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GREATLY ENHANCED

RESONANT TUNNEL ING

OF PHOTO-EXCITED HOLES IN A THREE-
BARRIER RESONANT TUNNEL ING
STRUCTURE
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Abstract: By integrating a reonant tunneling diodewith a1 21 m-thick slightly doped n-type GaA s layer in a three-barri-
er, wo-well renant tunneling structure, the resonant tunneling of photo-excited holes exhibits a value of peak-t-valley
current ratio (PVCR) ashigh as36 A vast number of photo-excited holes generated in this1 21 m-thick slightly doped n-
type GaA s layer, and the quantization of hole levels in a 23rm-thick quantum well on the outgoing side of hole tunneling out
off the resonant tunneling diode which greatly depressed the valley current of the holes, are thought to be regonsible for

such greatly enhanced PVCR.
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Introduction

Resonant tunneling diodes (RTDs) have been ex-
tensively investigated in the last three decades inpired
by their potential use in high-eed electronics and
multi-valued logic devices W hile the characteristic
peak-o-valley current ratio (PYCR) in n-type GaA s/
AAsand InP-based AlIMA sSb/ InGaA s RTD s already
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reach very high valuesover 12 and 46 regectively even
2 p-type GaA s/A A sRTD
only reveals PVCR close o 4 at 15K '* ' due b a con-
siderable mixing beween light-hole (LH) and heavy-
hole (HH) states On the other hand, although, the
oles of photo-excited holes in n-type RTD structures
has been addressed previoudly in the context of photo-

at the roam tanperature

luminescence (AL) behaviorsof RTDS® | and very re-
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cently has been employed as a schane for single photon
(") However, an excellent hole-renant-tun-
neling characteristic with a reasonably high P/CR has
been seldam reported

In this pgoer we report on the greatly enhanced
reonant tunneling of photo-excited holes in n-i-n tri-

detection

ple-barrier reonant tunneling structures By deliber-
ately extending the thickness of aweakly doped n-type
Ga&A s buffer layer o 1 2I'm on the oollector side of
RTD, aPVCR of 36 hasbeen reached for the hole-res-
onant tunneling under lov illunination intensity at
15K

1 Exper ment

For experiments, ecially designed heterostruc-
tures have been grown by molecular bean epitaxy
(MBE). A 500 nm-thick n" -GaA s buffer layer, Si-
doped © 1 0 x10° an”®, was first grown on n* -type
(100) GeA s substrate, and then folloved by al 21 m-
thick GaA s layer, Si-doped o 1 0 x10°an”® (sample
1) or a20 rm-thick undoped GaA s layer (sample 2).
The undoped three-barrier, to-well structurewas con-
structed in growth sequence by a 2 5mm-thick AAs
barrier, a 7. 5rim-thick GaA swell (central QV), a
5 0mm-thick AlA s barrier, a 23mqm-thick GaA s well
(incidentQW), a5 0 rm-thick A L, , Ga, ¢A s barrier,
and a triangle-like Al Ga ., A s barrier with the mole
fraction x graded from Q 4 t Q 2 over a thickness of
35m. The top contact layer consisted of a 100 rm-
thick n* - AL, GasAs layer, Si-doped © 1 x 10°
an”®, a 100 m-thick n* - AL, Ga gAs layer, Si-
doped © 4 x10° an”®, and a 50 rm-thick n* -GaA s
cap layer, Si-doped © 4 0 x 10° an"°.
was procesed by standard photolithogrgphy techniques
inD rectangular mesa (650 x 35 m?), and n-type
ohmic contacts were sparately gpplied to the top and
back contact-layers By evaporating and subsequently
alloying a rectangular Au/Ge/Ni contact pattem onto
the cap layer, the top contactwasfomedwith a square
goerture (200 x 20 m”) left for the optical access
The back contactwasmade by evgporating and alloying
Au/Ge/Ni b the n” -type GaA s substrate

For themeasuranent, the ssmplewasmounted on
the cold finger of a variable-temperature closed-cycle

The sanple
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Fig 1 Current-wltage characteristicsmeasured under dark
and the laser irradiations of different tvo wavelengths of 820
and 840
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2 Reaultsand D iscussion

Figure 1 shows the 1V characteristics of the sam-
ple 1 measured at 15 K under reverse bias ( referring o
the top contact being negatively biased with regpect o
the bottom contact).
tion, electrons fram the top contact layer are alloved o
flov over the first triangle barrier into the first well,
where electrons first cascade dovn o lower-lying sub-
bands before they escgpe out of the incident well by
tunneling through the DBS in down-strean direction
The schanatic of energy band profile of the structure is

In the absence of laser irradia-

depicted in figure 2

In the dark condition, the main resnant current
peak, gopearing at about -3 3V in figure 1, isunan-
biguoudly assigned o the renant tunneling betveen
the ground subband (E, ) in incident wide QW and
that in the central QV (E;) (<eefigure2). Thewear
ker current peak on the lower bias side (-1 8V) sems
fran the reonant tunneling betveen E, and E; subba-
nds due to the partial filling in E, subband by injection
fran the emitter When the samplel is illuninated by
820rm laser irradiation with its photon energy just
larger than the GaA s band ggp, a nenv renance peak
gopears at about O 35V, significantly belov the peak
positions of the reonant tunneling for both E, -to-E'



ZHU Hui, et al: Greatly enhanced reonant tunneling of photo-excited

holes in a three-barrier reonant tunneling structure

83

Fig 2 Scheamatic of the band-edge profile of the device under
reverse bias
2

and E, -to-E;. However, no such peak shows up under
840rmm laser illumination, the photon energy of which
is snaller than the GaA sband ggp. The IV curve un-
der 840m laser illumination essentially coincideswith
that under the dark This observation clearly indicates
that the gppearance of the new tunneling peak under
820rmm laser irradiation is closely related o the photo-
excited holes in 1 24 m-thick G&aA s layer and their res
onant tunneling through HH', subband in the central
well

To provide further evidence, the I~V characteris
ticsof the sample 2, inwhich a 20mm-thick undoped
GaA s layer replaces the 1 24 m-thick GaA s layer on
the collector side, have been al© measured with and
without 820mm laser irradiation (not shown). No dis
cemible difference in the 1V characteristics is found in
the absence and presence of illumination, since both
the photo-generation of the carriers and their modula-
tion on the electrostatic potential profile become negli-
gibly snaller in the case of smple 2 '*°',

The IV characteristics of the sample 1 have been
measured in figure 3 under different illumination inten-
sities (dark and 23 7nW, 2370V, 2 3PW 820m-
laser-irradiations). W hen the illumination intensities
are belov 2371V, the peak current of the hole reo-
nant tunneling increases very rgpidly with the irradia-
tion pover, while the current peak fram the electron
repnant tunneling ramains aimost unchanged That is
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Fig 3 Current-wltage characteristics measured at reverse
biases under the dark and 820mm laser irradiation with dif-
ferent power, the magnified portion in the inst shov a
PVCR of 36 under 23 7rW illumination
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Fig 4 The dependence of peak hole current on the illumi-
nation intensity of 820 rm-laser light
4 820m

of accumulated photo-excited holes near the oollector
barrier over the triangle A I, Ga,A s barrier as sen in
figure 2 Eventually, the hole peak completely domi-
nantsover the electron peak with increasing illumina-
tion intensity Figure 4 plots out the dependence of
peak hole current on the illumination intensity.

On the other hand, the hole tunneling shows a
PVCR of 36 under 23 7rWW illumination as sen fran
the magnified portion in the inset of figure 3 Al-
though, the reonant tunneling of phot-excided holes
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has been previously reported”*”’. To the best of our
knowledge, a PVCR as high as36 has not jet been ob-
srved for the hole reonant tunneling Obvioudy, as
an optical abmption medium, the 1L 21 m-thick n-type
G&A s layer can provide amuch large number of photo-
excited holes that are svept  the vicinity of the collec-
tor as the vast urce for hole tunneling This greatly
enhances the peak current of the hole tunneling Fur-
themore, the quantization of hole levels in the 23rm-
thick GaA s quantum well plays a role of the energy fil-
ter that further helps o enhance resnant peak current
and depress the valley current, leading o a high
PYCR An esimated hole level-ladder in the 23rm-
thick GaA s quantun well is depicted in figure 2 The
highest-lying hole subbands, LH, /HH; (LH, the sec-
ond light hole subband, HH; the third heavy hole sub-
band) , can in deed be taken as such energy filter
Once the energy of holes outgoing from DBR is higher
than the top of triangle Al Ga . ,A s barrier, the men-
tioned energy-filter-effect losees, and the holes start o
flood over

3 Summary

In a three-barrier, tvo-well n-type reonant tun-
neling structure integrated with a 1 24 m-thick GaA s
absmption layer, the resonant tunneling of photo-excit-
ed holes exhibitsa PVCR value of 36 Such greatly en-
hanced PV CR has been attributed © the folloving wo
mechanigns 1 a large number of photo-excited holes
generated in this thick abiption layer are svept o the
vicinity of the collector, and become a vast hole’ s
urce, leading to greatly enhanced peak current of the
hole tunneling 2 the quantization of hole levels in the

23m-thick GaA s quantum well on the outgoing side of
hole tunneling out off RTD plays a mle of the energy
filter that further helps o enhance resonant peak cur-
rent and depress the valley current
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