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Observation of resonant tunneling through single self-assembled InAs
guantum dots using electrophotoluminescence spectroscopy
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The resonant tunneling through single InAs quantum dots embedded in an
n-GaAsf-Alg ;Ga g AS/N-GaAs diode has been studied by using microscopic
electrophotoluminescence spectroscopy. Many sharp luminescence lines which originated from
single quantum dots were observed by injecting resonant electrons from the emitter to the dots. Bias
dependence of a single luminescence line was investigated. The peak intensity showed triangular
dependence which was similar to the current—voltage characteristics of electron resonant tunneling
from three dimension to zero dimension. When the bias voltage was increased, the peak energy
slightly shifted to a lower energy indicating the existence of Stark effect, and the linewidth slightly
increased. The higher the luminescence energy was, the broader the linewidth was. This result
agrees with the calculated resonant level width. The lifetime of resonant states was estimated to be
2.4-27 ps for luminescence linewidth of 250—22V. © 2000 American Institute of Physics.
[S0021-897€00)04009-3

I. INTRODUCTION Il. DEVICE STRUCTURE AND EXPERIMENTAL
DETAILS
Resonant tunneling phenomenon in double barrier semi-
conductor heterostructures has received much interest be- The device used in this study is a single-barrier
cause of its importance for both fundamental physics and-GaAsi-Alq 358 ¢As/n-GaAs tunneling diode, where
ultra-high-speed electronics, since it was proposed by TsIpAs self-assembled QDs were embedded at the center of the

et all* These studies have treated resonant tunneling Vigarrler. The epitaxial layer structure is shown in Table I. It

. . . was grown by MBE on §100)-orientedn*-GaAs substrate
- I t hich f -
two-dimensional bound states which are formed by conven n*—5x10% cm-3). The growth rates were 0.8 and 0.04

]Elot? ?l iplta;(.lafi met?t:ds. Rectently,dlt ?asDbecorT:E possible t L/s for GaAs and InAs, respectively. The arsenic-beam
abricate high-quality quantum dot¢QDy with zero- equivalent pressure was K40 ° Torr. The growth tem-

dimensional bound states by usIng self-assembled phenom a4 re was 530 °C for the resonant tunneling structure be-
enon in strained layer epitaxy’® Resonant tunneling yeen bottom and top spacer layers and 630 °C for the other
through the zero-dimensional bound states of such self- a3ayers. After the deposition of 1.8 ML InAs, a growth inter-
sembled QDs has also been attracting much interest from gyption of about 40 s was included to form self-assembled
physics point of view. There are some reports discussing th;yAs QDs by the Stranski—Krastanov mode. The formation
electric characteristics of resonant tunneling diodes in whiclwas confirmed byn situ refractive high-energy electron dif-
self-assembled InAs QDs are sandwiched by AlGaAs offraction(RHEED) observation. The RHEED pattern changed
AlAs barriers!'~1*The current peaks due to three- to zero-from streaky to spotty during the growth interruption.
dimensional(3D-0D) tunneling® and spin splitting under To characterize the QDs, atomic force microscopy
magnetic field> **have been observed in the current-voltage(AFM) and PL were used. AFM imaging was performed on
(1-V) characteristics. the sample whose growth was terminated after depositing the
In order to investigate carrier transport behavior in thelNAs layer. It allowed us to estimate the height and diameter

QDs of the diode, we employed a novel approach, microof QDs as 1.5-3.0 and 20—40 nm, respectively, and the den-

; 1 am—2
scopic electrophotoluminescenge-EPL) spectroscopy, as a sity as 1.0-1.8 10" cm *. A sample for PL spectroscopy

way to detect resonant tunneling through single QDs. It meay 2> 9rown under the same condition as our QD tunneling

sures microscopic photoluminescence-PL) under bias device but has a thicker Gz, eAs barrier(100 nm. The

I Thi cle | ed ol Section Il d macroscopic PL spectrum is shown in Fig. 1. The spectrum
voltage. This article Is organized as follows. Section € exhibits two structures; a broad line from 1.4 to 1.7 eV with

scribes the device structure and experimental details of thg aximum at 1.6 eV and relatively narrow peak at 1.8 eV.
u-EPL spectroscopy. The experimental results are discusseghe former and latter are attributed to InAs QDs and wetting
in Sec. Ill. The bias dependence of EPL spectrum at wideayer, respectively. Because the QD emission line overlaps
energy range is shown. Finally, focusing on a single lumi-GaAs band gap energy and has a maximum about 100 meV
nescence line, the bias dependence of the peak intensitsbove, it would be predicted that many QDs come into reso-
peak energy, and linewidth are discussed. nance by applying bias voltage.
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TABLE |. Epitaxial layer structure.
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C T T T |v . (V)—
bias
Layer name Composition Doping (c®)  Thickness(nm) = : v, Y 1.0
" | v .
Collector contact n*-Ing {GayAs 1x10'° 30 2 [h | v " 82
n*-InGa _,As 1x10'° 50 S r S :
n+_GaAS 2% 1019 20 o L A ad Vo lealbeal \ 0.7
Collector n-GaAs 1x10Y 200 kS L doubbdasbioi Y 0.6
Spacer i-GaAs 10 Z | 0.5
Barrier i-Alg2dGay g AS 7 5 v 04
Quantum dots i-GaAs 1.8 ML £ T
Barrier i-Alg3dGa 6 AS 7 T r 0.3
Spacer i-GaAs 10 w 0.2
Emitter n-GaAs 1x10Y 200 0.1
Emitter contact  n*-GaAs 5x 10'8 400 i 0.0
Substrate n*-GaAs 5x 108 = -

150 155 160 165 170 175
Photon Energy (eV)

The device was fabricated by conventional phOtOlithOg-FlG- 2. Bias voltage dependgnce of EPL spectrum in wide energy range
raphy, wet etching, metal evaporation, and lift-off processesfrom 1.50 to 1.75 eV. The luminescence group between the white and black

. arrows corresponds to QDs resonating with electron accumulation layer of
The Ti/Au collector electrode was evaporated on the topmiter.
n*-InGaAs to form a nonalloyed ohmic contact having a
window for luminescence measurement. The device area is
100X 100 wn. cence was obtained aft,,—~0 V except GaAs band edge
The diode was mounted on a cryostat with a window foremission at 1.51 eV. Whe¥,;,s was larger than 0.1 V, on
luminescence measurement. The EPL spectroscopy is basgte other hand, many sharp luminescence lines with line-
on the measurement of the photoluminescence from thevidths of 22—-250ueV were observed, indicating carriers
n-i-n diode under bias voltage. Minority holes were excitedwere injected into QDs by applying bias voltage. Even
by the 514.5 nm line of an Ar laser. The laser light was though no structure corresponding to the resonant tunneling
focused on the device surface by an objective lens. Thevas observed in thk-V characteristics of the diode because
w-EPL signal was collected by the objective lens, disperseaf the large number of QDs~10"), we could obtain clear
with a 1 m double monochromator, and detected with aluminescence signal corresponding to the resonant tunneling
liquid-nitrogen-cooled Si charge coupled device. The measef electrons via single InAs QDs. This is because the issue of
surement was performed at 6 K. The energy resolution of thehhomogeneous broadening in observing the peak-of
spectrometer was estimated to be 2039/. characteristics can be overcome by using the EPL technique
with high energy resolution. This demonstrates the advan-
tage of the present EPL technique.

The EPL spectra were measured in a wide energy region Figure 3 ShOWS the schematic_ band diagram of the
from 1.50 to 1.75 eV, focusing the excitation laser with zosample under bias voltage. At zero bias, only a small number

um diameter on the sample surface at an excitation powe(l’f electrons and holes photoexcited in the thin AlGaAs bar-

density of~3 W/cn?. Such quasimicroscopic spectroscopyrier can drop into the InAs st, resulting in little lumines-
is useful for investigating the spectral distribution due tocence from the QDs. Under bias voltage, on the other hand,

inhomogeneity of QDs. Figure 2 shows the EPL spectra apoles excited in the collector layer drift to the AlGaAs bar-

various bias voltages\i,.) of 0—1.0 V, where electrons €' due to electric field and tunnel into the QDs. Electrons
1A . ’
flow from substrate to the top collector layer. No lumines-

IIl. RESULTS AND DISCUSSION
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FIG. 3. Schematic band diagram nfGaAs/-AlGaAs/n-GaAs tunneling
FIG. 1. PL spectrum of InAs QDs buried in a 100 nm AlGaAs barrier. The diode under bias voltage. InAs QDs are embedded in-#hisaAs tunnel
luminescence with energy of 1.4—1.7 eV originates from QDs. barrier. The EPL mechanism is also shown.
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resonantly tunnel into the QDs from the emitter accumula- 1.6527 eV Vs (MY)
tion layer. The electrons and holes in the QDs recombine and L L o0

- =
radiate photons. s e

. . = o A o e A S N
' It should be pointed out that. a group of Iummgscgnce 2 m:;wmsoo
lines between the black and white arrows shown in Fig. 2 S v =
shifts to a higher-energy region with increasiNg;,s, al- 3 ;? 200
though individual luminescence lines show small redshift as 2 A g S =
) . . e B

will be described later. The black and white arrows are there g = ==Y 600
as a guide for the highest and lowest energies of the group of E % &
the EPL lines. The blueshift of the group of luminescence w % =00
lines can be explained by referring to the energy band dia- e
gram of then-i-n diode with InAs QDs shown in Fig. 3. ; : 400
QDs on resonance with electrons in the emitter accumulation 1.645 1.650 1.655 1.660

layer change from large QDs with low-energy quantum level Photon Energy (eV)

to small QDs with high-energy quantum level with increas-fig, 4. Bias voltage dependence pfEPL spectrum in narrow energy
ing Vyias. The black arrows in Fig. 2 correspond to the lu- range from 1.645 to 1.660 eV. Several isolated luminescence lines corre-
minescence lines originating from the QDs whose electronigPonding to single QDs at resonance are observed.

states align with electrons with the highest energy in the

emitter. At zero temperature, the position of the black arroW, o of carriers injected into the QDs per unit time. Because

lc;_orre;pc_)r%ds t%.the emitter Fermi engrgilplhaslsh(_)wn N there are many quantum levels in the valence band of a QD,
1g. ©. The W Ite arrows correspon FO t € IUMINESCENCE,51a5 can tunnel into the QD and rapidly relax to the ground

lines originating from the QDs, which align with the emitter g0 This means that the number of holes in the QD ground
conducu_on band edgE_c. Each _QD comes mt_o_resona_mce state would be regarded as independent of bias voltage. On
successively by changing,s. This means that itis possible o other hand, the number of electrons injected into the QD

to select QDs on resonance by choosWg,s. The Fermi  g.0nq1y depend on bias voltage because each quantum level
energy of emitter triangular potential is estimated to be abou(t)f electrons is separated with sufficient energy due to light

90 meV atVyas=0.4 V from the energy separation between gjacron mass. Therefore, the bias dependence of EPL inten-

the black and white arrows. Wher,,s is larger than 0.7V, gy would be expected to be determined by the bias depen-
the position of the black arrow in Fig. 2 does not change

beyond 1.68-1.70 eV in spite of the increaseVif,s. This

probably reflects the fact that there are little InAs QDs with z ‘ T ‘

energy higher than the position of the black arrows. 5 (a) ]
Many luminescence lines were also observed in the en- £ g _

ergy regime lower than the white arrows as shown in Fig. 2. =

The QDs corresponding to these luminescence lines were at é ]

off-resonance because their quantum levels were pulled = a E

down below the emitteE- by applying largeVy,s. Even & . ST 5~17K

though the details are not clear, some electrons might be 1 65280 frrrsdt e )

injected into the QDs by phonon-assisted tunnetihén- o

other possibility is that electrons tunneled into higher excited = 1.65275 [ () ©CD Channels 4

states of QDs then relaxed to ground states of QDs. These 1

luminescence lines suggest the existence of the sequential 51 65270 ]

tunneling process. Further study will be necessary to clarify ‘2

this point. ;_3 1.65265 ]
In order to analyze resonant tunneling through a single

QD, the observation area was minimized t@.éh by focus- 1.65260 : ettt

ing the excitation laser. Figure 4 shows thg,s dependence 110 E(©

of u-EPL spectra at a narrow energy range of 1.645-1.660 3

eV. Several isolated luminescence lines corresponding to = 100¢ ;

single QDs that were on resonance were obtainéd g of g 90 F /\M ]

0.4-0.9 V. This indicates that it is possible to study resonant 2 8ot ]

tunneling through a QD by observing a single EPL line. Fo- - §

cusing on a single luminescence line at an energy of 1.6527 (A '

[0 o N

eV, theV,;,sdependences of the peak intensity, peak energy, :5"7) 500 550 600 650 700 250 800 gg)
and linewidth are summarized in Fig. 5. Voltage (V)

The EPL intensity gradually decreased after showing a . {tage dependencesiafpeak - d

: : : : FIG. 5. Bias voltage dependence peak intensity(b) peak energy, an
maximum at 610 m.V as ShOV\{ﬂ N Flg((fb. The behavior (c) linewidth of a single EPL line of 1.6527 eV. The calculated/ char-
can be understood if we consider the 3D—0D electron tunacteristics of 3D-0D resonant tunneling are also shown by broken line

neling. The luminescence intensity is dependent on the numin (a).

Downloaded 18 Oct 2006 to 133.6.32.11. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Ohno et al. 4335

300 ————1——— T 300
OO
250 08 Z’IG h § 250 + _
$ L% 2
g 200 | o £ | i
= &, 5 200
£ bgd © S
o (o]
3 150 F o oo 1 3
g ° o g; > 150 T
= 100 | 8o B - .
Las o € 100} 1
o © «©
sof  SedeB S © oo ] g
e @B e Spectral Resolution) & 50l i
0 P R S | i | I | I
150 155 1.60 165 170 175 ob=—" o

Photon Energy (eV) 0.00 0.05 0.10 0.15 0.20

FIG. 6. Linewidth of various EPL lines vs EPL peak energy. The width is Resonant Energy (eV)

broader for the EPL line with higher energy.
FIG. 7. Resonant energy dependence of resonant level width calculated for

one- dimensional resonant tunneling structures. Resonant energy of the hori-

dence of resonant tunneling current of electrons. The zontal axis is the difference between band edge of emitter and resonant

characteristics in resonant tunneling via single QD are ex-
pressed as follows assuming 3D—0D tunnefihif
Vec™ V for V<Vgc rier resonant tunneling structures with different well width,
assuming a flatband condition and 300 meV conduction-band
offset at GaAs/AlGaAs interface. The calculated results are
B (1) shown in Fig. 7 as a function of resonant energy. Here, the
I=0 for V>Vec, resonant energy is the difference between the conduction
whereVgc andVgg are the bias voltages when tBg andEg band edge of emitter and resonant ledél is broader for
of the emitter align with the quantum level of the QD, re- higher resonant level because the effective barrier height is
spectively,«a is the leverage factoil the absolute tempera- lower for higher resonant level, leading to enhanced coupling
ture, k the Boltzmann constant, argithe electron charge. between the quantum well and contact layers. We can see
The -V characteristics calculated by Ed) are shown by a good agreement between Figs. 6 and 7, suggesting that the
broken line in Fig. Ba) for variousT from 5 to 17 K with a  resonant coupling between QD and emitter/collector layers
step of 4 K. The values used in the calculation w¥ig.  plays an important role in EPL linewidth broadening and its
=0.57 V andVg=0.82 V. a was estimated to be 0.08—0.06 dependence on the collector voltage. If we assliag rep-
at Vpi,s of 450—850 mV by solving Poisson’s equation. Theresents the inverse lifetime of the resonant stat& I ,.J),
Vpias dependence of the EPL intensity is in good agreementhe lifetime of the resonant state is estimated to be 2.4-27 ps
with the calculated—V characteristics at 13—17 K, indicat- for I'gp of 250—-22ueV. If we take into account the effect
ing that EPL intensity reflects resonant tunneling current inof exciton formation, the lifetime will be longer. The disper-
the 3D-0D system as discussed above. Even though thes®n of linewidth in Fig. 6 is not small. This cannot be ex-
temperatures are a little higher than the thermocouple tenplained solely by the resonant width. Even though the reason
perature of 6 K, it is reasonable if we consider that thehas not been clear yet, exciton migration between neighbor-
sample was mounted on a cold finger of a cryostat. ing QDs and the extinction due to transition to the localized
The peak energy slightly shifted to a lower energy withstates associated with QD surface or deféatsight be re-
increasingVyi,s as shown in Fig. &), suggesting the exis- sponsible for the linewidth dispersion. Further study is nec-
tence of the quantum-confined Stark effect. The redshift conessary to clarify this point.
firms that the luminescence originate from electron—hole re-
combination in the dots. The amount of redshift was as small
as about 5QueV because the carriers were confined in a very, symMMARY
small QD. Present results agree with the analysis which was
recently reported by Raymoret all’ The resonant tunneling through a single InAs self-
The Vs dependence of EPL linewidtH'¢p) is shown  assembled QD was studied by usipgEPL spectroscopy. A
in Fig. 5(c). Thel'gp, increases slightly from 80 to 10@eV ~ group of sharp luminescence lines originating from QDs at
with the increase iVy,;,s. In order to elucidate the dominant resonance was observed. The 3D-0D tunneling and Stark
factor contributing tol'gp, , the linewidths of EPL lines of effect were confirmed by investigating the bias dependence
various luminescence energies were measured. The resutif the intensity and energy of the peak of a single QD. The
are shown in Fig. 6. The broken line is a guide for the eyeslinewidth slightly increased with increase in bias voltage,
I'ep, is broader for the EPL line with higher energy. This and EPL linewidths were broader for the lines with higher
suggests the contribution of resonant coupling g, . The  energy. These behaviors are explained by the energy width
widths of resonant levelsI{.) were calculated for one- of resonant level. The lifetime of resonant level was esti-
dimensional GaAs/AlGaAs/InAs/AlGaAs/GaAs double bar- mated to be 2.4—-27 ps for EPL lines at 250422V.
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