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Resonant tunneling between transvers& states in GaAs/AlAs double-barrier structures
under elevated hydrostatic pressure
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We present a model to describe the mechanisms involved in tunneling between the quasicérdired
bands of the AlAs layers in GaAs/AlAs double-barrier structures at pressures up to the type-Il transition. The
model involves self-consistent Scllinger-Poisson calculation of the potential profiles within the device for a
given relative alignment between the taGlike quantum wells, and thus allows prediction of the bias posi-
tions at which certain resonant tunneling processes will occur. By systematic variation of the parameters
involved, in particular the charge distribution between the two AlAs layers, these predictions have been fitted
to the measured vertical transport characteristics of a series of samples of different AlAs layer width. In the
cases of those samples wi¥ ground states that are transverse in nature, very good agreement has been
obtained. The level of insight afforded by the model opens up alternative methods for the determination of
important band-structure parameters, such as the light effective mass of thimima in AlAs, and the
I'caas Xaas coOnduction-band offset. It also proves to be an extremely sensitive probe of the degree of sym-
metry between the AlAs layer widths of near-symmetric devices, and we are thus able to measure an asym-
metry of around one monolayer in each of our devices. This explains entirely the asymmetry exhibited by the
low bias X;(1)— X;(1) resonances of some nominally symmetric double-barrier structures, which has been a
source of some debate in recent yed80163-18208)01703-2

I. INTRODUCTION large wave vectors perpendicular to, and parallel with, the
growth direction ¢£), respectively. The anisotropy of the
The presence of th& minima in the AlAs layers of minima endows them with two principal effective masses,
GaAs/AlAs double-barrier structures DBS’s is a significantone of which is in the direction parallel with the large wave
factor in limiting the quality of the measured 1 bar currentvector, and relatively heavyny | =(1.1+0.2)m,, and the
resonances, relative to that predicted by the sinipf@int  other of which is in the plane perpendicular to the large wave
theory!~*and so extensive work has been carried out both irvector, and relatively lightm = (0.24+ 0.05)m,.* Com-
characterizing their static properties, and in determining theeting effects of spatial confinement and compressive strain
extent of their role in the tunneling mechanism. Hydrostaticmean that the ground state in an AlAs layer thicker than
pressure has been shown to be effective as a means of furthersg A will be X,(1), while in a layer narrower than this
accessing th& minima, resulting first in the suppression of “crossover width” it will be X,;(1).}* The nature of the
any T-resonancé;” and subsequently in the revelation of ground state is critical in determining both the electfita’
numerous resonances that are not apparent at 4 Har. and the opticaf'® behavior of these devices. In resonant
The principal effect of elevated hydrostatic pressure is tqunneling, the transversé states of a DBS are significantly
reduce the energy of th¥-like double well profile in the fayored over the longitudina states, since they possess the
conduction band relative to tHelike double-barrier profile,  jighter mass in the direction and their wave functions there-
at a rate of around 13 meV kbar'"*? This enables elec- fore suffer less attenuation in the central GaAs Iaéhe
trons to transfer from the bulk GaAs contact region into thesamples studied here have central GaAs layers 40 A in
lowest two-dimensiongl2D) quasiconfined state in the adja- width, for which the attenuation coefficients of the tao
cent AlAs “emitter” layer with the aid of an accumulation orientations are calculated to differ roughly by a factor of
region that is progressively smaller with increasing pressure;- 10°. For wide layered DBS’s then, in which the first AlAs
up to the type-l to type-Il transition &, (P,~9 kbar for a  state to be populated as pressure and bias are applied is
wide layered DB$% At this pressure no accumulation region X;(1), it is expected that the tunneling characteristics will be
is required and the unbiased device becomes an indirect sydeminated entirely by electrons of a transverse nature.
tem in both real and reciprocal space. In this investigation we find that for two DBS’s with AlAs
Many resonances observed at high pressure in DBS'’s alayers of 60 A and of 70 A in width, all observed resonances
therefore caused by tunneling between the two sets of quaan be attributed unambiguously to elastic or inelastic tun-
siconfined states in th¥ wells of the AlAs layers. These neling processes involving only transvebéestates. This fa-
states can be separated into transvglén) ] and longitu-  cilitates representation of the band profiles in the device by a
dinal [X;(n)] types, corresponding to th¥ minima with  simple Schrdinger-Poisson model, from which the applied
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bias required for a given resonant process may be calculatedlAs layers, and is therefore suitable for modeling only wide
By methodical adjustment of the input parameters it is postayered DBS’s. The modeling of narrow layered DBS'’s is
sible to fit the model very well to the measured data, and asomewhat more involved since tunneling from both longitu-
a result, to determine such quantities as the AlAs layedinal and transverse states may contribute to the vertical
widths and the transverse electron mass quite accuratelfransport characteristics. Adaptations to incorporate longitu-
Samples with narrower AlAs layers are found to deviatedinal intravalley processes, or even intervalley processes in-
from the simple model, since the mechanism is complicatedolving both longitudinal and transverse states, should be
by the longitudinal nature of the AlAs ground states, but wepossible, but have yet to be tested against experimental mea-
find that qualitative identification of resonant processes isurements.
still possible by comparison with the wider layered samples. At low temperature, the Fermi energy in thetype con-
The emitter state for each of the resonant processes ditact regions is pinned very close to the donor energy, which
cussed here i¥X;(1), and thecollector states to which tun- is around 6 meV below the conduction-band edge of the bulk
neling is observed to occur akg(n), forn=1, 2, and 3. At GaAs. This pinning is a result of the background acceptor
biases above those of the strong resonances displayed by thates that occur in GaAs being filled, and so ensuring that
elastic processes, weaker features are measured that are tate donor level is partially empty. The key assumption of the
tributed to inelastic processes involving the emission ofmodel is that for a given pressuRe<P;, the application of
phonons. The phonon energies may also be determined frobias aligns the contact Fermi energy with tig1) state in
the model and correspond to the zone centrg;h@and  the emitter AlAs layer for a size of accumulation layer that is
TOpas Modes. dictated by the interface band alignment betweerltieini-
mum in GaAs and th&,(1) state. This energy separation is
in turn equal to the sum of the interface band offset
Icaas Xt aas» and the confinement energy ¥{(1) within
The four samples studied were nominally symmetricthe X well. TheI gaas X aas band offset is written ad _yx
n-i-n GaAs/AlAs DBS’s grown by molecular-beam epitaxy and is a function of pressure given by
on [100] oriented substrates. They were nominally identical
with the exception of the AlAs layer thicknesses, which was AF_X(P)%A?_X—BP—B, (D)

varied in 10 A increments between 40 and 70 A. This pa- _
rameter is subsequently namigl where units used are meV and kbars. The value of the pres-

The constituent epitaxial layers of a sample with AlAs Sure coefficient has been taken from Skolrétlal 1t and the
layers of thicknesd,, were as follows: 0.25um, n=1 —8 meV term accounts for the effect of the compressive
%10 cm~3 GaAs:SWi buffer, 0.5um, n=2x 10 cm™3 strain on the transverse minima relative to their energy in a

GaAs:Si, 100 A undopetlid) GaAs spacet,,— A ud AlAs, re_laxed crystal[For Io_ngitudinal minima this is substituted
40 A ud Gaas),,—A ud AlAs, 100 A ud GaAs spacer, 0.5 with +16 meV, the difference between the two thus equal-
um n=2x 10 em 3 GaAs:Si, 0.25um n=1x 10 cm®  ing the accepted strain splitting f24 meV (Ref. 14] A9
GaAs:Si cap. Mesa diameters were20. Layer thicknesses 1S @ quantity for which estimates have varied. From the mea-
were calibrated using reflection high-energy electron diffracsurements oP; made in this investigation, a value af
tion (RHEED), and the doping concentrations in the layers=(114=10) meV is indicated. For a known offset energy,
adjacent to the spacers were additionally measured usingtBe accumulation region is solved uniquely using a self-
BIO-RAD electrochemical profile plotter. The measuredconsistent Schdinger-Poisson model. The onset of vertical
concentrations, which have been used in the calculationgurrent flow is expected to occur only when charge first
were in all cases less than a factor of 4 different from thetransfers into theX;(1) state as the bias is further increased
nominal values, and are not included here for the sake offom this threshold value.
clarity. We assume that the thermal equilibrium distribution of
The two terminal transport measurements were carrieglectrons in the emitter contact and accumulation regions
out using a combined voltage source and virtual ground curéxtends into the emitter AlAs layer. This is true as long as
rent amplifier system. Conductance measurements wede-X; transfer across the emitter interface is a faster process
made by modulating the applied voltage with a sinusoid of 1than tunneling through the central GaAs layer, for which
mV rms, and~ 1 kHz, and subsequently detecting the ac sig-there exists good supporting evidertédhe density of states
nal with a lock-in amplifier. Hydrostatic pressure was ap-(DOS) of the X;(1) subband is given by
plied using a clamp cell, equipped with ansitu manganin
wire manometer. an Mg,
A set of |-V and conductancd (-V) measurements were JE  ChZn @
made on each of the four samples, at regular pressure inter-
vals from 1 bar up to 1 or 2 kbars above the signature of thevheremg,,[ = ymy tm5 | ~0.5m] is the geometric average
type | to type Il transition, and, at each of these pressures, a&fffective mass of th& minima in the plane of the layers, and

Il. EXPERIMENT

three or four temperatures between 100 and 4.2 K. the factor of four accounts for the four degenerate transverse
X minima in the first Brillouin zone. The result is a DOS of
IIl. MODELING around 1&? cm 2 meV %, some thirty times larger than that

of theI" minimum in GaAs.
The simplest form of the model, as described here, is The electric field €;) at the GaAs spacer/AlAs emitter
based on the existence solely of transvexsetates in the layer interface is uniquely determined by the accumulation
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layer solution. As bias is further increased, charge transfers \
from the contact region into th€,(1) subband, causing fur-
ther Coulomb band bending and therefore greater electric
field in the remaining ud region. The high DOS Xf(1) X
ensures that, under the experimental conditions employed @~~~ 77~ <
here (P<P;, |Vpiad<2V), the Fermi energy never rises
more than 1 meV above the subband minimum. The accu- X(2) state
mulation region for all observed resonances can thus be con- b
sidered, for a particular device, as a function of pressure
only. r ______ L4
Self-consistent solution of the double weédl profile is
therefore achieved by fixing,, corresponding to a known
accumulation layer, and finding the additional charge density accumulation
required in the emitteX;(1) state to align it with the desired region
state energy, or ‘“statephonon” energy, in the collector X(1) states depletion region
well. At the same time, a fraction of this charge density—the /
reciprocal of which we define as the parameteris in- \¥
cluded in the collector AlAs layer. The parameteris
thought to be approximately constant for a specified resonant FIG. 1. Band profile diagram for thé andX, minima of a DBS
process, sample, and temperature, by the following arguander bias and wittP<P, andT=4.2 K. TheX,(1)—X,(2) reso-
ment: At dynamic equilibrium, nant process is energetically aligned, and the energy difference
between the ground states of the two AlAs layers is defined.
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Measured resonances due to elastic tunneling processes
are displayed in Fig. 2. Four current-voltalgd/ plots show
where the emitter and collector wells are indicated by thahe processX,(1)— X,(2) for each of the samples, and ad-
subscripts, and and 7 represent the associated electron den-itionally X,(1)— X,(3) for the two wider layered samples.
sities and the times taken for electrons to escape through thEne general trend of resonance bias positions is to the reduc-
collector “barrier” of the well concernedrey; is principally  tion of bias with increased well width, consistent with a re-
governed by the strength of the matrix element for the parducedu value for a given elastic process.
ticular resonant process, angly by theX-T" matrix element Figure 3 shows the conductance curve measured from the
at the collector well/spacer interface, both of which are70 A sample at 4.2 K and 9 kbar. It is typical of the four
thought to be independent of pressure, so

|

n T 200
it it
nem' = 2 —r~const. (4) |
coll Teoll 70A" 6.3kbar, 4K ‘ n‘
o o
b |
The calculations themselves utilize simple one band trans- { 1000-
fer matrices to model wave function propagation through a |
60A, 7.0kbar, 4K

potential profile, which is divided into 1 A-thick slices of

uniform potential. Quasiconfined states in the two wells are
located independently using exponential boundary conditions
at selected points in the barrier regions, and the charge dis-

-1000'
} 250
trlbutlop throughout th_e structure is calculated from their S0A. 10.8bar, 45K nJLL/
normalized wave functions and total charge densifieand ‘ ‘ ‘ "

X potential profiles and wave functions for a typical

Xi(1)—X;(2) resonance are shown in Fig. 1. A parameter ‘ﬁj/-zso

is defined, which represents the energy difference between

the two X;(1) states under bias and therefore has a unique 40, 10.5Kkber, SOK

value for each resonance observed. B A0~ 085 80 05 10 1%
The confinement energy of the confinédstate in the -1000-

central GaAs layer is around 150 meV. This is sufficient to

place it above the resonant energy, and therefore without { BiasW)

influence on thex-like process, for applied biases less than

about 1 V. Higher biases than this may involve the transfer FiG. 2. 1-v characteristics of the four samples measured. The

of electrons from the emitteX;(1) state into thisl" state, resonances due to elastic tunneling processes are marked. Note the

further complicating the distribution of charge throughouthigher temperature needed to excite electrons int{tie) emitter

the device. state for the two narrower layered samples.
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TABLE |. Parameters used for the theoretical curves of Fig. 4.

mj is for X,(1) andm} for X,(2) resonances.q,... I, correspond
H to the ratio of charge densities in the emitter and collector AlAs
: layers for the four resonant processes in order of ascending bias.

é i
' Sample
Parameter 60-40-56 70-40-67
J . m(1)*/mq 0.24 0.24
-0.5) \,M/ '| 0.5 m(2)*/my 0.25 0.25
Bias (V) ry 2 5
FIG. 3. Conductance data from the 70 A sample at 9 kbar andi2 L4 15
4.2 K. The bold, solid arrows indicate elastic processes while thds 1.2 15
dotted arrows indicate their phonon satellites. rs 2.5 3
Pgaas (MeV) 32 33
43 42

samples in its general form, with large, hysteretic negativé3 aias (MeV)
conductance regions caused by thg(1)— X,(2) reso-

nances, and a strong;(1)—X(1) peak near to zero bias y (3) confined states lie near the top of tkewells and are
indicating that, in this case?>P;. Three weaker features 5 difficult to model accurately under the high biases in-
are seen in each bias direction—two aboy€l)—X(1) in  yo|yed. The parameters used to achieve the fitting in Fig. 4
bias, and one abovi(1)—X(2). They are attributed 10 4y jisted in Table I. The procedure used to fix their values is
zone-center optical-phonon satellites of the elastic processegiscussed below.
and will be discussed further in due course. . The first step in the fitting procedure is to adjust the pres-
The analysis of these resonances is based, as was indigre scale. Using Eql) along with the measurements f
cated in the previous section, on the modeling of the PressumR - iha four samples indicates thaﬁ is somewhat lower
dependence of their bias positions. Figure 4 shows the beﬁ]ian many previous estimates, at é?ound 114 meV. with a
fits achieveq fqr the 7.0 and 60 A ;amples for all of thetolerance of=10 meV estimatea from the spreadlég‘\;al—
resonances in F|_g. 3, with the except|on>Q(1)—>XF(1), al s and the tolerance on the pressure coefficient. This figure
pressures reaching up to around 1 kbar gasthe signature o o, ngistent with a conduction-band/valence-band offset ra-
of the type | to type Il transition being the onset of tio of 63:37 for the GaAs/AlAs interface.
X(1)—Xy(1)]. We identify the position of each phonon eyt 1o be dealt with is the asymmetry between the for-
resonance in Fig. 4 by the point of inflection following each .4 and reverse bias directions. It is clear from Fig. 4 that
conductance p_eak. Both bigs directions are shown as positi\ﬁ?1e reverse biagsubstrate negatively biagetesonances in
so that more direct comparison between them may.be madBoth samples appear at consistently higher bias than do their
The X(1)—Xi(3) resonances are not shown, since thegyarg hias counterparts. That this is due to differences be-
tween the contact doping concentrations has been ruled out
from the BIO-RAD measurements, and the only other fea-

] - " e

& | T VY I} sible explanation is that differences exist between the AlAs
8 %ﬁ ISR layer widths. Since RHEED calibration of the layers is most
o1 &It ’ reliable at the start of their growth, when the epitaxial rate

= | o g o [T corresponds to that which gives strong oscillations during
2 [l e ? X(X @+

4 ] ° o/ I l calibration, we take the value bf for the AlAs layer located

g ! . nearer the substrate to be accurate in each case. By decreas-

ing the width of the other layer in the model, the differences

\

] e \

Bias (mV)

0 100 200 300 400 500 600 700 800

between the bias directions for the set of resonances may be
fitted. The remaining parameters that have not yet been fit-

N
10 se [] [ ] = [
8] [fﬁ ? i/'/ "_/'// T s ted, in particular the confinement effective mass, may be
2, ; :/.’ 9.’/.‘ b approximated to their nominal values for this step since they
61 it f pr | do not contribute directly to the asymmetry. Fitted “upper
4] V. D/ ;/ AlAs layer” widths for the 70 and 60 A samples are 67 and
) c /° / / 56 A, respectively, providing good agreement in each case
° / /° for at least three of the four resonances. The two samples
0 with narrower AlAs layers also revealed asymmetries of

around one monolayer, and in the same sense. The tolerance
on the fits is of order- 1 A.

FIG. 4. Best fits to the bias position pressure dependences up to FOr some time the source of asymmetry in th¥ char-

the type Il transition, of the samples with 70(&pper plo} and 60

acteristics of theX;(1)— X;(1) resonance in nominally sym-

A AlAs layer widths, using the Schrodinger-Poisson model. Openmetric DBS’s like these has been debated. Figure 5 shows
symbols correspond to theory, closed symbols to experimentzonductance ant-V curves atP> P, for this resonance in

squares to forward bias, and circles to reverse. Each resonancetlse 70 and 40 A samples, which are typical of those mea-
identified on the plot. The fitted parameters are given in Table I. sured previously. They both are modeled as having asym-
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metric layer widths, and yet the 70 A sample shows no 2
asymmetry in its tunneling characteristics. The explanation (a) 704, /\/
for this lies in the pinning of the Fermi energy to the ground 9 2kbar. o
g 0 0.1
: 02 NJo

X states in the type Il pressure regime. If the ground states =
are X(1), as in the 70 Asample, then they are pinned to-

=3
gether at zero bias despite the layer width asymmetry, and g
the resonant peak must remain at the origin. If, however, cé
=]
@)

ﬁ

(b) 404, 10
12.4kbar.

X|(1) are the ground states, then instead they are pinned
together, and the lighteX,(1) states remain misaligned so
that the conductance peak occurs in reverse bias. Under con-
ditions in which no zero-bias pinning occurs, the bias posi- 04 02 g0 02 04 B I e
tions of the X;(1)—X;(1) conductance peaks in all four T )
samples occur under small reverse biases that are in good -10r . \/
agreement with those predicted by the model for these layer Bias (V)

widths. . . FIG. 5. -V and conductance characteristics at 4.2 K for low
Asymmetry in thel-V characteristics 0i((1)—X(1) bias and withP> P, for (a) the 70 A sample, which displays &sV

for narrow layered samples is directly dependent on theparacteristic and a%,(1)— X,(1) conductance peak that are sym-
width of the conductance peak—a narrower conductanCetric at zero bias, anth) the 40 A sample, with an asymmetric

peak integrating over bias to give a greater asymmetry for & (1)—x,(1) 1-V caused by the reverse bias positioning of its
given peak bias position. This width is likely to be closely conductance peak.

linked to the layer uniformity, which affects the energy

widths of the participating quasiconfined states, and to thals. The energies fitted above, however, agree much more
interface quality, which determines the distribution of in- closely with those of TO phonons, their being 33 m@ef.
plane wave vectors that interface scattering imparts to the3) and 45 meV(Ref. 21 in the two respective materials.
tunneling electrons, and thus the range of misalignments bea/e thus assign the collector states of the inelastic processes
tween the participating states for which the tunneling procesg X,(1)+ TOgaas Xi(1)+ TOpas, @andX,(2)+ TOpps. It is

may occur. The peak current asymmetries of up to 6:1 megserhaps due to the confinement of the phonons into 2D lay-
sured by Austinget al'® may thus in part reflect simply a ers that the dominance of electron—LO phonon coupling
high quality of heterostructure. Contrary to previous assignshould be suppressed here, allowing TO mode emission to
ment by us? there is no evidence, in the light of these new dominate.

w

=]

(syun -qIe) sourIONPUO))

findings, that differences between the norm@lAs on Finally, the fitted values for the ratiobetween the charge
GaAg and inverted(GaAs on AIA9 interfaces play a sig- densities in the emitter and collector wells<t<¢0) should
nificant role in any of these measured asymmetries. be discussed. These are given in Table I.rAs decreased,

The absolute bias positions of th(1)— X (2) reso- the bias position of a particular resonance at a given pressure
nances are clearly strongly dependent on the confinemeiicreases, since the effect is to increase the space charge
energies of the transverse states, and thus on the light occupying the collector AlAs layer. For higher pressures,
effective massmy ;. Best fits to the data yieldni  and thus lowek,, the greater charge density required in the
=(0.25+0.03)mgy, where around 50% of the tolerance de- emitter AlAs layer to align the resonance means that a given
rives from a factor of 2 tolerance bestowed on the measuredalue of r places a higher absolute charge density in the
contact doping concentrations. collector well than it does at a lower pressure, and so in-

Fitting the inelastic processes is a simple matter of miscreases the bias position to a greater extent. In this way, as
aligning the emitter and collector states of the elastic “par-is varied the model producesfanlike set of curves for bias
ent” resonance by a fixed energy equal to that of the phonorvs pressure, all of which intersect at the threshold pressure of
The resonant process is thus writt§f(1)— X;(n)+ P, in-  the particular resonance. Figure 4 shows that the data for
dicating emission of a phonoR. For the two distinct fea- each resonance may be fitted reasonably well for a particular
tures directly above thi,(1)— X;(1) resonance of the 70 A value ofr. Note in Fig. 4 that the inelastic processes have
sample, the energies fitted were (3B) meV and (42 values that are in general higher than the elastic processes.
+2) meV, and in the case of the 60 A sample they wereBy comparison with Eq(4) this is consistent with longer
(32=1) meV and (4% 2) meV. The features observed emitter state lifetimes, as one would expect with the addi-
above theX,(1)—X;(2) resonances are also fitted reason-tional phonon involvement.
ably well by the larger of these two energies in each sample. The samples with AlAs layers thinner than 60 A, and so
The errors represent the ranges of energies over which theith X;(1) ground states, display temperature activation of
experimental and theoretical curves in Fig. 4 coincide reatheir transverse resonances, since electrons must generally be
sonably well. thermally excited into th&;(1) emitter state before they can

It is certain that these inelastic processes are intravalleytunnel. For the sample with 50 A AlAs layers thg(1) and
and thus involvel-point phonons, since no resonances areX,(1) levels are almost degenerate so that it is still possible
observed that involve longitudinal collector states and sdo obtain good fits to the bias positions of thg1)— X,(2)
must be much weaker. Previous publications have focusegrocess and its phonon satellite, which may still be observed
on scattering by LO phonons, of energies 36 meV and 4%t 4.2 K. However, to guarantee the purely transverse nature
meV in GaAs and AlAs, respectively, because this is usuallyof both the lower bias resonances of this sample, and of all
dominant due to the large Hitich coupling in bulk materi- resonances exhibited by the 40 A sample, higher tempera-
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tures must be used. The consequential spreading of thgpe-Il transitions and at 4.2 K. They exhibit resonances that
Fermi-Dirac electron distribution together with the fact thathave been unambiguously identified as originating from
the density of states of th¥,(1) emitter ground level is 2D-2D tunneling processes wity(1) emitter states and the
around a factor of 4 lower than foX,(1), means that the collector statesX;(1), X{(1)+TOgans Xi(1)+ TOuns:
pinning effect between the contact and the emitter state bex,(2), X((2)+ TOpas,» andX(3). The key tothese attribu-
comes much weaker. The model is thus less suitable for agiions is the Schidinger-Poisson modeling of the pressure
plication to these resonances. In practice, we find that thdependences of resonant bias positions in the two samples
same quality of fits as for the wide layered samples is indeedith X,(1) ground states in their AlAs layers. The modeling
not possible, and the role of the model is therefore reduced tfurther reveals a degree of asymmetry in the AlAs layer
a qualitative one. Mention should be made however of thehickness of our samples, of around one monolayer, high-
fact that at 4.2 K clear resonant features may be observed iighting the sensitivity of these measurements to such param-
the characteristics of these sampleg., in Fig. 5 for the 40 eters, and providing conclusive explanation for the asymme-
A sample. Although these resonances look similar to thosetry in thel-V characteristics of th¥,(1)— X,(1) resonances
for the wide layered samples, detailed temperature depenlisplayed by similar samples, that have been the source of
dence data reveals them to be of different origin, becomingome debate. Fitting of the model to the measured
visible only after the temperature activated process hav,(1)— X;(2) resonance has produced a value for the light
been suppressed. They are therefore believed to result frosffective X mass ofmy +=(0.25+0.03)my.
tunneling betweelX; states, but with additional involvement
of the emitterX,(1) state. Further details will be discussed in ACKNOWLEDGMENTS
a future publication.
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