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Role of the X minimum in transport through AlAs single-barrier structures
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We report an electrical transport and electroluminescence~EL! spectroscopy study of single-barrier GaAs-
AlAs-GaAs p- i -n tunnel structures with a barrier thickness in the range 4.5–8.0 nm. The results permit us to
determine directly the relative roles of nonresonantG-G tunneling and resonantG-X-G intervalley transfer in
the transport through the indirect-gap tunnel barriers. TheG-X-G transport is shown to take place predomi-
nantly without conservation of transverse wave vector (ki), with ki-conserving scattering viaXz states only
significantly close to the onset ofG-X intervalley transfer. By detecting extremely weak EL arising from
excitedXz states we show that the completeG-X-G transport process is very strongly sequential and deter-
mine, quantitatively, the comparative time scales forX-G and inter-X-level scattering. The bias-dependent
G-X-G andG-G transport times are determined for AlAs barrier widths in the range 3.0–10 nm. The intervalley
G-X-G transport model yields results in good agreement with experiment and demonstrates that, providing
intervalleyG-X transfer is energetically possible, nonresonantG-G tunneling only contributes significantly to
the transport characteristics for barrier widths of;3 nm or less.@S0163-1829~98!04540-8#
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I. INTRODUCTION

Over the past few years there has been widespread i
est in the nature of electron transport processes thro
GaAs-AlAs-GaAs heterostructures. This has arisen fr
both the numerous device applications of such structures
the potential for studying novel transport phenomena in
materials system. Mendezet al.,1 were the first workers to
draw attention to the possibility of multiband transport pr
cesses in GaAs-AlAs heterostructures involving conducti
band states in the AlAs layer with different symmetry a
location in wave-vector~k! space. GaAs has a direct ban
gap with the lowest conduction-band minimum lying at t
G(k50) point of the Brillouin zone. By contrast, AlAs ha
an indirect band gap with conduction-band minima close
or at theX point @001#.2,3 Electron transport through GaAs
AlAs-GaAs single-barrier structures may thus arise eit
from nonresonant tunneling through the AlAs barrier~G-G
tunneling! or from intervalley transfer via quasilocalizedX
states in the barrier (G-X-G transport!.

Previously we have reported the determination of theG-X
~emitter-barrier! intervalley transfer mechanisms in GaA
AlAs heterostructures by modelling of the electrical transp
characteristics.4 Clear features were identified in th
conductance-voltage (s-V) curves arising from transfer via
PRB 580163-1829/98/58~16!/10619~10!/$15.00
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X-point conduction-band minima both parallel (Xz) andper-
pendicular (Xxy) to the direction of current flow. In contras
with previous works5–9 bothXz andXxy states were shown to
be strongly involved in theG-X-G transport process, with
G-Xxy scattering being predominantly inelastic while trans
via Xz states was shown to take place elastically. Inela
transfer viaXxy is expected to proceed without conservati
of the transverse wave vector (ki) since the transverseX
minima lie close to the Brillouin zone boundary in thekx and
ky directions. By contrast, theXz minima lie close toki50
and G-Xz intervalley transfer can proceed both with (Dki

50) and without (DkiÞ0) conservation ofki .
Although significant advances were achieved in Ref.

we focus here on several other important aspects ofG-X
transfer. In particular we direct attention to sharp features
s-V observed close to the onset ofG-Xz transfer, we report
the observation and analysis of excitedXz state electrolumi-
nescence transitions and present a combined theore
experimental analysis of a key aspect of transport thro
AlAs barriers, namely, the relative roles ofG-X-G andG-G
channels as a function of barrier width.

We begin the present paper by presenting a qualita
discussion of the form of theI -V and s-V characteristics
expected forG-X intervalley transfer, proceeding either wit
or without ki conservation. This discussion provides the b
10 619 © 1998 The American Physical Society
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10 620 PRB 58J. J. FINLEYet al.
sis for a sound physical understanding of the detailed sha
of the features observed in the transport characteristics.
then explain whyki nonconserving processes dominate re
nant transfer viaXz states, whereas they play a much le
significant role in other more widely investigated~G-G-G!
resonant tunneling systems such as GaAs-AlxGa12xAs
(x,0.4) double-barrier tunneling devices. Theki noncon-
serving transfer model4 accounts very well for nearly all the
features observed in thes-V characteristics for all sample
investigated. However, the sharp features ins-V we report
for barrier widths of 6 nm and less are shown to arise from
weak Dki50 G-Xz conduction channel. SuchG-Xz-G pro-
cesses were assumed in much previous work to dominate
G-X-G intervalley transport.5–9

Study of the electroluminescence~EL! from the p- i -n
diodes provides complementary information on the compa
tive roles of theG-X-G andG-G transport channels. For ba
rier widths of 6 nm and less, a pronounced transition is
served, with increasing device bias, which reflects direc
the transition from nonresonantG-G tunneling to resonan
G-X-G transfer. By detecting extremely weak high ener
EL arising from electrons populatingexcited Xz states, com-
parative estimates of both the intervalleyG-X and X-G
transfer times, and the interX-level relaxation time, are ob
tained.

Finally, quantitative values for theG-X-G transfer time
are calculated as a function of electric field for various Al
barrier widths in the range 3.0–10 nm. By comparing th
results with calculatedG-G tunneling times we show that th
G-X-G channeldominateselectron transport in GaAs-AlAs
GaAs structures,wheneverG-X intervalley transfer is ener
getically possible. This conclusion is shown to be valid
barrier widths down to;3 nm, with nonresonantG-G chan-
nels only dominating for barrier widths less than;2.5 nm.

The paper is organized as follows: in Sec. II the expe
mental details are summarized. This is followed in Sec.
by the qualitative discussion of the expected form ofG-X-G
transport characteristics. TheI -V and s-V results then fol-
low in Sec. IV and are compared with these qualitative
pectations. Electroluminescence spectra from both gro
and excitedX states are presented in Secs. V and VI w
calculations ofG-G andG-X-G transport times following in
Sec. VII. Finally, the conclusions are summarized in S
VIII.

II. EXPERIMENTAL DETAILS

The experiments were carried out on threep- i -n GaAs-
AlAs-GaAs single-barrier heterostructures, grown by m
lecular beam epitaxy in two different laboratories. The str
tures studied consisted of the following layers grown
n1-type GaAs substrates: 0.5-mm n5231018-cm23 GaAs
buffer layer, 50-nmn5131017-cm23 GaAs, 50-nmn53
31016-cm23 GaAs emitter, 5-nm undoped GaAs spacer,
nm, 6 nm or 8 nm undoped AlAs barrier, 5-nm undop
GaAs spacer, 0.5-mm p5131017-cm23 GaAs collector and
0.5-mm p5131018-cm23 GaAs top contact. The sample
were processed into 200-mm-diameter circular mesa struc
tures with annular top contacts to facilitate optical acce
Electroluminescence was collected by anin situ fiber optic
system, dispersed by a triple-grating spectrometer and
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tected by a high sensitivity N2-cooled Si charge-coupled de
vice detector array. For measurements at both zero and fi
magnetic field the samples were maintained at a stabili
temperature of 1.7 K in the vertical bore of a 16 T superco
ducting magnet.

III. ELECTRON TRANSPORT MECHANISMS
THROUGH GaAs-AlAs-GaAs STRUCTURES:

QUALITATIVE DISCUSSION

A schematic band diagram of the structures under app
forward bias is shown in Fig 1. The zone center~G! and zone
boundary~X! conduction-band profiles are shown by full an
dashed lines, respectively. Since theG(GaAs)-X(AlAs)
conduction-band offset is significantly less than t
X(GaAs)-G(GaAs) separation, a quantum well for electro
is formed at theX point of the Brillouin zone within the
AlAs ‘‘barrier.’’ Within this X-point quantum well both the
longitudinal (Xz) and transverse (Xxy) X minima give rise to
quasiconfined states.10 The ordering of theseX states is de-
termined by the competing effects of quantum confinem
and strain11 with the result that for AlAs layer thicknesse
less than;7 nm the lowest state hasXz symmetry, while for
greater layer thicknesses the lowest states areXxy-like.12

For applied forward biases (Vapp) greater than the built-in
voltage of thep- i -n junction ~;1.5 V!, two-dimensional
~2D! electron and hole accumulation layers are formed
either side of the AlAs barrier. In our structures, the lo
doping concentration in this region ensures that the accu
lation layer states are two dimensional~2D! in nature. Elec-
tron and/or hole tunneling then occurs from these accum
tion layers through the AlAs barrier with minority carrier

FIG. 1. Schematic representation of the band structure of
p- i -n GaAs/AlAs/GaAs tunnel diodes investigated. Th
conduction-band minima at theG andX points of the Brillouin zone
are shown by the full and dashed lines, respectively. TheX point
potential forms a quantum well within the AlAs barrier, with th
G-X transfer process then taking place between theG-symmetry 2D
emitter states and quasilocalizedX states within the AlAs barrier.
Schematic envelope functions for theG ~emitter! and a singleXz

~longitudinal! andXxy ~transverse! state are shown.
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injected into thep and/orn regions, respectively. The energ
separation between the Fermi level of the 2D electron ac
mulation layer and the confinedX states within the barrie
may be accurately controlled by adjustingVapp.

We now discuss the qualitative form of theI -V ands-V
characteristics expected forG-X-G transport through the
AlAs tunnel barrier. The discussion provides the basis
understanding the form of thes-V results in Sec. IV and
illustrates the principal differences between such reson
transfer viaX states and the more familiar case of reson
~G-G-G! tunneling in GaAs-AlxGa(12x)As double-barrier het-
erostructures. These differences arise primarily as a co
quence of the differing effective masses of theG andX states
between which transport occurs in theG-X-G case, in con-
trast with G-G-G resonant tunneling where the effectiv
masses of all states involved are very similar.

The G-X-G transport involves two intervalley transfe
steps, firstly across the emitter~GaAs!-barrier ~AlAs!
interface @G(GaAs)-X(AlAs) #, followed by a further
X(AlAs)-G(GaAs) transfer at the barrier-collector interfac
The rate for suchG-X transfer is well described by an ex
pression of the form13

1

tGX
5u^GuX&u2P0, ~1!

where uG& and uX& represent the normalized envelope fun
tions describing theG and X states involved andP0 is an
intrinsic rate forG→X transfer.4 A similar expression ap-
plies also to theX→G transfer. InG-X-G transport, the elec-
tric field in the AlAs barrier results in theX-state envelope
functions being strongly localized close to the AlA
~barrier!-GaAs~collector! interface as shown schematical
on Fig. 1. This enhances theX~barrier!-G~collector! envelope
function overlap@Eq. ~1!# and consequently theG(emitter)
→X(barrier) transfer step is expected to govern the form
the I -V ands-V characteristics.4

The degree to which in-plane wave vector (ki) is con-
served inG→X transfer has a strong influence on the form
the G-X-G current expected. We first consider the situati
for G→X transfer withoutki conservation (DkiÞ0) fol-
lowed by the case withki conservation (Dki50), although
in reality, which mechanism dominates depends on the s
metry of theX states involved and the degree of residu
disorder in the system.

Energy versus in-plane wave-vector (E-ki) dispersion re-
lations for theG emitter states and a singleX barrier subband
are shown in Fig. 2 for four values ofVapp(Va , Vb , Vc , and
Vd). These values correspond to the situations where thG
and X 2D subband minima are separated by energiesDE
5Ef (Va), 0<DE<Ef (Vb , Vc), DE50 (Vd), whereEf is
the bias-dependent Fermi energy of the populated em
states represented by the heavy curve on the figure. The
~filled! circles correspond to populated emitter states, wh
may participate inDkiÞ0 (Dki50) transfer while simulta-
neously satisfying energy~and ki) conservation require
ments.

A. k i nonconservingG-X transfer

Figure 2~b! shows a schematic representation of theI -V
~full lines! ands-V ~dashed lines! variation expected forG
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electrons transferring through asingle Xsubbandwithout ki

conservation. Additional effects due to changes in
strength of theG-X coupling@Eq. ~1!# and the variation ofEf
with Vapp are not included in the present qualitative discu
sion. IncreasingVapp results in the energy of theX states
within the barrier being lowered relative to theG ~emitter!
states. IntervalleyG-X transfer first becomes possible at
bias such that the lowestX subband in the AlAs layer be
comes resonant with populated emitter states close to
Fermi energy@Vapp5Va , Fig. 2~a!#. Further increase ofVapp
leads to a linear increase ofI, since the number of electro
states from which intervalley transfer can occur@shown by
the open circles in Fig. 2~a!# increases linearly with bias
reflecting the 2D emitter density of states. AsVapp increases
beyondVc , when the bottom of theX subband moves below
the bottom of theG subband, no further increase inI can
occur and the current saturates@full line, Fig. 2~b!#. The cor-
respondings-V variation, shown by a dashed line in th
figure, is a broadened step function with a width determin
by Ef and an amplitude proportional to the strength of t
coupling betweenG andX states.4

When the emitter Fermi energy is greater than the se
ration betweenX subbands, as is the case for our structur
the resonances ins-V are expected to be strongly overla
ping, with transfer into more highly excited subbands co
mencing before the cutoff of transport into the previous s
band. Thus, we expect the overalls-V variation for Dki

Þ0 G-X-G transfer to consist of a series of steplike i
creases, each step corresponding to the opening of ano
G-X transfer channel. We note thatDkiÞ0 transfer may
involve eitherXz or Xxy states whileki-conserving transfer
~described below! involves only Xz states that lie close to
ki50.

FIG. 2. ~a! G and X subbands depicted inE-ki space forG-X
transfer proceeding with~d! or without ~s! conservation of the
transverse wave vector (ki) for four values of the applied bias. Also
shown are the schematic forms expected for the current-vol
(I -V) and differential conductance–voltage (s-V) characteristics
when tunneling via a single, isolated,X state is considered. The tw
sets of curves in~c! and~b!, respectively correspond toG-X transfer
with and without conservation of the transverse wave vector.
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B. k i-conservingG-X transfer

For G-X-G transport with conservation of in-plane wav
vector, the onset of intervalley transfer arises at a biasVapp
5Vb where energyand transverse momentum (ki) can first
be conserved between populatedG emitter andXz barrier
states. In contrast to theDkiÞ0 case, the number of state
from which intervalley transfer can occur is now biasinde-
pendent@filled circles, Fig. 2~a!# until the cutoff of the reso-
nance is reached when the minima of theG and emptyXz
subbands are aligned. The resultingI -V curve is thus ex-
pected to adopt a steplike form, as shown by the full curve
Fig. 2~c!, with the correspondings-V curve showing
positive- and negative-going peaks at the onset and cuto
the resonance, respectively~dashed lines in the figure!. The
broadening of the resonance inI -V is proportional to a factor
Ef(12mG* /mX* ), which arises directly from the effective
mass difference between the emitterG andXz states.

The I -V characteristics expected forDki50 G-Xz-G
resonant transfer~2D-2D! thus contrast strongly with the
more familiar case ofDki50 G-G-G resonant tunneling~2D-
2D!. In the latter case, the effective masses of the emitter
quantum well states are the same, and energy andki are only
conserved at a single value ofVapp for the entire emitter
distribution. As a result, strongly peaked structure is p
dicted theoretically and observed experimentally inI -V. The
situation when the effective mass characterizing the quan
well and contact regions differ has been considered by O
et al.14 for 3D-2D resonant tunneling. In this work, the add
tional degree of freedom in the 3D contact was shown
result mainly in a distortion of the shape of the resona
with the majority of emitter electrons still able to participa
in Dki50 transport. By contrast, in the present case onl
very small fraction of populated emitter states are availa
to participate inDki50 transfer over the width (Vb,Vapp
,Vd) of the resonance. Thus, we expect thatDkiÞ0 pro-
cesses will contribute much more strongly than forG-G-G
resonant tunneling where they play only a minor role.

IV. ELECTRICAL TRANSPORT:
EXPERIMENTAL RESULTS AND DISCUSSION

Figures 3 and 4 show theI -V ands-V characteristics of

FIG. 3. I -V characteristics of 4.5~circles! and 6.0 nm~triangles!
barrier samples measured atT51.7 K. The dashed~dotted! lines on
the figure show the calculatedI -V characteristics for the 4.5-nm
~6-nm! samples obtained using theG-X-G transport model de-
scribed in the text.
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the 4.5-nm and 6-nm barrier samples measured at 1.7 K.
both samples, current flow begins at an applied bias clos
;1500 mV corresponding to the built-in potential of th
p- i -n tunnel diodes. The current then increases smoothly
voltages less than;1700 mV before increasing sharply at
barrier-width-dependent threshold marked by arrows in
figure. We identify the smoothly increasing current, at lo
bias, as arising from nonresonantG-point tunneling of
electrons15 through the AlAs barrier. As expected, the ma
nitude of such nonresonant tunneling current decrea
strongly with increasing barrier width, reflecting the decrea
of the nonresonant tunneling probability. The sharp increa
of the current correspond to the onset ofG-X intervalley
transfer with additional onsets observed at higher bia
~marked by arrows in Fig. 3! corresponding to the opening o
successive overlappingG-X transport channels. Devices wit
wider barriers~up to 10 nm! exhibit qualitatively similar,
although more complex, behavior to the 6.0- and 4.5-
barrier samples discussed here.4

The resonant features of Fig. 3 are more easily visuali
in the s-V curves of Fig. 4, which consist of a series
overlapping step and peaklike increases. Most of the feat
observed in Figs. 3 and 4 are consistent with the expectat
of Sec. III for DkiÞ0 G-X transfer@Fig. 2~b!#. These simi-
larities are particularly evident for the 6-nm sample, whi
exhibits three clear conductance steps at 1730, 1770,
1810 mV. As anticipated in Sec. III, negative differenti
resistance features as associated withDki50 G-G-G resonant
tunneling are not observed. Accurate identification of t
features in Figs. 3 and 4 was obtained by self-consis
solution of Poisson and Schro¨dinger equations within the

FIG. 4. Experimental and calculateds-V curves for the 4.5- and
6-nm samples measured atT51.7 K. The dashed~dotted! lines on
the figure show the calculateds-V characteristics for the 4.5-nm
~6-nm! samples, including elastic/inelasticG-Xz andG-Xxy transfer
processes. The onsets of the resonant features are labeled b
index of theX state~and phonon! involved.
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envelope function approximation. The most important inp
is a reliable knowledge of the variation of the electric fie
across the emitter/barrier region as a function ofVapp and
was obtained from Shubnikov–de Haas–like magnetotra
port (I -B) measurements.16

With a knowledge of the variation of electric field wit
bias, theI -V and s-V characteristics were calculated, a
suming full relaxation of the requirements forki conserva-
tion. With the assumption ofDkiÞ0 transfer, the curren
density flowing through thei thX subband is given byJi

5eNs /tGX . tGX is calculated from Eq.~1! for eachX state,
Ns is the emitter density, which may transfer into theX state,
satisfying energy conservation@Ns'(DE/Ef)ns#, andDE is
the energy separation between the emitter Fermi level
the X state~Fig. 2!. The totalX channel current is then ca
culated by summing over allX states available for conduc
tion.

The dashed and dotted lines in Figs. 3 and 4 show
results of the calculation for the 4.5- and 6.0-nm samples
is seen that theki nonconserving model accurately repr
duces the general form and onset positions of nearly all
observed features. In addition, the calculation confirms
identification of the current onsets inI -V observed at 1775
mV ~4.5 nm! and 1735 mV~6 nm! as corresponding to th
onset ofG-X transfer. The parameters were identical to tho
used in Ref. 4 for 6-, 8-, and 10-nm barrier samples. It
notable that the cutoffs of the resonances, expected both
the DkiÞ0 or Dki50 models@Figs. 2~b! and 2~d!# are not
observed. As anticipated in Sec. III, this behavior has a v
natural explanation since the typical Fermi energy of
populatedG emitter states (Ef;25– 40 meV) is greater tha
the energy separation between resonances. Individual r
nances are, therefore, strongly overlapping with the open
of the nextX channel occurring before the cutoff of the pr
vious resonance. The possibility for multiple, overlappi
resonances at a singleVapp contrasts strongly withG-G-G
resonant tunneling in which transport proceeds via a sin
quantum state at any specific value ofVapp.

The assumption of nonconservation ofki is expected to
hold well for theXxy resonances, since they require a lar
change ofki . However, the accuracy of the assumption
less clear forG-Xz transfer. Indeed, in magnetotranspo
measurements,17 we have found evidence for an increasi
contribution from Dki50 G-Xz transfer processes at e
evated magnetic field.

Closer examination of theG-Xz1 resonance for the 4.5-nm
sample in Fig. 4 shows there is a sharp peak ins-V close to
the onset ofG-X transfer (Xz18 at Vapp;1780 mV). A similar
sharp onset peak is also observed for the 6.0-nm ba
sample~;1735 mV! in which the first resonance encou
tered also arises from elasticG-Xz1 transfer. Such sharply
peaked structure is consistent with the qualitative expe
tions forDki50 elastic transfer@see Fig. 2~c! and discussion
of Sec. III B# and cannot be reproduced by theDkiÞ0 model
@Fig. 2~b!#.

It is notable thatDki50-like structure is only observed a
biases close to onset where the strongest contributions
arises fromG-Xz1 transfer. Under these conditions, on
emitter electrons close to the Fermi level may unde
G-Xz1 elastic transfer, with similar numbers available to p
t
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ticipate in eitherDki50 and DkiÞ0 transitions@see Fig.
2~a!, Vapp5Vb]. Thus, Dki50 G-Xz1 transfer may be ob-
served close to onset, since it is expected to be an intri
cally much stronger processper emitter electron than
disorder-induced (DkiÞ0) elastic transfer.18 However, as
Vapp is increased beyond the onset ofG-X transfer, a rapidly
increasing number of emitter electrons can accessDki

Þ0 G-X transfer channels~see Fig. 4! and the comparatively
weakDki50 component becomes submerged in the broa
conductance signal arising fromDkiÞ0 processes. Thus
Dki50 features are only expected to be observed close
the initial onset ofG-X-G conductance. This interpretation
supported by the form of thes-V characteristics obtained
from wider barrier samples~see Ref. 4!. In such devices,
similar sharply peaked structure is absent since the stron
contribution tos close to onset arises from elasticG-Xxy1
transfer where, as described above,Dki50 transfer may not
occur.

Finally in this section we note that the good quantitati
fits obtained to bothI -V ands-V over a wide range of bias
indicate that nonresonantG-G tunneling provides a negligible
contribution to the total current forVapp beyond the onset o
G-X transfer. This conclusion is confirmed by the EL me
surements and supported by the calculations in Secs. VI
VII.

V. ELECTROLUMINESCENCE SPECTROSCOPY

Figure 5 shows the main processes leading to the gen
tion of high energy EL in the devices investigated. For bia
below the threshold for intervalleyG-X transfer (Vapp
,1700 mV) a population of hot electrons is injected into t
p-type collector by nonresonantG-G tunneling through the
AlAs barrier. These highly energetic electrons then relax
sequential emission of zone center LO phonons (\VLO
;36 meV), generating EL by recombining with holes loca
ized at Be acceptors19,20 (e-A0 recombination!. Such hot
electron EL is expected to be qualitatively similar to th
observed from direct gap GaAs-AlxGa(12x)As-GaAs p- i -n
structures,21 consisting of a broad bias-dependent peak a
ing from the recombination of ballistic electrons@Eb(G)#,
together with a number of LO phonon satellite

FIG. 5. Schematic band-edge diagram showing the main p
cesses leading to the generation of high-energy type-II and
electron EL in thep- i -n structures investigated.
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@Eb(G)- iLO# at multiples of \VLO to lower energy. For
biases beyond the threshold forG-X transfer, electrons are
also injected into the collector fromX states within the AlAs
barrier. This produces additional hot-electron EL casca
that reflect the distribution ofX-point electrons in the AlAs
barrier @Eb(X)- iLO, i 50,1, . . .#. We expect the relative
strengths of the ballisticEb(G) andEb(X) EL peaks to pro-
vide a quantitative comparison of the roles of nonreson
G-G and resonantG-X-G transport processes. In addition
hot-electron EL,Xz electrons in the barrier generate EL ar
ing from zero-phonon type-II recombination22 with holes lo-
calized close to the barrier on thep side (Xi-HH, Fig. 5!.

Figure 6 shows EL spectra obtained from the 4.5-
sample for biases from 1640 to 1860 meV. The energie
the EL peaks are plotted as a function ofVapp in Fig. 7~a!. It
is seen that the highest-energy peak arises at an energy
close toeVapp for Vapp,1775 mV, the voltage at whichG-X
intervalley transfer commences@see Figs. 3 and 4#.23 The
Eb(G) identification is confirmed by calculations of the e
ergy expected for such ballistic EL from the self-consist
Poisson-Schro¨dinger modeling of Sec. IV. The results a
shown by the full lines in Fig. 7~a! and are seen to be i
excellent agreement with the observed peak positions.

At Vapp;1780 mV, a sudden change in the form of t
EL spectra is observed with the appearance of a numbe
more clearly resolved features. In addition, the slope of
variation of peak position withVapp is strongly reduced. The
highest energy EL peak now consists of a pair of shar
peaks separated by;12 meV, the lower energy of which

FIG. 6. Low temperature (T51.7 K) EL spectra obtained from
the 4.5-nm barrier sample as a function of the applied bias. The
bias (Vapp,1760 mV) EL spectra are very weak and exhibit qua
tatively similar features to those observed in tunneling throu
direct-gap single barrier structures. At higher bias, a pronoun
change in form is observed with a sudden enhancement of the s
tral resolution together with a dramatic decrease in the peak
rate with applied bias. Features corresponding to bothG-G @Eb(G)
2 iLO# and G-X-G @Xz12HH and Eb(Xz1)2 iLO] transport of
electrons through the AlAs tunnel barrier are observed.
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exhibits a number of GaAs LOG ~;36 meV! phonon satel-
lites. We identify these two peaks asXz1-HH andEb(Xz1),
respectively. The slope of the peak position versus b
variation in Fig. 7~a! changes abruptly since the hot-electr
population is now injected from anX-symmetry electronic
state that is localized closer to the collector region at
energy below the emitter Fermi level~see Fig. 5!.24 In order
to support this identification, the energy of theXz1-HH tran-
sition was calculated as shown by the dashed line in Fig
As for the Eb(G) peak position calculated above, both th
absolute energy and slope are very well described by
calculation; the change in the nature of the transport fr
nonresonantG-G tunneling to resonantG-X-G transfer is
thus demonstrated. Very similar results were obtained for
6-nm sample in Ref. 25, although in that caseG-G features
could only be observed over a very small bias range be
the onset ofG-X-G transfer.

For biases beyond the onset ofG-X transfer, for the
4.5-nm sample, we could not detect any structured EL on
high-energy side ofXz1-HH. The absence ofEb(G) is no-
table; atVapp;1860 mV, for example, it is expected to aris
at ;40 meV to higher energy thanXz1-HH @see Fig. 7~a!#.
This demonstrates clearly that theG-X-G channel dominates
the electron transport for biases beyond the onset ofG-X
transfer~;1760 mV!. An estimate of the upper limit for the
relative strength of the two transport channels can be
tained by comparing the EL intensity ofEb(Xz1) with that of
the high-energy tail ofXz1-HH under whichEb(G) emission
is concealed. From the EL spectra in Fig. 6, we estimate
the G-X-G transport channel is at least;500 times stronger
than that for nonresonantG-G tunneling, for Vapp

w

h
d

ec-
ift

FIG. 7. EL peak positions for 4.5-nm~a! and 8.0-nm~b! barrier
samples. The full~dashed! lines show the calculated energy
which Eb(G) (Xz12HH) EL emission is expected to arise.
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51860 mV, and thus the electronG-X-G transport time
(tGXG) is at least;500 times faster than the nonresona
G-G tunneling time (tGG).

VI. EXCITED-STATE ELECTROLUMINESCENCE

For biases beyond the onset ofG-Xz2 transfer, electrons
transfer simultaneously intoXz1 , Xz2 , andXxy1 states, with
the steady-state population of each being governed by
relative time scales over which intersubband (Xz2
→Xz1 , Xz2→Xxy1, andXxy1→Xz1) scattering andX-G ~col-
lector! transfer take place. Electrons populating excitedX
states will then generate type-II and hot-electron EL~Fig. 5!
on the high-energy side of the ground-state type-II emiss
discussed in the previous section. Such excited-state EL
vides quantitative information about energy relaxation with
the AlAs barrier including the relative time scales ov
which intersubband andX-G scattering take place. A pre
liminary version of this work was presented in Ref. 26, b
with very limited quantitative interpretation or discussion.

The 4.5-nm barrier sample is not expected to gene
observable excited state EL in the present experiments s
the onset of elasticG-Xz2 transfer is calculated to beVapp
;2020 mV, much higher than the biases investigated h
However, for wider barriers the onset ofG-Xz2 elastic trans-
fer occurs at lower bias, and consequently excited-state
features are expected, as shown in Fig. 8 for the 6- and 8
samples. The onset of elasticG-Xz2 transfer arises atVapp
;1830 mV and Vapp;1785 mV for the 6- and 8-nm
samples, respectively.

For the 6-nm sample, a weak shoulder is observed;45
65 meV to higher energy thanXz1-HH. This feature is ap-
proximately three orders of magnitude weaker thanXz1-HH
and arises at an energy close to that expected forXz2-HH

FIG. 8. Excited-state EL spectra obtained from 6-nm and 8-
barrier samples for applied biases in excess of the onset of el
G-Xz2 transfer.
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recombination.27 Much clearer excited-state emission is o
served from the 8-nm sample, as seen in Fig. 8. Over the
range 1790 mV,Vapp,1850 mV two weak peaks separate
by ;12 meV@labeledXz2-HH andEb(Xz2)] are observed on
the high-energy side ofXz1-HH. The bias dependence of th
EL features is plotted in Fig. 7~b!, with the full and dashed
lines showing the calculated energies forXz1-HH and
Xz2-HH type-II emission, respectively. It is seen that exc
lent quantitative agreement is obtained between the ca
lated Xz2-HH positions and the experimental points. Th
lower-energy of the two peaks@Eb(Xz2)# arises frome-A0
recombination of ballistic electrons injected elastically in
the collector fromXz2 . The observed;12-meV energy
separation is identical to that observed betweenXz1-HH and
Eb(Xz1) for the 4.5-nm barrier sample~see Sec. V!.

Analysis of the relative intensities of both th
Eb(Xz2):Eb(Xz1) andXz2-HH:Xz1-HH peaks yields quanti-
tative information regarding the relative population (n2 /n1)
and X-G lifetimes (t2 /t1) of electrons populating theXz2
and Xz1 states. The current density (J1,2) injected into the
collector from eitherXz1 or Xz2 is given by

J1,25
en1,2

t1,2
. ~2!

The e-A0 EL intensity arising from such monoenergetic h
electrons occupying conduction band states with kinetic
ergyE is given by28 I}JuM (E)u2tLO , whereuM (E)u2 is the
energy-dependente-A0 recombination probability29 and
tLO(E) is the GaAs LO phonon scattering time~;150 fs!.
Thus, the relative intensity of theEb(Xz2) and Eb(Xz1)
peaks@ I b(Xz1)/I b(Xz2)# are related to the ratioJ1 /J2 via30

J1

J2
5RS I b~Xz1!

I b~Xz2! D , ~3!

whereR5uM (Ez1)u2/uM (Ez2)u2. By combining Eqs.~2! and
~3! we obtain

I b~Xz1!

I b~Xz2!
'

1

R S n1

n2
D S t2

t1
D . ~4!

Thus, the relative intensities of theballistic electron peaks
arising fromXz2 andXz1 is directly related to the product o
the ratios of theXz stateX-G lifetimes and the steady-stat
level population ratios.

We now proceed by considering the relative intensities
the type-II EL peaks arising from theXz2@ I II(Xz2)# and
Xz1@ I II(Xz1)# states. This intensity ratio yields quantitativ
information about the population ratio of theXz2 and Xz1
states (n2 /n1) via the relation

I II~Xz2!

I II~Xz1!
5S n2

n1
D S u^Xz2uHH1&u2

u^Xz1uHH1&u2D . ~5!

In Eq. ~5!, u^XziuHH&u is the envelope function overlap be
tween thei th Xz state and the confined HH1 state in the hole
accumulation layer.

By fitting the hot electron and type-II EL peaks for th
Vapp51790 mV spectrum in Fig. 8, we measu
I b(Xz1)/I b(Xz2)5450630 and I II(Xz1)/I II(Xz2)5550650.
Correcting the latter value for the ratio of the envelope fun

tic
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tion overlaps~;0.93! we obtainn1 /n25590655. By insert-
ing this value into Eq.~5! we deducet2 /t150.7660.1.
Similar values are obtained for the other biases in Fig. 8

This result demonstrates that the lifetimes of both
ground and first excitedXz state in the AlAs barrier arecom-
parable, contrasting strongly withG-G-G resonant tunneling
systems in whicht2 is generally much shorter thant1 . This
arises since, forG-X-G resonant transport, there is no tunn
barrier impedingX~barrier!-G~collector! transfer. Thus,t2,1
depends solely upon the intervalleyX-G scattering time,
which is expected to be only weakly dependent on the
ergy of theXz state involved.

For biases in excess of the onset ofG-Xz2 transfer, emitter
electrons transfer principally into theXz2 state since the
G-Xz1 coupling is much weaker. Despite this, the excite
state EL features in Fig. 8 remain much weaker than
correspondingXz1-related hot-electron and type-II feature
This demonstrates clearly that the completeG-X-G transport
process is very strongly sequential in nature wit
G(emitter)-X(barrier) transfer occurring first, followed b
relaxation within the AlAs barrier, before
X~barrier!-G~collector! transfer takes place.

In order to clarify quantitatively the sequential nature
theG-X-G transport, we estimated the relative magnitude
the Xz2-Xz1 scattering time (t i) and theX-G transfer time
for electrons populatingXz2 (t2). Assuming that electrons
transferring intoXz2 either scatter toXz1 or undergo inter-
valley X-G(collector) transfer31 we may write

t i

t2
5H t2

t1

n1

n2
21J 21

. ~6!

Inserting the values of (n1 /n2) and (t2 /t1) determined
above into Eq.~6!, we determine (t i /t2)5260.531022

thus demonstrating clearly that theG-X-G transport process
is very strongly sequential.

VII. G-X-G AND G-G TUNNELING TIMES

In this section we consolidate some of our principal fin
ings by comparing theG-X-G transport time (tG-X-G) de-
duced from thes-V modeling in Sec. IV and the EL result
presented above, with that expected for nonresonantG-G
transport (tGG) through the AlAs barrier. We calculatetGG

using a WKB representation for the tunneling probabili
combined with a semiclassical tunneling attempt rate ca
lated using the self-consistent Poisson-Schro¨dinger modeling
described earlier. For the calculation, we use;910 meV for
the conduction-band offset at the GaAs-AlAs heteroint
face, together withG-point electron effective masses o
0.068m0 and 0.1m0 for GaAs and AlAs, respectively. Th
G-X-G transport time (tG-X-G) calculated represents th
valueaveragedover the emitter distribution.

Figure 9 shows the results of the calculations as a func
of the electric field in the AlAs barrier~40–200 kV/cm! for
barrier widths between 3.0 and 10 nm. The calculated va
tions of (tG-X-G) andtGG with electric field are shown by the
curves with and without symbols, respectively. The arro
mark the fields at whichG-X transfer commences for eac
barrier width.

We find that the calculated value oftG-X-G close to the
e
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e
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n
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s

onset ofG-X transfer increases strongly with the AlAs ba
rier width. This behavior reflects primarily the decrease
theG-X coupling strength@Eq. ~1!# as theG andX envelope
functions become more spatially separated in wider bar
structures. However, for electric fields significantly beyo
the onset ofG-X transfer~.150 kV/cm! tG-X-G is observed
to saturate at a value between;0.1 and 1 ns forall barrier
widths. This behavior arises from a balance between
competing effects: first, as the width of the AlAs barri
decreases, the strength of theG-X coupling per X statein-
creases. This effect alone would result in a pronoun
strengthening of the role ofG-X-G transport for smaller
AlAs barrier widths. However, for thinner AlAs barrier
quantum confinement effects become more pronounced
the result that the average energy spacing betweenX states
increases. This reduces the total number ofX states available
for conduction at a fixed electric field and results in an ov
all weakening of the contribution from theG-X-G transport
channel. The calculation indicates that these two oppos
effects partially compensate each other, with the result
for electric fields~biases! beyond the onset ofG-X-G trans-
fer, tG-X-G becomes onlyweaklydependent upon the barrie
width. The occurrence of such saturation behavior fortG-X-G

with electric field permits us to state that for AlAs barri
widths greater thand;3.0 nmG-X-G processes dominat
wheneverintervalley G-X transfer is energetically possibl
whereas for d,2.5 nm nonresonantG-G tunneling will
dominate the electron transport characteristics. The resul
Fig. 9 are in good agreement with our experimental findin
in Sec. IV and Ref. 4, where we found thatG-X-G transport
dominates for all samples investigated (d54.5– 10 nm)
whenever energetically possible. Furthermore, for the 4.5-
sample we estimated (tG-G /tG-X-G);500 in Sec. V from the
absence ofEb(G) for biases above the threshold for interva
ley G-X-G transfer. This observation is in good agreeme
with the calculated (tG-G /tG-X-G)5200650 at 170 kV/cm.
We note, however, that further quantitative comparison
the calculations oftGG in Fig. 9 with, for example, the non
resonantG-G tunnel current flowing for biases below the o
set ofG-X transfer~Fig. 3! is difficult since leakage current

FIG. 9. CalculatedG-G tunneling times~full lines 2, 3, 4, 5, and
6 nm, dashed lines 2.5, 3.5, 4.5, and 5.5 nm! andG-X-G ~symbols!
transfer times through single AlAs barrier as the electric field a
width of the barrier is varied. The value oftGXG presented repre-
sents an average over the emitter distribution.
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may contribute significantly to the total tunnel current
lower biases.

VIII. CONCLUSIONS

In summary, we have combined electrical transport m
surements with sensitive EL spectroscopy techniques to
vestigate the comparative roles of nonresonantG-G and in-
tervalley G-X-G transport process through indirect-ga
GaAs-AlAs-GaAs single-barrier structures. The contributi
to the total current fromG-G tunneling was shown to be ver
small for AlAs barrier widths greater than 4.5 nm, wi
G-X-G intervalley transport dominatingwheneverenergeti-
cally possible.

The G-X-G transport process has been shown to ta
place predominantly without conservation of the transve
wave vector (ki), an effect that arises from the differin
effective masses of theG ~emitter! andX ~barrier! electronic
states. Sharply peaked structure observed in
conductance-voltage characteristics of thinner barrier st
l

.

n

n

t

-
n-

e
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e
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tures close to the onset ofG-X transfer was shown to be
consistent with a weakki conserving contribution to the
G-X-G transport, which had been assumed to dominate
G-X-G transport process in much previous work. By dete
ing extremely weak EL emission arising from excitedX
states within the AlAs barrier, the entireG-X-G tunneling
process was shown to bevery strongly sequential withG-X
scattering occurring first, followed by carrier relaxatio
within the X valley of AlAs, beforeX-G transfer occurs. In
addition, the comparativeX-G lifetimes of theXz2 andXz1

states were shown to be similar.
Finally, application of aki nonconserving model for the

G-X intervalley transfer process enabled us to determ
quantitative values for theG-X-G transport time and its de
pendence upon both the width and the electric field in
AlAs barrier. From these calculations, we showed that n
resonantG-G tunneling is only important for barrier width
less than;3 nm or whenG-X intervalley scattering is no
energetically allowed.
ar-
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