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P. D. Bucklea) and P. Dawsonb)

Department of Physics, University of Manchester Institute of Science and Technology, PO Box 88,
Manchester, M60 1QD, United Kingdom

C. Y. Kuo, A. H. Roberts, W. S. Truscott, M. Lynch, and M. Missous
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In this article we present photoluminescence and photoluminescence excitation spectroscopy data
from three triple barrier resonant tunneling structures. The spectroscopic techniques are used to
estimate the charge accumulation in both tunneling quantum wells of the devices as a function of
bias. The charging behavior is extremely asymmetrical, with significant charge accumulation only
in the quantum well adjacent to the emitter region of the device and not in the quantum well adjacent
to the collector region, irrespective of the direction of bias. This asymmetry in the charging behavior
is analogous to highly asymmetrical double barrier resonant tunneling structures. However, due to
the two quantum wells present in the triple barrier design it provides a more flexible system to study
charge density dependent effects. We also present evidence for negatively charged exciton
formation in the first quantum well for both directions of applied bias. ©1998 American Institute
of Physics.@S0021-8979~98!04502-2#
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INTRODUCTION

Ever since the pioneering work of Esaki and Tsu se
conductor resonant tunneling structures have been the
ject of a great deal of interest, not only from the pure
scientific view but also for incorporation in commercial d
vice structures.1–3 The main interest has been in double b
rier resonant tunneling structures~DBRTSs! where most of
the effort has been centered around the possibility of exp
ing such structures for high speed device operation,4,5 either
as oscillators and mixers, or as fast switches. A phenome
that can influence not only device operation but is also
interest in its own right is that of charge accumulation
both the emitter and the quantum well. The understandin
this charging behavior is important for the accurate calcu
tion of electric field distributions across the structure and
been used to explain the observation of intrinsic device
stability observed in the current versus voltage@ I (V)#
characteristic.6–8

Optical spectroscopy has proven to be a very fruit
technique for monitoring the charging behavior of DBRT
The first observation of photoluminescence~PL! from the
quantum well of a DBRTS was by Younget al.9 Holes, pho-
tocreated in the top contact region of the device are sw
into the quantum well by the applied field where they reco
bine with electrons injected from ann doped bottom contact
It was shown by Skolnicket al.10 that band filling effects on
the PL line width can provide a direct measure of cha
build up in the quantum well of DBRTS as a function
bias. While Fisheret al.11 demonstrated that PL measur
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ments could be used successfully to probe the charge a
mulation in the two-dimensional~2D! emitter region of a
modified GaAs/AlGaAs DBRTS which incorporated an I
GaAs prewell layer to inhibit the movement of holes aw
from the emitter region.

TBRTSs have, in general, received less attention t
DBRTS. From the device standpoint TBRTS have prov
until now, to have limited advantages over convention
DBRTS. However interest in these systems, where quan
well confined states can be resonantly coupled by the ap
cation of an applied bias, is increasing. A large amount
this interest is generated by the possibility of altering el
tron populations in the quantum wells of the device, creat
the conditions for intersubband lasing, by manipulating
tersubband scattering rates.12 Interest has also been generat
by the possibility of creating multistate logic and memo
devices by exploitingI (V) characteristics that have multipl
negative differential resistance~NDR! regions where the
peak resonant currents are of similar magnitude.13

Continuous wave PL measurements have been use
investigate the subband structure of TBRTS devices, two
amples of which are the observation of cross barrier reco
bination in both unipolarn-type TBRTS,14 and bipolar
TBRTS.15 Furthermore, time resolved PL spectroscopy h
been used to determine carrier transport times thro
TBRTS.16

In this article we present low temperature PL and
excitation~PLE! measurements on a series of GaAs/AlGa
TBRTS with symmetric and asymmetric quantum wel
From these measurements we have demonstrated that c
accumulation occurs only in the quantum well adjacent to
bulk emitter layer, and not in the quantum well adjacent
the collector, irrespective of the direction of applied bia
This observation is in good agreement with the charge ac
mulation calculated using a self-consistent theoretical mo
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,
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 [This a
This charging behavior results in a system more clea
suited for the observation of the effects of charge accum
tion in the quantum wells, and we go on to present evide
for negatively charged exciton (X2) formation in the emitter
quantum well of the TBRTS. This is shown to be unambig
ously associated with charge build up due to the asymme
charging behavior of these devices.

EXPERIMENTAL DETAILS

The measurements were carried out on a series
GaAs/Al0.30Ga0.70As TBRTS structures grown by molecula
beam epitaxy~MBE! in a VG Semicon V90H system at
growth temperature of 580 °C using conventional Ga and
cells and a solid source cracker producing As2. The struc-
tures were grown on semi-insulating GaAs substrates wi
layer sequence as follows:~i! 1 mm thick Si doped (n57
31018 cm23) GaAs buffer layer;~ii ! 100 Å thick Si doped
(n5331018 cm23) GaAs layer;~iii ! 200 Å thick undoped
GaAs spacer layer;~iv! 45 Å thick Al0.3Ga0.7As barrier layer;
~v! 67 Å nominally undoped GaAs quantum well;~vi! 54 Å
thick Al0.3Ga0.7As barrier layer;~vii ! GaAs quantum well of
widths 56 and 48 Å~samples A and B, respectively—
asymmetric quantum well devices!, and 67 Å~sample C—
symmetric quantum well device!; ~viii ! 45 Å Al0.28Ga0.72As
barrier layer;~ix! 200 Å undoped GaAs layer; and~x! 0.5
mm thick Si doped (n5731018 cm23) GaAs contact layer.
This is subsequently referred to as the ‘‘top contact.’’

Schematic diagrams showing the conduction band e
profiles and the lowest confined electron states for both s
metric and asymmetric structures are shown in Fig. 1.
vices were processed by conventional photolithography
a double step mesa with a 80mm380mm active region~top
mesa!. Ohmic contacts were formed on the top and bott
mesas by evaporating AuGe/Ni/Au and alloying at 450
for 30 s by rapid thermal annealing. Devices were moun
on 20-way ceramic packages, and clamped to the cold fin
of a variable temperature~6–300 K! closed cycle helium
cryostat. I (V) characteristics were measured using a fo
terminal technique with a HP4142B source/measurem
system. PL and PLE measurements were performed by
citing through the top contact using light from a chopp
tunable Ti:sapphire laser as the excitation source, and
resultant luminescence was dispersed with a 0.75 m do
grating spectrometer~Spex 1404! and detected by a thermo

FIG. 1. Schematic band alignments for asymmetric and symmetric quan
well TBRTS’s.
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electrically cooled GaAs photomultiplier followed by
lock-in detector. The incident laser power dens
(;100 mW/cm2) was kept at a level which did not signifi
cantly perturb theI (V) characteristics of the illuminated de
vices.

RESULTS

The @ I (V)# characteristic for sample A recorded at 6
is shown in Fig. 2~a!. For the purposes of this discussion w
define forward bias as that which corresponds to the top c
tact being positive. It is important to emphasize that un
forward bias the wide quantum well is adjacent to the emi
layer, whereas in reverse bias the narrow quantum we
adjacent to the emitter. The quantum well adjacent to
emitter layer is defined as the emitter quantum well and
other quantum well in the structure defined as the collec
quantum well. In either bias direction the main resonan
~0.4 V forward bias, 0.42 V reverse bias! are attributed to the
n51 electron state in the emitter quantum well aligning w
a quasiconfined state in the emitter region, formed by b
bending due to charge accumulation at the emitter barr
The emitter quantum welln51 state remains on resonanc
over a relatively large bias range because of charge accu
lation in the quantum well, in a similar manner to the beha
ior of a highly asymmetric DBRTS.17 The n51 state in the
emitter quantum well remains pinned to the emitter state

m

FIG. 2. ~a! I (V) characteristic for sample A~asymmetric quantum well
TBRTS. ~b! FWHM for the E1–HH1~WW! and E1–HH1~NW! PL transi-
tions for both forward and reverse bias conditions.~c! Charge density in the
wide ~m! and narrow~d! quantum wells, deduced from the PL lineshape,
a function of forward and reverse bias.
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 [This a
to an electrostatic feedback process, whereby pinning is
tained because small changes in the applied voltage are
trostatically compensated by a change in the charge accu
lation in the quantum well.18 This charge build up is
demonstrated in the optical measurements described l
The feature at 0.42 V is attributed to LO phonon assis
tunneling processes.18,19 In either bias direction the firs
quantum well state to fall below the Fermi energy of t
emitter is then51 electron state in the collector quantu
well. However, if the emitter quantum well is wide it can fa
below the Fermi energy in the emitter before the collec
state effectively goes off resonance. The features observe
0.2 and 0.18 V in the forward and reverse bias directio
respectively, are attributed to the superposition of the effe
of the collector quantum well resonantly aligning with th
emitter state and the onset of tunneling through then51
emitter quantum well as it falls below the emitter Fermi e
ergy.

The results of PL~solid lines! and PLE~broken lines!
experiments on sample A~asymmetric quantum wel
TBRTS! as a function of forward bias are shown in Fig.
The wide quantum well~WW! is adjacent to the emitter in
the forward bias direction~emitter quantum well! and so is
the first tunneling well of the TBRTS. Figure 3~a! shows PL
and PLE spectra at zero applied bias. No luminescenc
observed from the quantum well region due to the fast
cape of directly photoexcited electrons through the confin
barriers. However, in the PLE experiment, by monitoring t
luminescence from the heavily doped contact region we
observe transitions in both quantum wells associated with
n51 electron (E1) and n51 heavy and light hole~HH1
and LH1, respectively! subbands. The process by whic
these transitions are observed is described in more d
elsewhere.20 The peaks in the PLE spectra are assigned
indicated in Fig. 3~a!, to exciton creation involvingE1 and
HH1 andLH1 states in the NW and WW. The assignme

FIG. 3. PL~solid lines! and PLE~broken lines! for zero bias and a range o
forward biases up to the peak of the resonant current for sample A.
884 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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of the transitions involved is made by comparison with t
results from a square well calculation using effective mas
of mc* 50.067,mHH* 50.34, andmLH* 50.095 for the electron,
heavy hole, and light holes, respectively, a conduction:
lence band offset ratio of 66:34, the nominal quantum w
thicknesses and barrier compositions and the appropriate
citon binding energies.21

Figure 3~b! shows 6 K PL and PLEspectra close to the
onset of resonance~0.08 V! in the forward bias direction
over the energy region where we might expect to observe
from the quantum wells. There are two peaks observed in
PL spectrum at energies of 1.575 and 1.585 eV. The pe
are attributed to excitonic recombination involvingE1 elec-
trons andHH1 holes in the WW and NW of the TBRTS
~labeled E1 –HH1(WW) and E1 –HH1(NW), respec-
tively!. The broad background of luminescence bene
these peaks originates from the heavily doped top con
layer of the device (n5731018 cm23). The assignment of
the quantum well recombination processes is based on
comparison with the PLE spectrum@Fig. 3~b!#. Note that due
to the detection mechanism employed for the PLE meas
ment the spectrum extends to energies below
E1 –HH1(WW) PL peak.

Figures 3~c!–3~e! show the evolution of the PL and PLE
spectra as a function of forward bias up to the maxim
resonant device current~0.38 V[on resonance!. The
E1 –HH1(WW) PL peak broadens with increasing bias u
til at 0.38 V the FWHM is 18 meV. As theE1 –HH1(WW)
PL recombination broadens theE1 –HH1(WW) and
E1 –LH1(WW) PLE peaks weaken rapidly and by 0.14
@Fig. 3~c!# are no longer clearly resolved. The quenching
the E1 –HH1(WW) and E1 –LH1(WW) PLE peaks, and
the broadening of theE1 –HH1(WW) PL peak are both
indicative of the existence of a large carrier density in t
WW. The behavior of theE1 –HH1(WW) PL peak is in
contrast to theE1 –HH1(NW) PL peak which has a con
stant line width~FWHM ;1.8 meV) over the same forwar
bias range, also theE1 –HH1(NW) and E1 –LH1(NW)
PLE peaks remain strong. This enables us to measu
Stokes shift between theE1 –HH1(NW) PL peak and
E1 –HH1(NW) PLE peak which remains consta
~;0.4 meV! up to high bias. The movement to lower ener
of the NW PL peak and PLE peaks with increasing bias
attributed to the quantum confined Stark effect.22

The line shape broadening of the WW PL peak a
quenching of the WW PLE transitions is in contrast to th
observed in the reverse bias direction where the narrow w
becomes the quantum well adjacent to the emitter. PL~solid
lines! and PLE~broken lines! spectra from the same devic
in reverse bias are shown in Fig. 4. The PLE measurem
are recorded using the same detection technique where l
nescence from the heavily doped contact region is mo
tored. The onset of the luminescence in reverse bias occu
20.09 V. Figures 4~a!–4~b! show the evolution of the PL
spectra with increasing reverse bias. In contrast to the
ward bias direction theE1 –HH1(NW) PL peak broadens
significantly~FWHM changes from 2 to 11.5 meV!, there is
also a corresponding quenching of theE1 –HH1(NW) PLE
transitions@Fig. 4~b!–4~d!#. The E1 –HH1(WW) PL line
Buckle et al.
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 [This a
width remains unchanged in reverse bias with a small a
ciated Stokes shift between theE1 –HH1(WW) PL and
PLE transitions. TheE1 –HH1(WW) andE1 –LH1(WW)
PLE transitions remain well resolved up to a bias of 0.42
The measured line widths of theE1 –HH1(WW) and
E1 –HH1(NW) PL peaks are plotted as a function of bo
reverse and forward bias in Fig. 2~b!.

DISCUSSION

The PL line width increase, coupled with the quenchi
of the excitonic transition in the PLE spectra associated w
the same quantum well is evidence for charge accumulat
At carrier concentrations where the exciton transition is
longer observable in the PLE spectrum the recombinatio
assumed to be predominantly free carrier in nature involv
electron states at wave vectork50 up to states correspond
ing to the Fermi energyEf , with photocreated localized
holes.23 The width of the PL spectrum is determined byEf ,
with a fall off in intensity towardsEf which depends on the
degree of hole localization or disorder in the system.24,25The
broadening of the PL peak is therefore associated w
charge accumulation in the quantum well region. We the
fore conclude from Fig. 1~b! that significant charge accumu
lation occurs in the quantum well adjacent to the emit
irrespective of well width, and not in the second quantu
well. Due to the quenching of the exciton transitions in t
PLE spectra at high biases it is not possible to use the en
difference between the energy of the luminescence peak,
the exciton peak in the PLE spectra to determine the ex
of the charge accumulation in the emitter quantum w
However, as an estimate of the magnitude of charge den
we have employed a line shape analysis that has been sh
previously to be successful in quantifying charge build up10

Charge densities were estimated from values ofEf , deduced
from a line shape analysis of the PL spectra. This w
achieved by comparison with a convolution of the lowe
bias PL line shape observable and a Fermi function toge

FIG. 4. PL~solid lines! and PLE~broken lines! for a range of reverse biase
up to the peak of resonant current for sample A.
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with an exponential fall off factor representing the decre
ing oscillator strength for nonwavevector conserving tran
tions.

We have plotted estimated charge densities using
technique as a function of bias in Fig. 2~c!. The maximum
charge density in the NW in reverse bias is;0.8
31011 cm22, whereas the maximum charge density in t
WW in forward bias is;1.231011 cm22. The charge den-
sity drops rapidly in either bias direction as the device go
off resonance, i.e., the respectiven51 electron state of the
emitter quantum well falls below the confined state in t
emitter region.

This charging behavior can be understood by analo
with a highly asymmetric double barrier structure.17 A sche-
matic conduction band potential profile of an asymmet
TBRTS is shown in Fig. 5 for different values of applie
reverse bias. At low reverse bias~narrow well adjacent to the
emitter! the wide welln51 electron state is the first to alig
with the emitter states. However the probability of cohere
tunneling from the emitter directly into the wide well i
small. The NW region together with the confining barrie
can be considered to act as a thick potential barrier@shown as
a shaded region in Fig. 5~a!#. This is therefore analogous t
an asymmetric DBRTS where the emitter barrier is ve
thick and the collector barrier is thin. Any electrons that
tunnel through to the WW can easily tunnel through the c
lector barrier, and so there is no significant charge accu
lation in the wide well at this bias@Fig. 4~b!#. As the reverse
bias is increased then51 electron state in the narrow we
aligns with the emitter state. Electron tunneling can now
cur from the emitter to the NW. However the carrier esca
from the narrow well is now inhibited by the WW regio
which is no longer on resonance with the NWn51 electron
state, or the emitter state. The wide well region now acts
a wide potential barrier to the narrow well confined ele
trons: the total device behaving like an asymmetri
DBRTS where the emitter barrier is thin and the collec
barrier is thick. Thus significant charge accumulates in
NW @Fig. 4~c!#. In the forward bias direction the situation
very similar. As the bias is increased then51 NW electron

FIG. 5. Schematic conduction band diagram of an asymmetric TBRTS~a!
under bias conditions where electrons in the emitter are able to tu
through the WW~collector quantum well!; ~b! under bias conditions where
electrons in the emitter region are able to tunnel through the NW.
885Buckle et al.
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 [This a
state will align with the emitter states, and the device w
again resemble an asymmetric DBRTS with a thick emi
barrier and a thin collector barrier. On a further increase
bias the WWn51 electron state aligns with emitter state
The device resembles an asymmetric DBRTS with a th
collector barrier, and so charge builds up in the WW. T
only difference between reverse and forward bias directi
is the voltage which must be applied to achieve tunnel
into the emitter quantum well. In reverse bias the emit
well is narrow, and so a larger voltage must be applied
align the confined electron state with the emitter electr
than with the wide well in forward bias. Therefore, due to t
increased field across the active region the effective colle
barrier will be greater in reverse bias and should accumu
more charge~with a correspondingly higher voltage at pe
resonant current!. This is supported both by the charge de
sities estimated from the line shape analysis@Fig. 2~c!#, and
from the asymmetry in theI (V) characteristic@Fig. 2~a!#.

This analogy with asymmetrical DBRTS is applicable
all TBRTS where alignment of the two quantum well co
fined states in forward bias does not coincide with alignm
of the states with the emitter. To demonstrate this we h
performed the same spectroscopic measurements on TB
with increased asymmetry between the quantum well th
nesses~sample B! and nominally symmetric quantum wel
~sample C!. The charge density deduced from line sha
analysis for each structure is plotted as a function of N
width in Fig. 6. The charge accumulation in the WW
forward bias remains essentially the same for all th
samples~A, B, and C!, whereas the NW charge accumulatio
decreases as the width of the narrow well is reduced. Th
consistent with the asymmetric DBRTS analogy.

Since charge accumulates in the different wells in
forward and reverse bias directions we can clearly dis
guish charge density dependent behavior from other tun
ing phenomena such as localized impurity tunneling.26 Fig-
ure 7~a! shows a series of PL spectra from sample A ove
very small range of reverse bias. There are clearly two f
tures associated with recombination in the NW. The lumin
cence peak at;1.585 meV remains at a constant ener
over the small bias range displayed. However at 0.13 V

FIG. 6. Charge densities in the wide~d! and narrow~j! quantum wells of
the three TBRTS at the peak of forward and reverse bias resonant cu
respectively.
886 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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second feature emerges at an energy of;1.583 meV, and as
the bias is increased emerges as the dominant feature in
spectrum. By 0.15 V the original peak at 1.585 meV h
been effectively suppressed. This bias range correspond
the onset of significant charge accumulation in the well@see
Fig. 2~c!#. However there is no evidence for any splitting
the E1 –HH1(WW) luminescence spectrum at any value
reverse bias. Figure 7~b! shows a similar series of PL spect
from sample A over a small forward bias range. Two pea
are now observed in theE1 –HH1(WW) PL peak~0.11 V!
with no corresponding feature in theE1 –HH1(NW) spec-
trum. This is effectively the opposite behavior to the reve
bias direction where the double peak is observed in
E1 –HH1(NW) luminescence. The additional PL line is n
observed in the collector quantum well luminescence in
ther bias direction which strongly suggests that this is a p
nomenon associated with the charge accumulation within
emitter quantum well. We suggest that as the energy split
between the two features is;2 meV and that the appearanc
of the low energy feature is associated with significa
charge accumulation that this feature is due to recombina
of negatively charged excitons (X2) as reported in double
barrier devices by Buhmanet al.27

The splitting observed in the luminescence spec
shown in Fig. 7 cannot be accounted for by quantum w
state coupling. The calculated results of a fully se
consistent coherent tunneling model including both the tri
barrier structure and the heavily doped emitter region sh
that the symmetric/antisymmetric splitting, when then51
states cross in the forward bias direction is;1.3 meV. Also,
more importantly, due to the asymmetric nature of the tri
barrier structure, then51 electron states never cross in th
reverse bias direction and as the experimentally obser
splitting is seen in both bias directions the observed splitt
cannot be accounted for by quantum well state coupling.

SUMMARY

In conclusion, we have studied the charge accumula
in a series of triple barrier resonant tunneling structures

nt,

FIG. 7. PL spectra at the onset of significant device current in~a! forward
bias and~b! reverse bias.
Buckle et al.
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 [This a
these structures charge build up is observed in the em
quantum well only, irrespective of the direction of bia
while the collector quantum well remains uncharged in eit
bias direction. This charging behavior is similar in manner
that observed in asymmetric double barrier structures wh
the thick collector barrier inhibits carriers escaping the qu
tum well region. Under the conditions where there is sign
cant charge build up in the individual quantum wells, we c
clearly observe features in the PL spectra due to the rec
bination of negatively charged excitons.
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