from the diamete dependene of the valley currert tha the
reductian is due to acontributian of the thermall activatel surfa@ currert to the valley current For
RTDs with diametes less than 100 nm, we observé fine structure arourd zem bias at 4 K. They
can be attributad to tunneling throuch zero-dimensiorlastates confinel by a RTD sidewall.
© 1997 American Institute of Physics [S0003-695(97)04015-1

Reducirg the area of verticd semiconducto resonant
tunnelirg diodes (RTD9) is of mud interest becaus the

(vii) 100 nm n-InAs conta¢ layer (n=8x10'" cm™3), and
(viii) 330 nm n*-InAs top conta¢ layer (n=1x10%

reduction makes it possibe (i) to study single-electra tun-
neling ard the Coulonb blockack effect!~3 (ii) to increase
the device densiy on achip using RTD,* ard (iii) to reduce
the capacitane tha determins the cutoff frequency’ Up to
date mog of the researh on smal area RTDs has employed
an AlGaAs-GaAs materid system However when the di-
amete of the AlIGaAs—-GaAs RTD is reducel to less than
100 nm, the contac layers of the RTD are pinched off by the
surfa@ depletion layer inducel by the surfae Fermi-level
pinning in the middle of the bard ggp of GaAs For InAs, on
the othe hand the surfae Fermi levd is locatal just below
or abowe the conduction-bad edge ard no surfae depletion
layer exists® Therefore InAs-baseé RTDs are expecte to
haw no diamete limitation. Although InAs-basd RTDs
hawe been studial for high-frequeng application’ and to
understad the bast physics of tunnelirg affected by band
structure’ no attemp to redu@ the diamete has bee re-
ported In this letter, we repot (V) characteristis of sym-
metric AISb-InAs double-barrie RTDs with diameters
down to 20 nm which is, to our knowledge the smallest
diamete of a RTD tha has eve been reported We will first
focus on the diamete dependene of the pe& current the
valley current and the ratio of thes currents Ther is a
debae abou the origin of the increasig valley currert den-
sity observe for smalle area AlGaAs-GaAs RTDs?>® We
confim tha for AlISb-InAs RTDs the surfae leakage
current is responsitd for mog of the increag in the
valley currert density We also repot fine structure due to
tunnelirg throuch zero-dimensiona(0D) states observe in
di(V)/dV curve at 4 K.

The device layer was grown by molecula bean epitaxy
a 500°C on a (00D-orientel 1x10® cm 2 S-doped
n-InAs substrateThe layer sequene was as follows: (i) 600
nm n-InAs bottam contad layer (n=1x 10" cm™%),(ii) 10
nm InAs space layer, (i) 5 nm AlSb barrier, (iv) 6 nm InAs
well, (v) 5 nm AISb barrier, (vi) 10 nm InAs space layer,
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cm ). Silicon was usel as the dopant Layers (i )—(vi) were
undoped Using electron-bem lithograply with a JECL 50
keV electron-bem exposue system JBX-6000SA and
polymethylmethacryla& resist nonalloy AuGe/Au Ohmic
metallization dots with diametes betwe@& 2000 and 20 nm
were definel on n*-InAs top contact The Ohmic metal
serval as an etch maxk for SiCl,/He reactive ion etching
defining the mesa& in the epitaxid structure The diode di-
ametes were measurd using a scannilg electrom micro-
scope To make contad to the top of the mesa a planarizing
ard insulatirg photoresiswas spwn on the as-etchd sample
ard then etchel badk by O, plasna etchirg to expo® the
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FIG. 1. I (V) curves a room temperatue of three RTDs with diameters of
20, 80, ard 300 nm. Inset Schematt bard diagram of the RTD investigated.
The 2D-subbad energy is obtainel from the calculatio of the transmission
probability for zero bias.
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FIG. 2. Pe currert (O), valley currert (@), ard resonan currert (A) at
room temperatug (a) and 4 K (b) as afunction of RTD diameters The
best-fittel lines Iy, 1, , ard their sum | ,=Igr+1, are also shown Inset:
Peak-to-vallg ratio as afunction of diametersSolid line is calculatel using

(IRT+IU)IIU‘

Ohmic metal A gold conta¢ pad was then evaporatd over
the top of the mesa.

Figure 1 shows | (V)curves of diodes with diametes of
20, 80, and 300 nm. The voltage is applied to the top contact
with respet to the grounda& substrate Currert peals are
observe at room temperatug for all RTDs The peals at
~=*0.25 V are causd by resonah tunnelirg throudh the
loweg two-dimensionkh(2D) subbad in the InAs quantum
well. The resonah voltage decreasgwith decreasig diode
diameter which may be due to astray series resistanceThe
“bumps” observe at =50 mV for all the diodes are inter-
preta as the tunnelirg throuch an InAs I'-point quasibound
stae confined by AISb X-point barriers’

In Fig. 2, we show the diamete dependeneof the peak
currert |, the valley currert |, and the resonantunneling
current defined by Igr=1,—1, a positive bias at room tem-
peratue ard at 4 K. We observe the samne characteristis for
negative bias We found no pinch off diamete for InAs
RTDs The currert componehl gy is well fitted by the func-
tion | gr=Jrr(7$%/4), wher Jgr=2.1x 1P A/m? irrespec-
tive of temperatureTherefore | g7 is attributed to aresonant-
tunneling-curreh component On the othe hand valley
currert |, isfitted by the sum of a bulk currert ard asurface
current, 1,=0J,(7¢%/4)+Iy(m¢), where J,=1.2x10°

2026 Appl. Phys. Lett., Vol. 70, No. 15, 14 April 1997

0.18¢ T T v — T T

o
Y
D
T

o
-
E=N
T

di/dV [uS)

0.12¢

0.10 t
60

FIG. 3. I(V) ard dI(V)/dV curves observe a 4 K of the RTD with a
diamete of 80 nm. Fine structurs observel at approximate} the same
absolue voltage are marked with the sarre letter.

(9.1x10% A/m? and J,=4.0x10 }(5.7x10°2) A/m at
room temperatue (4 K). From this, we know tha (1) the
resonant-tunneling-curreensiyy does not redue with de-
creasiig the diode diameter (2) nat only a bulk currert but
also a surfa@ curren contributes to the valley current and
(3) both the bulk ard the surfae currert are thermaly acti-
vated The peak-to-vally (P/V) ratio decrease with de-
creasig the diode diametey as shown in the insd of Fig. 2.

For AlGaAs-GaAs RTDs this tendeng has been already
observed:® This is due to the increasimy valley currert den-
sity. Ther is, however a debae abou the origin of the in-

creasing the weakend lateral-momentum-conservatioule
due to the Heisenbey uncertainy principle’? and surface-
related phenomenfare topics of discussionFor INAs-AISb

RTDs, we conclude from the resuls (1), (2), and (3) tha the
thermally activated surface current makes the majar contri-

bution towards the increasirg valley currert density At the
diode sidewal surface AISb is damaged by both oxidation
ard bombardmenof ion etchar during the fabricatian pro-
cesswhich would cau® the midband-ga surfae defed lev-

els Becaug InAs has an electrs accumulatig layer at the
surface the hoppirg throudh sudh surfae defed levels
would contribut to the thermally activatel surfa@ current.
Surfa@—phona scatteriig can also cau® sud asurfae cur-
rent.

Figure 3 shows I(V)and dI(V)/dV curves at 4 K for a
RTD with a diamete of 80 nm, which is the smallest-
diamete RTD tha we successfulf measurd at 4 K. We
observd fine structure arourd zero bias The fine structures
are symmetrc in voltage We hawe not observe sud struc-
tures at room temperatue or for RTDs with diametes larger
than 200 nm. The patten of the fine structue was reproduc-
ible for different sample with the sarre diameter We con-
side tha the fine structue is attributed to tunnelirg through
0D states in an InAs well confinal by a RTD sidewall The
spacig betwea the fine structure is 4—10 mV, which cor-
respond to 2-5 meV in energy If we assune tha the lateral
potentid is asquae well potentid with infinite barriea height

ard the well width =80 nm, the energy spacing becomes
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~h2m2(2mf As?) =25 meV. This value is in goad agree-
mert with the experimenthresults The irregula pe& spac-
ing sugged tha the laterd potentid is nat a parabolc po-
tential This would be becaus the electrors in InAs are
confinal not by the surfa@ depletian layer, but abrupty in
an insulator.

In summarythe diamete dependeneof |1 (V) character-
istics of AISb—InAs RTDs with diamete down to 20 nm has
bee studied The peak-to-vallg ratio reduce with decreas-
ing diode diameter The diamete dependene of the valley
currert indicates tha the reductio is due to the thermally
activatel surfae current We also observe fine structures
arourd zem bias at 4 K. The sampk dependene ard the
spacimg in voltage suggestha they are cause by tunneling
throuch the OD stae confinal by an insulato at the diode
sidewall.
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