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GREATLY ENHANCED RESONANT TUNNELING

OF PHOTO-EXCITED HOLES IN A THREE-
BARRIER RESONANT TUNNELING
STRUCTURE
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XU Ping, ZHANG Fei, ZHANG Hao, XIAO Wen-Bo, SUN Xiao-Ming
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Abstract; By integrating a resonant tunneling diode with a 1. 2pm-thick slightly doped n-type GaAs layer in a three-barri-
er, two-well resonant tunneling structure, the resonant tunneling of photo-excited holes exhibits a value of peak-to-valley
current ratio (PVCR) as high as 36. A vast number of photo-excited holes generated in this 1.2 um-thick slightly doped n-
type GaAs layer, and the quantization of hole levels in a 23nm-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 responsible for
such greatly enhanced PVCR.
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Introduction

Resonant tunneling diodes { RTDs) have been ex-
tensively investigated in the last three decades inspired
by their potential use in -high-speed electronics and
multi-valued logic devices. While the characteristic
peak-to-valley current ratio (PVCR) in n-type GaAs/
AlAs and InP-based: AllnAsSb/InGaAs RTDs already
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reach very high values over 12 and 46 respectively even
at the room temperature \''* | p-type GaAs/AlAs RTD
only reveals PVCR close to 4 at 15K ©*~*) due to a con-
siderable mixing between light-hole (LH) and heavy-
hole (HH) states. On the other hand, although, the
roles of photo-excited holes in n-type RTD structures
has been addressed previously in the context of photo-

luminescence ( PL) behaviors of RTDs!® , and very re-
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cently has been employed as a scheme for single photon
detection'’?. However, an excellent hole-resonant-tun-
neling characteristic with a reasonably high PVCR has
been seldom reported.

In this paper we report on the greatly enhanced
resonant tunneling of photo-excited holes in n-i-n tri-
ple-barrier resonant tunneling structures. By deliber-
ately extending the thickness of a weakly doped n-type
GaAs buffer layer to 1. 2pm on the collector side of
RTD, a PVCR of 36 has been reached for the hole-res-
onant tunneling under low illumination intensity at
15K.

1 Experiment

For experiments, specially designed heterostruc-
tures have been grown by molecular beam epitaxy
(MBE). A 500 nm-thick n*-GaAs buffer layer, Si-
doped to 1.0 x10® ¢cm ™, was first grown on n” -type
(100) GaAs substrate, and then followed by a 1. 2 pum-
thick GaAs layer, Si-doped to 1.0 x 10" cm ~* ( sample
1) or a 20 nm-thick undoped GaAs layer ( sample 2).
The undoped three-barrier, two-well structure was con-
structed in growth sequence by a 2. Snm-thick AlAs
barrier, a 7. S5nm-thick GaAs well (central QW) , a
5.0nm-thick AlAs barrier, a 23nm-thick GaAs well
(incident QW) , a 5.0 nm-thick Al,,Ga, (As barrier,
and a triangle-like Al _Ga, __As barrier with the mole
fraction x graded from 0.4 to 0.2 over a thickness of
35nm. The top contact layer consisted of a 100 nm-
thick n* - Al,, Ga, ; As layer, Si-doped to 1 x 10"
em™, a 100 nm-thick n* - Al,, Ga, ; As layer, Si-
doped to 4 x 10" em™, and a 50 nm-thick n*-GaAs
cap layer, Si-doped to 4.0 x 10" ¢cm ™. The sample
was processed by standard photolithography techniques
into rectangular mesa (650 x 350pum’), and n-type
ohmic contacts were separately applied to the top and
back contact-layers. By evaporating and subsequently
alloying a rectangular Au/Ge/Ni contact pattern onto
the cap layer, the top contact was formed with a square
aperture (200 x 200pm?) left for the optical access.
The back contact was made by evaporating and alloying
Au/Ge/Ni to the n* -type GaAs substrate.

For the measurement, the sample was mounted on

the cold finger of a variable-temperature closed-cycle
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Fig. 1  Current-voltage characteristics measured under dark
and the laser irradiations of different two wavelengths of 820
and 840 nm
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helium cryostat and cooled to ~ 15 K. A cw-Ti:sap-
phire laser with the wavelength tunable between 820
nm and 840 nm was used for photo-excitation. A Hew-
lett-Packard 4140B f)A meter was used to measure the

I-V characteristics of the samples.

2 Results and Discussion

Figure 1 shows the I V characteristics of the sam-
ple 1 measured at 15 K under reverse bias ( referring to
the top contact being negatively biased with respect to
the bottom contact). In the absence of laser irradia-
tion, electrons from the top contact layer are allowed to
flow over the first triangle barrier into the first well,
where electrons first cascade down to lower-lying sub-
bands before they escape out of the incident well by
tunneling through the DBS in down-stream direction.
The schematic of energy band profile of the structure is
depicted in figure 2.

In the dark condition, the main resonant current
peak, appearing at about -3. 3V in figure 1, is unam-
biguously assigned to the resonant tunneling between
the ground subband (E,;) in incident wide QW and
that in the central QW (E/) (see figure 2). The wea-
ker current peak on the lower bias side (-1.8V) stems
from the resonant tunneling between E, and E' subba-
nds due to the partial filling in E;subband by injection
from the emitter. When the samplel is illuminated by
820nm laser irradiation with its photon energy just
larger than the GaAs band gap, a new resonance peak
appears at about 0. 35V, significantly below the peak

positions of the resonant tunneling for both E,-to-E’,
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holes in a three-barrier resonant tunneling structure

Fig.2 Schematic of the band-edge profile of the device under
reverse bias
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and E,-to-E{. However, no such peak shows up under
840nm laser illumination, the photon energy of which
is smaller than the GaAs band gap. The I-V curve un-
der 840nm laser illumination essentially coincides with
that under the dark. This observation clearly indicates
that the appearance of the new tunneling peak under
820nm laser irradiation is closely related to the photo-
excited holes in 1. 2um-thick GaAs layer and their res-
onant tunneling through HH’, subband in the central
well.

To provide further evidence, the I-V characteris-
tics of the sample 2, in which a 20nm-thick undoped
GaAs layer replaces the 1. 2pum-thick GaAs layer on
the collector side, have been also measured with and
without 820nm laser irradiation ( not shown). No dis-
cernible difference in the I-V 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 smaller in the case of sample 2 **7,

The I-V characteristics of the sample 1 have been
measured in figure 3 under different illumination inten-
sities (dark and 23. 7nW, 237nW, 2. 37, W 820nm-
laser-irradiations ). When the illumination intensities
are below 237nW, the peak current of the hole reso-
nant tunneling increases very rapidly with the irradia-
tion power, while the current peak from the electron

resonant tunneling remains almost unchanged. That is
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Fig. 3  Current-voltage characteristics measured at reverse
biases under the dark and 820nm laser irradiation with dif-
ferent power, the magnified portion in the inset show a
PVCR of 36 under 23. 7nW illumination
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Fig.4 The dependence of peak hole current on the illumina-
tion intensity of 820 nm-laser light
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also in consistence with the picture for the occurrence
of the resonant tunneling of photo-excited holes in low
bias range. As the illumination intensity is raised a-
bove 2. 37uW, the valley current between the hole
peak and electron peak is increased due to the flooding
of accumulated photo-excited holes near the collector
barrier over the triangle Al, Ga,  As barrier as seen in
figure 2. Eventually, the hole peak completely domi-
nants over 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. 7nW illumination as seen from
the magnified portion in the inset of figure 3. Al-

though, the resonant tunneling of photo-excided holes
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has been previously reported'® ). To the best of our
knowledge, a PVCR as high as 36 has not jet been ob-
served for the hole resonant tunneling. Obviously, as
an optical absorption medium, the 1. 2um-thick n-type
GaAs layer can provide a much large number of photo-
excited holes that are swept to the vicinity of the collec-
tor as the vast source for hole tunneling. This greatly
enhances the peak current of the hole tunneling. Fur-
thermore, the quantization of hole levels in the 23nm-
thick GaAs quantum well plays a role of the energy fil-
ter that further helps to enhance resonant peak current
and depress the valley current, leading to a high
PVCR. An estimated hole level-ladder in the 23nm-
thick GaAs quantum 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,_, As barrier, the men-
tioned energy-filter-effect losses, and the holes start to

flood over.
3 Summary

In a three-barrier, two-well n-type resonant tun-
neling structure integrated with a 1. 2um-thick GaAs
absorption layer, the resonant tunneling of photo-excit-
ed holes exhibits a PVCR value of 36. Such greatly en-
" hanced PVCR has been attributed to the following two
mechanisms: 1. a large number of photo-excited holes
generated in this thick absorption layer are swept to the
vicinity of the collector, and become a vast hole’ s
source, leading to greatly enhanced peak current of the

hole tunneling. 2. the quantization of hole levels in the

23nm-thick GaAs quantum well on the outgoing side of
hole tunneling out off RTD plays a role of the energy
filter that further helps to enhance resonant peak cur-

rent and depress the valley current.
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