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Tunneling through InAs quantum dots in AlGaAs  /GaAs double barrier
resonant tunneling diodes with InGaAs quantum well emitters
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Using InGaAs quantum well emitters, AlGaAs/GaAs double barrier resonant tunneling diodes with
and without self-assembled InAs/GaAs quantum @@t have been studied extensively. Because

the energy state of the emitter was lower than the level of the ground state within InAs QDs, the
resonant tunneling was observed clearly near zero bias in all devices. From the results of
bias-dependent photoluminescence and current—voltage characteristics, we obtain unambiguously
the resonant tunneling through the InAs QDs, both controllably and reproducibly2003
American Institute of Physics[DOI: 10.1063/1.1543631

I. INTRODUCTION believe the tunneling through InAs QDs has been achieved

ambiguously.
Discrete energy levels and atom-like behaviors in semi-

conductor quantum dot&QDs) and devices utilizing such ||, SAMPLE GROWTH, DEVICE PROCESS,

properties have attracted much interest in recent yearsAND CHARACTERIZATION

Among the various methods of fabricating quantum dots, -

self-assembly growth of InAs dots in GaAs is the most popu- Th? RTD structure, shown n Fig. 2, was grown on a
! . : 100)n"-GaAs substrate by a Varian Gen Il molecular beam

lar and the simplest way to produce high quality dots ano(

devices. Usually, the experimental studies of the quantizegp'taxy. system. As_lde from the N contact layers, the
. . middlei region consists of a 1.5 nm GaAs/2 ML InAs/3.5 nm
states in the quantum dots rely on optical methods. Recentl

the states in QDs and the transport characteristics were stu aAs well sandwiched between two 7 nmyAGa, As bar-

ied by means of resonant tunneling through the dots. €' and wo 12 nm Y,,Ga, 74As emitters and two 15 nm

These properties are important to both fundamental phySicggngFI)s(\jNitﬁ?hAs szfnaecgrulca:ttﬁgsbult:cv)vrithcoour?Fnilsscgf)sa}rqgitg:r
and nano-device applications. However, in a conventional > P

. . was also grown under the same growth conditions.
double barrier resonant tunneling structure, the ground state .
g 9 The density of the quantum dots was about 4

ner f InAs QDs in r AlAs matrix i lly lower . .
energy of InAs QDs in GaAs or AlAs matrix is usually lower ) o 2™ g e by an atomic force microscope

:Egnut;erz]ee”r;|tterh§2(e;:%nlgvter:,romuaﬁlnt%elt jD_Edlfflchuelt rtg (())?tse Ezjrve(AFM). The measured PL result of the unprocessed sample
gp 9 P with QDs at 25 K shows that the PL peak energy of the

results, therefore, vary from device to device and suffer fro .

the reproducibility problem. It sometimes remains questiorr:]n%j’g‘igﬁi?jg?ﬁ?%:;gﬂ?;B?r;)t(hztri?;ézf l:l)gé;ugeD\sNe
able whether the tunneling comes from the states in QDs, Ov(r\}ént to m'ake sure tEat the eIectronspfrom the emitter can
from other impurity or defect related states.

In this work, we proposed a structure to overcome theresonant tunnel through the ground states of the QDs. After

difficulty mentioned above. In a conventional resonant tun—grOWth’ the RTD devices were fabricated with conventional

neling diode(RTD) with InAs QDs, the emitters are GaAs, lithography and metalization processes. The mesa area for

2 I -
and the barriers are AlGaAs or AlAEsee Fig. 1a)] Because each RTD was 180180 um-. To measure the photolumines

. gence under electric field, we fabricated some devices with
the band gap energy of InAs is so much lower than that or . .
windows on the top metal contact. In those devices, the mesa

the barriers, the quantized energy levels of QDs are lower . . 2
than that of the GaAs emitter. Only a small portion of the?nglwmdow sizes were 32(220 and 186180 ', respec-
inhomogeneous QDs may have energy levels high enough eV
be involved in the tunneling processes. This is easily under-
standable with the help of the flatband diagram shown in Fig!”' RESULT AND DISCUSSION
1(a). In this work, InGaAs quantum wellQWs) were used A. Resonant tunneling through two-dimensional

as the emitters to lower the energee Fig. 1b)] so most of ~ states in well

the IpAs QD§ can be involved in the tunneling processes. Thq temperature dependehtV characteristics of the
Detailed studies by temperature dependeRV measure- prp devices with and without QDs are shown in Fig&)3
ment and bias-dependent photoluminescefitld are pre-  5nq 3p), respectively. Clear negative differential resistances
sented in the following. From the result and discussion, W&NDRs), which are due to resonant tunneling through the
quantum well states in the middle layer, were observed in
dElectronic mail: cplee@cc.nctu.edu.tw both samples even at room temperature. Comparing Figs.

0021-8979/2003/93(5)/2952/5/$20.00 2952 © 2003 American Institute of Physics
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FIG. 2. Layer structure of the samples studied.

()

ture is lowered, the peak current decreases as the temperature
is lowered, and the PVCR has a maximum value at around
150 K. This result is an indication that the NDRs in theV
curves are due to resonant tunneling from the excited states
in the emitter, as suggested in Ref. 7. Because the electron
population in the excited state increases with device tem-
perature, the peak current drops as the temperature decreases.
The PVCR, on the other hand, depends on the peak current
and the carrier scattering, which is reduced when the tem-
perature is reduced. Combing these two effects, the highest
PVCR occurs at a medium temperature. We have theoreti-
cally calculated the energy states in the InGaAs QW emit-
ters. Indeed there are two confined electron states in the well.
The ground state and the first excited state locate at 52 and 5
InAs QDs meV below the conduction band edge of GaAs.
- To understand the states contributing to the NDRs, we
FIG. 1. The flatband diagrams for the conventiofe@| and proposedb) also measured the photoluminescence of the device with
structures of the resonant tunneling diodes with QDs. QDs under an external big_g_:igure 6 shows the measured

PL spectra under a 10 mW excitation powefTat 25 K. At

zero bias, three PL peaks originated fram-GaAs, InAs
3(a) and 3b), we see that the overal-V curves are very QDs and InGaAs QWs are observed. When the device is
similar, except that the resonant peaks of the device witlpositively biased(meaning the electrons enter the device
QDs occur at lower biases. Similar phenomena have beeimom the substrate sigiethe signal from the InAs wetting
observed in Ref. 4. This result can be understood with théayer (at around 850 ninappears when the voltage is above
help of Fig. 4. Because of the presence of the wetting laye0.3 V. When the device is negatively biased, however, no
(WL), the lowest two-dimensiondRD) state in the well re- signal around 850 nm is observed. The difference comes
gion shifts downward. So the resonant tunneling happens ditom the asymmetry in the barrier structure for the wetting
smaller bias voltages for the devices with QDs. Based ottayer. As shown in Fig. 2, the GaAs layer belgabove the
simple calculations, for the sample without QDs, there isInAs layer is 1.5 nm(3.5 nm). So, when electrons come from
only one confined state in the well and the resonant tunnelinthe bottom sidépositive biag, it is easier for the electrons to
is caused by this state. But for the sample with QDs, there itsunnel through the barrier and accumulate in the 2D state in
an additional state in the thin wetting layer and so the resothe wetting layer as compared with the case when the elec-
nant tunneling occurs at a lower bias voltage. trons enter the well from the top electrode. As a result, the

In order to understand the source state in emitters tha®L signal from the wetting layer state is reduced when the

contributes to resonant tunneling, we analyzed the temperalevice is negatively biased. Besides the InAs wetting layer
ture dependence of peak-to-valley current rafiRVCR), emission, the emission peak from the InGaAs emitters
peak current I(;), and valley currentl(,) for the NDRs. (around 960 nmis also not symmetrical in the spectra
Both samples with and without QDs have similar charactershown in Fig. 6. When the device is negatively biased, the
istics. Figure 5 shows the result for a device without QDs.InGaAs emission peak broadens on the higher energy side
Unlike the conventional RTDs where both the peak currenind merges with the PL signal of QDs. Because the thick
and the peak-to-valley current ratio increase when temperaz*-GaAs contact layefabout 600 nmabsorbs most of the

InGaAs E
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FIG. 3. Temperature dependdnrtV characteristics of the RTDs with QDs

(a), and without QDgb).
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higher energy side is observed. On the other hand, when the
device is positively biased, the upper InGaAs QW becomes
the collector and the higher energy state is unoccupied.
Therefore, the InGaAs emission peak is only due to the
ground state in the QW and the PL signal becomes narrow.

B. Resonant tunneling through QD states

If we lower the measurement temperature and expand
thel -V curves near zero bias, we can see a very interesting
difference between the sample with and without InAs QDs.
Figure 7. shows the differential resistanat\(dl) of two
samples at 32 K. A very clear dip near zero bias is observed
in the curve of the sample with QDs. This result is observed
in all devices with QDgsee inset of Fig. 7 However, for
the devices without QDs, such a feature is never observed.

incident light from the pumping laser, the emission from the
upper InGaAs QW is stronger than that from the bottom
InGaAs QW. When the upper electrode is negatively biased
electrons fill not only the ground state but also the excited
state in the upper InGaAs emitter, so the extended tail on thi

E,(GaAs QW) T “\ _
3
)
/ E, -y
[7:]
N 5
e
-
a
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FIG. 4. Schematic band diagram for the 2D state lowering due to the inserFIG. 6. Bias-dependent photoluminescence results of the RTDs with QDs;

tion of InAs layer.

the curves were shifted vertically for clarity.



J. Appl. Phys., Vol. 93, No. 5, 1 March 2003

80

60

dv/di (10°0hm)

0

40}

20 r

T-a2K T ’
= N =100 ; J/V\\ .
_ I\ 2 N |
without QDs\/ \ § 40 A %
20
TR :

\ -0.10

with QDs

005 000 005 014
bias (V)

-0.15 -0.10 -0.05 0.00 0.05 0.10 015 020 0.25

FIG. 7. ThedV/dI characteristics of the RTDs with and without QDs. The

bias (V)

inset shows the characteristics of individual devices with QDs.

S.D. Linand C. P. Lee 2955

without QDs, Fig. 8a), there is only one resonant state in the
well region, located at+76 meV. For our samples, the
energy-voltage conversion factar is about 0.21, which is
calculated by the ratio of the distance between the middle of
INnGaAs QW and GaAs QW15.5 nm and the thickness of
the undoped regio73 nm). Using the factora=0.21, and

the energy difference between the first excited state and the
resonant state in the welB1 me\), we get the NDR bias
voltage being 386 meV, very close to the measured 395 meV
in Fig. 3(b). For the sample with QDs, the flatband diagram
is shown in Fig. &). We can estimate the energy levels for
InNAs QDs and InAs WL using the measured PL peaks of
1348 and 1458 meV from the zero-bias PL spectrum in Fig.
6. The energy level of the WL state can be calculated accord-
ing to Grundmann's worR.On the other hand, from our
measured AFM image of the uncapped QDs grown under the
same conditiorinot shown herg the base and height of the
QDs were about 20-25 and 2.0—-2.5 nm respectively, close to

So clearly, the dip in the differential resistance is a result ofne |ens shape calculated by Williamson, Wang, and Zunger
resonant tunneling through the InAs quantum dots.

We have calculated the energy states for both structureg g _ and AE, for QDs is about 50%. So we can obtain the

The result is shown in the flatband diagrams in Fidga) 8nd

in Ref. 9. Based on their calculated result, the ratio between

energy levels of QDs and WL at approximately 85 and 12

8(b). The level of zero energy is aligned with thg conductionmev below the conduction band edge of GaAs, respectively.
band edge of bulk GaAs. There are two states in the INGaAgom the flatband diagram in Fig(t8, we can see that the

QW emitters, located at 52 and—5 meV. For the sample  gnergy level off; in the InGaAs QW emitters nearly aligns

300 T ‘
(a) without QDs
200 + +76 meV
100 + y
S -5 meV
E o =
Lt 0
-100 N
-52 meV
-200 | InGaAs InGaAs
-300 . : " . . ‘ .
0 10 20 30 40 50 60 70
d (nm)
300 . T
(b} with QDs
200 -
after charging -12 meV (WL)
100 [ x
3 1,1
g o NG
w - ‘r
-100 | T
-200 \
-85 meV (QDs)
-300 . . . : . . s
0 10 20 30 40 50 60 70
d (nm)

FIG. 8. Calculated flatband diagrams for the RTDs without Q&s and

with QDs (b).

with that of the InAs WL state. However, from Fig(a3, we

can see that the NDRs from the tunneling betwé&gnand

WL occur at about 195 mV. This is understandable if we
consider the charging effect in the well region. The addi-
tional space charges in the well region lift up the states in the
well. Using the conversion facter and the NDR voltage, we
estimate the uplift energy to be as large as 48 meV. As shown
in Fig. 8b), including this lift in QD states, the energy level
of InGaAskE, state is about 15 meV below the QD states, as
indicated with the lower dash line. So, it is why the resonant
tunneling from InGaAsE,, states through QD states is ob-
served near zero bias, as shown in Fig. 7.

As stated above, the charging effect in QDs lifts up the
states’ level in the well region. The exact lift-up energy and
the band diagram need self-consistent calculation consider-
ing the tunneling probability, capture rate, and exact location
of electron distribution and wave function of QDs, that is out
of the scope of this article. However, if we consider the
charging effect by a capacitor model, the dependence be-
tween charging density in the well region and the voltage
difference between QDs and the InGaAs QWs could be es-
timated easily. The electric field between the layer of QDs
andn*-GaAs isqo/2¢, whereq is the electron charge; is
the sheet density of charging electrons in well region and,
is the effective dielectric constant. With the distance between
the QD layer and the InGaAs QW#$5.5 nm), to build up a
voltage difference of about 48 meV, which is extracted by
NDR location, the sheet density of charging electrons has to
be as large as»4 10 cm™2. It is about one order of magni-
tude larger than the QD density. This estimation shows that
the most of charging electrons occupy the WL stgtsout
80%, assuming two electrons in each QD and there should be
only one confined zero-dimensional state in conduction band
for our QD3. It also explains the insensitivity of this charg-
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