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We describe time-integrated and time-resolved photoluminescence measurements made on a series of
n-type symmetric and asymmetric A1As/GaAs/A1As double-barrier tunneling diodes. Optical measure-
ments of the electron charge buildup in the well near the peak in the tunneling current are used to
deduce the average dwell time. This is found to be shorter than expected for tunneling through a I-
point A1As collector barrier for barriers thicker than about 3 nm but can be explained if there is strong
scattering into X-point valleys. Under high-intensity illumination we also observe a substantial photoex-
cited hole current with clear tunneling peaks together with accumulation near the collector barrier and
in the well.

I. INTRODUCTION

Tunneling through double-barrier semiconductor
structures has been the subject of many studies in recent
years because of interest in the fundamentals of tunneling
and also because of possible applications to mm-wave
transistors, local oscillators, detectors, mixers, and multi-
state logic devices. Double-barrier tunneling diodes
(DBTD's) generally consist of doped contact layers be-
tween which lie two wider band-gap undoped barrier lay-
ers and an intervening quantum well. Such structures
can exhibit regions of strong negative differential conduc-
tivity (NDC). Two models of tunneling are commonly
used in interpreting the behavior of such devices. In the
coherent model, the phase coherence of the carrier wave
function is preserved in the tunneling process and a reso-
nant enhancement of the transmitted probability can
occur under conditions of constructive interference of the
multiply reAected waves, analogous to that at the
transmission peak of a Fabry-Perot interferometer. Such
resonant tunneling can take place when the energy of a
quasibound state in the quantum well coincides with that
of occupied states in the emitter possessing the same in-
plane wave vector, ' a condition which can be achieved by
the application of a bias. We will use the term resonant
sparingly, however, since the observation of NDC does
not require coherent transport through the structure and
can be understood qualitatively even if the coherence of
the electron wave function is destroyed by inelastic
scattering in the well. In fact, this might be expected
since the electron dwell time in the well, sometimes called
the transit time, is typically long compared with acoustic-
or optic-phonon emission rates. ' In the incoherent case
described by the so-called sequential tunneling model, '

NDC is a consequence of tunneling through the emitter
barrier into quasi-two-dimensional states in the well with

a loss of phase information, with the result that tunneling
through the collector barrier takes place independently.
In real devices, the width of the injected carrier distribu-
tion is much greater than the width of the resonance in
the coherent model, and the observable quantities such as
current and dwell time are insensitive to weak inelastic
scattering which merely broadens the resonance. This
has made it difficult to resolve experimentally the ques-
tion of whether the transport preserves any coherent
character in practice. ' However, in the strong-
scattering case, the predictions of the two models are the
same only if the transmission of the collector barrier is
much greater than that of the emitter barrier. Under bias
this is always true for symmetric diodes, which have
identical emitter and collector barriers, but not necessari-
ly for asymmetric diodes which have a collector barrier
much thicker than the emitter barrier. It is then possible
for the current density to be much larger and the
resonant-state lifetime much shorter in the incoherent
case than in the coherent case because of scattering into
states for which the collector barrier is more transparent.
More generally, similar behavior is predicted for any
DBTD in which there are strong irreversible scattering
processes in the well, such as intersubband relaxation.

Optical measurements can in principle offer insights
into majority-carrier charge accumulation and decay in
the quantum well during tunneling; ' ' they also enable
us to study transport and accumulation of optically excit-
ed minority carriers in the same device. In most optical
studies of transport in DBTD's, the barrier layers were
made of the direct-gap alloy Al Cxa, As (x (0.45)
separated and bounded by the direct-gap material GaAs.
Here, we report time-integrated and time-resolved photo-
luminescence (PL) measurements of (electrically injected)
electron and (optically injected) hole transport and
charge accumulation in symmetric and asymmetric
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A1As/GaAs/A1As diodes which have indirect band-gap
barriers. It is generally assumed that the magnitude of
the resonant-tunneling current in such structures is deter-
mined by the conduction-band barrier height at the I
point in the Brillouin zone, and that inelastic scattering
into X-point extrema, where the barrier is lower, contrib-
utes only to the valley current. ' ' We show below that
this is a special case and that it is possible for the peak
tunneling current and transit time in asymmetric devices
to be strongly modified by the inelastic-scattering rate be-
tween I -point GaAs electron states in the quantum-well
and zone-boundary states associated with the transverse
X valleys ([010) and [001]) in the A1As collector barrier.
A preliminary report of some of the experiments can be
found in Ref. 22.

The paper is organized as follows. In Sec. II, details of
the structures and experimental methods are presented.
In Sec. III, a model for the radiative recombination
mechanism and PL and PL excitation (PLE) data is
presented. Optical measurements of the electron density
in the well and a discussion of electron transport through
the collector barrier are presented in Sec. IV, followed by
a summary in Sec. V.

II. EXPERIMENTAL DETAILS

Four structures were designed to allow a systematic
study of the relationship between the optical and trans-
port properties of the DBTD's. The generic structure
consists of Si-doped n-type and undoped (ud) layers
grown by molecular-beam epitaxy at 580 C in the follow-
ing order on n+-type [100] GaAs substrates: 0.4-pm
GaAs (n-2X10' cm ); ten periods 4.2-nm GaAs/3. 1-
nm A1As (n-2X 10' cm ); 85-nm GaAs (n-KD ); 4.2-nm
GaAs spacer (ud), A1As barrier (ud) thickness L», 5.1-
nm GaAs quantum well (ud), AlAs barrier (ud) thickness
Lb2, 4.2-nm GaAs spacer (ud); 85-nm GaAs (n ND); and-
85-nm GaAs (n-2X10' cm ). The thicknesses of the
last two layers were chosen so that in most of the optical
experiments approximately equal fractions of the exciting
light entering the structure would be absorbed on either
side of the double barrier. The undoped spacer layers
reduce dopant diffusion into the barriers. The superlat-
tice buffer was incorporated in an attempt to improve the
growth of subsequent layers and has no significant effect
on the transport or optical properties described below.
Layer thicknesses were determined to within two mono-
layers by transmission-electron microscopy measure-
ments. Barrier thicknesses I.» and Lb2 are given in Table
I. Diodes S have symmetric tunneling barriers

Emitter
el

A v&»,

hhl
lh 1

hh2

ector

(I.»=Lb2) and diodes A are asymmetric. XD was deter-
mined by electrochemical profiling to be in the range
2—3 X 10' cm for diodes S1, S2, and 3 1 and
-5X10' cm for A2. Using values for XD in this
range, we obtained good agreement between the mea-
sured and calculated biases for the peak tunneling current
in the dark (solving Poisson's equation in the Boltzmann
approximation and neglecting quantization in the emit-
ter).

Mesa geometry devices with areas of 10 cm were
prepared using standard optical lithography and wet
etching techniques. Shallow Ni-Ge-Au Ohmic contacts
were formed to mesa top and bottom (both on the same
side of the wafer to minimize series resistance) with a 50-
pm-square aperture in the top contact for optical access.

Continuous-wave (cw) PL and PLE measurements
were performed using an argon-ion pumped pyridine
two-dye laser as the excitation source. Time-resolved
spectra were excited with a synchronously pumped dye
laser and detected using a single grating monochromator
and streak camera with a system resolution of order 25
ps.

Figure 1 shows schematically the band lineups in a
biased device. The devices show clear NDC in their
current-voltage (I V) charac-teristics at 5 K, where all the
measurements and calculations described in this paper
were performed. Table I gives details of four-terminal
measurements of the current and bias at the tunneling
current peak which corresponds to tunneling from the
emitter into the first quasibound state in the conduction
band of the GaAs quantum well. The biases are not
corrected for the effects of contact-series resistance,
which we estimate to be less than 2 Q. Symmetric diodes
S1 and S2 show approximately symmetrical I-V charac-
teristics under positive and negative biases, with peaks in

Diode Lb, Lb2 Ig {meas.) IJ {meas.) Vg Vp

S1
A1
A2
S2

2.5 nm 2.5 nm 15 mA
2.5 nm 5.1 nm 11 mA
3.5 nm 5.1 nm 0.92 mA
5.1 nm 5.1 nm 3.6 pA

14 mA
—1 pA
15 pA
3.3 pA

0.70 —0.65
1.10 —0.50
0.41 —0.31
0.32 —0.28

TABLE I. Diode parameters: barrier widths and typical
peak tunneling currents and corresponding dark voltages in for-
ward {f) and reverse {r) bias.

FIG. 1. The schematic of a double-barrier structure with ap-
plied bias showing I -band profiles and lowest quasibound-state
energies in the well and collector. Dotted lines indicate the X-
valley conduction band in the barriers. Horizontal dashed lines
indicate Fermi levels in the heavily doped emitter and collector
contacts.
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the current near V~=+0.65 and +0.3 V, respectively.
Increasing the barrier thicknesses from 2.5 nm in diode
S1 to 5.1 nm in S2 reduces the peak tunneling current by
more than three orders of magnitude. Asymmetric diode
A 1 resembles diode Sl (2.5-nm barriers) when biased
such that its emitter barrier is 2.5 nm wide and S2 (5.1-
nm barriers) when biased such that its emitter barrier is
5.1-nm wide. This demonstrates that the electron-
tunneling current depends primarily on the thickness of
the emitter barrier in our devices, as discussed further in
Sec. IV B. For the asymmetric diodes, we define forward
bias as that giving the largest electron-tunneling current;
this corresponds to the emitter barrier being the thinner
of the two. There is no resonant-tunneling peak in 3 1 in
reverse bias, but a feature can be detected in the second
derivative characteristic at —0.50 V, where the resonance
might be expected (a resonant-tunneling current of —1

//, A can be inferred). Diode A2 exhibits similar behavior
to 2 1, but with a smaller degree of asymmetry, as ex-
pected. Bistability and hysteresis due to circuit effects
are present for the larger (-mA) but not for the smaller
( -//, A) tunneling currents. Data from diodes S 1 and A 1

will be discussed in the most detail, and that from diodes
S2 and A 2 introduced only in order to emphasize certain
points.

III. RADIATIVE RECOMBINATION

A. PL mechanism and PLE measurements

In this section, we discuss the relationship between the
luminescence and transport. In the simplest model of
steady-state radiative recombination, the (spectrally in-
tegrated) luminescence intensity Ip„ from the quantum
well is proportional to

trons directly (optically) or indirectly (electrically) inject-
ed. Second, the electric field in the collector is screened
and more bias is dropped across the well and barriers
than in the dark; the tunneling current peak is therefore
shifted to lower bias. The presence of the spacer layer
and the relatively low collector doping density play an
important role in allowing sizable hole populations to
build up in the collector depletion region. '

PLE measurements were performed with the detection
window in the spectral region corresponding to the tran-
sition between the lowest-energy (n =1) bound states in
the conduction and valence bands in the quantum well
(el and hhl in Fig. 1), which occurs near 1.630+0.005
eV in diodes selected from the center of each wafer. Fig-
ure 2 shows representative PL and PLE spectra of diode
3 1 at various biases. The PL peak corresponds to
recombination of carriers in the e1 and hhl states of the
well. At zero bias the near-band-edge PLE spectrum
shows well-defined peaks corresponding to the heavy- and
light-hole excitons in the well (e l-hh1, e 1-lhl) together
with the corresponding continua at higher energies.
With increasing applied bias a background spectrum de-
velops which has a cutoff near 1.52 eV, below the thresh-
old for absorption in the well, and which roughly mirrors
the expected absorption spectrum of the n-type emitter
and collector layers. The presence of this background
confirms that the density of holes in the well is partly
governed by photoexcitation of the collector and subse-
quent tunneling of holes into the well through the collec-
tor barrier. ' ' In diode A 1, in reverse bias (e.g. , Fig.
2, —0.40 V), where the collector barrier is relatively thin,
this indirect carrier creation process is more important
than direct photoexcitation in the well, and the features
in the PLE spectrum specific to the well are lost against a
large background. In forward bias, excitation of the well

1+R„,/R„

where p is the minority carrier (usually hole) sheet densi-
ty in the well, R„, is the minority carrier nonradiative de-
cay rate (generally dominated by tunneling out of the
well), and the radiative recombination rate R„ increases
linearly with electron density n at low density but can
saturate at high density when the Fermi energy becomes
large compared with the thermal energy.

In general the sheet densities of carriers n,p consist of a
component directly photoexcited in the well (n =p )

and a component due to carriers tunneling from the emit-
ter or collector contacts (n„p, ). The optically excited
electron densities in the emitter and collector are so small
as to have neghgible effect on the electron transport and
optical emission at the excitation power densities used in
our experiments. In contrast, holes photoexcited in the
collector play a major role in determining recombination
in the well and, at high illumination intensities, the
current. Such holes accumulate in the lowest subband of
the triangular potential well in the spacer region adjacent
to the collector barrier (HH1 in Fig. 1) with two effects.
First, they can tunnel into quasibound valence-band
states in the well and supplement (with density p, ) those
directly excited. There they can recombine with elec-
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FIG. 2. PLE (solid curve) and PL (dashed curves} spectra of
diode A 1 at various biases recorded with a photoexcitation in-
tensity of 10 W cm . Parts of the solid curves corresponding
to laser scans over the detection energy have been removed for
clarity. The horizontal axis in each plot corresponds to the
dark background.
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and collector are of comparable importance. These PLE
measurements demonstrate that, especially for the de-
vices with a relatively thin collector barrier (diode Sl, or
A 1 under reverse bias), the time-integrated intensity of
PL from the well is strongly dependent on the hole-
tunneling current as well as the electron current and life-
times in the well. The PLE spectra also contain informa-
tion on the free-carrier densities in the well. For exam-
ple, at —0.20 V the heavy-hole peak shape in Fig. 2 is
considerably modified and its center of gravity blueshift-
ed relative to zero bias, indicating substantial heavy-hole
accumulation. These efFects are discussed further in Sec.
IV A.

the PL-V and I V-curves in Fig. 3(b) show that the hole-
tunneling current has a relatively weak dependence on
bias in the region of the electron-tunneling peak. This is
because at very low illumination intensity, corresponding
to small hole accumulation densities in the collector
spacer, the hole distribution function is nondegenerate
and no sharp tunneling features are expected, in contrast
to the case where the hole population is degenerate. For
large n„when the electrons in the well are degenerate,
the radiative recombination rate becomes independent of
n and the PL intensity is then proportional only to the

B. PL measurements

We begin our discussion of the PL measurements by
describing data obtained under a sufficiently low intensity
of photoexcitation (10 mW cm ) that there is negligible
perturbation of the electronic I Vcurve-s. Figures 3(a)
and 3(b) show the dependence of the spectrally integrated
luminescence intensity (over 3 —6-meV bandwidth) and of
the current on bias for diodes A 1 and S1. At zero bias,
the PL intensity arises from carriers directly excited and
recombining in the well and is relatively weak. The
luminescence intensity close to zero bias shows a quadra-
tic dependence on illumination intensity between 10
mW cm and 10 W cm, suggesting that the nonradia-
tive population decay rate exceeds the radiative recom-
bination rate and therefore that the luminescence intensi-
ty is limited by tunneling of photoexcited carriers out of
the well (R„—n, IpL pn IR„-„p-p„,n —n ). Using the
methods described in Sec. IV B, we calculate electron es-
cape times of less than 200 ps for S1 and A 1, while the
radiative lifetime deduced from the time-resolved PL
measurements of Tsuchiya, Matsusue, and Sakaki and
Jackson et al. is greater (at least a few hundred ps),
which lends support to our interpretation.

When diodes A1 and S1 are biased in such a way that
the collector barrier is 2.5 nm thick (i.e., A 1 reverse
biased, $1 either polarity), similar behavior is observed in
the PL-V curves even though the I-V characteristics,
which are largely determined by the emitter barrier (Sec.
IV B) are very different. With bias beyond the threshold
for significant electron tunneling, the intensity of
luminescence from the well increases markedly for both
diodes, and an approximately linear dependence of the
PL intensity on the excitation power is obtained. In this
regime, the PL intensity is proportional to the product of
the electron and hole densities in the well for small n.
Except for thick collector barriers when p -p„, the PL
intensity is then proportional to the product of the
electron- and hole-tunneling currents (n n, ))p--p, );
carriers directly photoexcited in the well are of secondary
importance (p )p, n ), as demonstrated by the PLE
measurements. The electron-tunneling current and accu-
mulation are not significantly perturbed by illumination,
whereas all holes are photoexcited. At a given bias under
weak illumination, n is fixed and the PL intensity is pro-
portional to p, the density of holes in the well, and there-
fore to the excitation intensity. The similarities between

16—
(a) Al

&0 ~~

20
CT

I

-1.5 -1.0 —0,5 0 05 10 15

Bias (V)

——0 v

16—

8—

-80 ".

-1.5 -1,0 —0.5 0 0.5 1.0 1,5

Bias (V)

FIG. 3. I-V and PL- V characteristics of diodes (a) A 1 and (b)
S1 under low-intensity (10-mW cm ) photoexcitation at 1.81
eV. Hysteresis (probably a circuit effect) is observed in the re-
gions of NDC, the higher-bias part of the curve corresponds to
ramping the voltage up and the lower to ramping down. A
common intensity scale is used for Figs. 3—6.
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hole-tunneling current through the collector barrier. For
large n„ it is also possible for R„ to be greater than R„,
with the same result. These factors may explain why the
PL intensity increases more slowly than the current with
increasing bias on approaching the tunneling peak. In
diode A 1 some structure due to hole tunneling is ob-
served in the PL- V, curve which is discussed further
below.

When the devices are biased well above the peaks in
the electron-tunneling current in Figs. 3(a) and 3(b), the
total current increases while the luminescence intensity
remains relatively low. This is due to several factors, the
most important of which is the decrease in electron and
hole dwell time (increase in R„„) with increasing bias.
Other effects include a reduction in the size of the matrix
elements entering into the radiative recombination rate as
the degree of electron-hole wave-function overlap is re-
duced with increasing field, and the possibility that for
very large bias hot holes can be injected straight over the
collector barrier without accumulating in the collector
spacer.

In contrast to the behavior in reverse bias, in forward
bias, where the collector barrier in A 1 is twice as thick as
in S1 and the emitter barriers are the same, the I-V
characteristics are similar, whereas the PL-V curves are
very difFerent. The PL intensity in diode A 1 is very weak
and shows only a small change over the region of the
peak in the electron-tunneling current. The PL intensity
is mainly determined by holes directly excited in the well,
suggesting that at the high electron densities achieved in
this device the PL intensity becomes independent of n,
and instead Ipt -p, p -p )p, . Figures 3(a) and 3(b)
therefore demonstrate the importance of the current of
holes tunneling through the collector barrier in determin-
ing the intensity of PL from the well.

Under intense photoexcitation (100 W cm ), the accu-
xnulation and tunneling of photoexcited holes is even
more clearly revealed in the I-V and PL- V characteristics
[Figs. 4(a) and 4(b)]. Assuming a carrier lifetime of order
100 ps (see Sec. III C), this intensity corresponds to a
directly photoexcited carrier density in the well of less
than 10 cm, which is relatively small compared with
the electrically inject d electron density near the peak in
the tunneling current, but the I-V and PL- V characteris-
tics are nevertheless strongly modified by photoexcita-
tion. The electron-tunneling peak occurs at lower bias un-
der illumination than in the dark ( V~ =0.54 V under il-
lumination and 1.10 V in the dark for A1, V =0.64 and
0.70 V for S1, with device-to-device variations of +0.02
V). This effect is due to screening of the field in the col-
lector depletion region by photoexcited holes, and is most
pronounced for the devices with the thickest collector
barriers ( A 1 and A 2 in forward bias, S2 in either polari-
ty), where the hole-tunneling probability through the col-
lector barrier is smaller and a larger hole population can
build up in the collector spacer. From the change in Vz
with illumination, we calculate a collector spacer sheet
charge density of -6X10" cm for diode A1 and
—1.5X 10" cm for S1 for biases near that of the peak
electron-tunneling current. At these densities only the
lowest-energy valence subband in the collector (HH1 in
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FIG. 4. I-V and PL- V characteristics of diodes (a) A 1 and (b)
S1 under high-intensity (100-Wcm ) photoexcitation at 1.81
eV.

Fig. 1) is occupied, assuming quasithermal carrier statis-
tics.

With increasing reverse bias, the PL intensity increases
and exhibits maxima [features a and b in Figs. 4(a) and
4(b)] at the same biases as features in the I V-curve.
These features are due to peaks in the hole-tunneling
current which become clear at illumination intensities
large enough to produce a degenerate hole population in
the collector spacer, and are sufficiently large to contrib-
ute noticeably to the total current. Under low-intensity
excitation the peaks in the PL-V curve are weaker be-
cause p -p . At feature a (0.42 V in Sl, 0.37 V in A 1)
there is a distinct peak which we attribute to tunneling of
heavy holes from HH1 collector states into the second
heavy-hole level (hh2) in the well. This assignment is
roughly supported by calculations of the band lineups (as
indicated in Sec. II and using the hole masses suggested
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by Miller and Kleinman ). In the dark we calculate a
peak HH1-hh2 current at 0.35 V in S1 and 0.30 V in 3 1.

e estimate that these biases would be 10% or 20%
smaller under illumination. In both diodes, the bias for
peak HH1-hhl tunneling is calculated to occur at less
than 0.05 V and thus lies below the threshold for electron
tunneling. In addition, at low bias there is relativ 1 1'ttl'eyi e

accumulation because of the moderately high collec-
or oping. ' Taken together these factors may explain

why there is not a noticeable peak in eith th PL- V
c aracteristics for this tunneling process. At f

b (0.24 V in S1

ess. eature
in Sl, 0.14 V in A 1) there is a maximum (diode

A 1 or shoulder (diode Sl) in the tunneling current,
which we attribute to tunneling from HH1 into the
lowest light-hole level in the well (lh1). We calculate that
this should occur at 0.23 V in S1 and 0.20 V in A 1 in the
dark, which supports our assignment. This tunneling
process requires band mixing which is

'
d

in Sec. III C.
is mentione again

Figure 5, which combines information contained in the
PL-V and I Vcu-rves in Figs. 4(a) and 4(b), shows the
variation of PL intensity with current. For the asym-
metric device in forward bias the PL t ' '

1in ensity is low and
nearly independent of current, as discussed above. In re-
verse bias the PL intensity is accurately linear with

ver thiscurrent up to the PL maximum at —0.6 V. 0
range of bias in the absence of photoexcitation, the elec-

wi increasing pho-tron current is extremely small but with
' ' h-

toexcitation intensity the current increases strongly. We
suggest that in this geometry the total current is deter-
mined by the current of holes through the collector bar-
rier. The density of holes con6ned in the well increases,
increasing the potential drop across the emitter barrier

1.6 x1 0 5

until a steady state is achieved in h' h hn w ic t e currents of

lector ar
electrons through the emitter and h 1 th ho es roug the col-
ector are equal both to each other and to the rate of

recombination in the well. The current of h 1 f hoesouto t e
we t roug the wide emitter barrier is negligible. The
hole accumulation in the well causes a reduction in band
gap and a shift in PL energy; these effects are discussed in
Sec. IVA. For diode S1 the PL te intensity is approxi-
mately proportional to current for small biases (up to
luminescence peak b) for similar reasons. At higher
biases the hole current through the collector barrier is
smaller than the electron current through either barrier,
and the current of holes escaping from the well through
the emitter barrier may be significant. There is therefore
no simple relationship between the hole current, the total
current, and the recombination rate.

ecreasing illumination intensity generall takes 1

y, as illustrated by the behavior in diode 52
shown in Fig. 6. In this device, hole tunneling is particu-
larly c ear in the PL-V characteristics at 1 W ~ F'a cm ig.

c ], with a sharp, well-resolved tunneling peak at 0.17 V
and valley near 0.25 V. The tunneling peak is only 24
mV wide, corresponding to an energy width of 12 meV
which is comparable to the estimated heavy-hole Fermi
energy in the collector spacer required to give the ob-
served 0.05-V shift in the bias of the electron-tunneling
peak with illumination. NDC has also been observed, al-
t ough less clearly, in hole transport in -t
DBTD~$26 —28s. e identify the dominant sharp peak in
the PL-V characteristic [Figs. 6(c) and 6(d)] 'th HH-

unneling, and the small peak evident near 0.29 V in
Fig. 6(b) with HH1-hh2 tunneling. The calculated biases
for HH1-hh2 andan HH1-lh1 peak tunneling currents,
neglecting hole accumulation in the coll te co ec or spacer, are

and 0.20 V, respectively, consistent with the peak
positions in Fig. 6. Behavior resembling that shown in

igures 6(c) and 6(d) has been observed in the electro-
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luminescence intensity of a structure similar in important
respects to S2, except for the fact that the collector was p
type. ' The emission in this case was attributed to e 1-lhl
recombination and led the authors of Ref. 18 to conclude
that a population inversion between hh1 and lh1 states
had been achieved in their device. In our structure, the
recombination is unambiguously identified by PLE mea-
surements as el-hhl, and we have not found any evi-
dence of e1-lhl emission.

For illumination intensities lower than 100 mWcm
the photoexcited hole population in the collector spacer
is no longer degenerate, and sharp tunneling features
cease to be evident, as shown in Fig. 6(a). The PL-V
behavior of diode S2 might be expected to resemble A 1

in forward bias, where the collector barriers are similar.
The fact that hole-tunneling peaks are observed in the
PL- V characteristics of diode S2 but not A 1 in forward
bias suggests that p, -p in S2, whereas p, (p in A 1

because of the thicker emitter barrier in the former which
favors hole accumulation in the well.

Whereas the behavior seen in Fig. 6 and also in diodes
A 1 and A 2 is what might be expected with increasing
hole population in the collector, the behavior in diode S1
is more complicated. With decreasing illumination inten-
sity the bias of feature a in the high-intensity plot in Fig.
4(b) (attributed to HH1-hh2 tunneling) increases in such a
way that at low intensity the electron-tunneling peak
occurs first. This behavior is not presently understood.

C. Pulsed excitation

Time-resolved PL measurements on diodes S1 and A 1

confirm the importance of hole tunneling from the collec-
tor into the well in determining the PL intensity. Figure
7 shows streak camera traces of the evolution of the PL
from the well in diodes S1 and A1 following excitation
by 1-ps pulses at 1.84 eV. Such measurements were per-
formed in the high-intensity photoexcitation regime (100
W cm average power). At zero bias the PL decay time
is approximately 200 and 100 ps in S1 and A1, respec-
tively; the rise time is not resolved ((30 ps). This PL is
due to carriers directly excited in the well and, as argued
in Sec. III B, its decay is strongly inAuenced by carriers
tunneling out of the well.

In diode A1, the PL decay time is approximately in-

dependent of forward bias. In diode S1, and in diode A 1

in reverse bias, a long-lived component develops and is
seen as a steady level at later times. The long-lived PL
component is due to the current into the well of holes
photoexcited in the collector, and has maximum intensity
at the bias corresponding to the peak time-integrated in-
tensity [Figs. 4(a) and 4(b)]. The electron population in
the well at later times is provided by carriers tunneling
from the emitter. The rapidly rising and decaying com-
ponents of the PL show maxima in intensity at lower
values of bias near features a in Figs. 4(a) and 4(b), which
we have attributed to HH1-hh2 tunneling. This suggests
that the decay of the directly excited carrier population is
also inAuenced by holes tunneling from the collector.

For instrumental reasons we were unable to determine
the characteristic decay time of the long-lived com-
ponent, but can place a lower limit of a few ns and an
upper limit of —10 ns upon it. The rise time of this
long-lived component is at most 3 —400 ps. To describe
the behavior of the long-lived component, we consider a
simple model of the kinetics in which a hole population is
instantaneously created in the collector spacer by the
laser pulse. In effect we are assuming that holes excited
elsewhere in the collector drift to the spacer region on a
relatively short-time scale, on the order of a few hundred
ps or less, which is reasonable since a hole can drift more
than 100 nm in this time for typical fields. This hole pop-
ulation can then decay, with time constant ~„by tunnel-
ing into the well and by recombination in the vicinity of
the collector spacer. A rate equation analysis shows that
the rise time of the PL due to holes tunneling from the
collector is determined by the shorter, and the decay time
by the longer, of ~, and the lifetime of holes in the well,

From our zero-bias measurements, we estimate that
is a few hundred ps or less, so that the rise time of the

long-lived component is determined by r (and to a lesser
extent by the drift of holes over the length of the collec-
tor), and the decay time by the shorter of the time con-
stants for hole tunneling through the collector barrier
and recombination in the collector spacer. A simple cal-
culation of the heavy-hole tunneling time in diode S1 at
an arbitrary bias of 0.3 V gives a result of —1 ps, but
light holes can tunnel much more rapidly than heavy
holes, and the average hole tunneling time is very sensi-
tive to band mixing and can be dramatically reduced by
carrier density and heating effects. ' Our results there-
fore only allow us to place a lower limit of a few ns on the
average hole-tunneling time, in agreement with the re-
sults of Ref. 13.

IV. DETERMINATION OF ELECTRON DENSITY
IN THE WELL

A. PL measurements

I

300

Time (ps)

600
I

300

Time (ps)

600

FIG. 7. Time-resolved PL spectra from diodes (a) A 1 and (b)
S1 at various biases with excitation (100 Wcm ) at 1.81 eV.
The horizontal axis corresponds to the dark background.

Figures 8(a) and 8(b) show the variation of PL energy
and linewidth in diodes A 1 and S1, and also the Stokes
energy shift between the peak in the emission spectrum
and the n =1 heavy-hole "excitonlike" feature in the
PLE spectrum (Fig. 2). These measurements were made
with an excitation power density of 10 W cm, which is
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FIG. 8. PL energy and linewidth (full width at half max-

imum) and Stokes shift between peaks of PL and PLE as a func-
tion of bias for diodes (a) A1 and (b) S1. The photoexcitation
intensity was 10 Wcm at 1.65 eV. Vp VT and V& indicate
approximate biases of the threshold, peak, and valley of the tun-
neling current. Dashed lines indicate regions of circuit instabili-

ty, where the device state is not well defined.

a factor of 10 lower than in the high-excitation regime
described above. A11 three quantities contain information
about carrier accumulation in the well, but the clearest
picture of charge buildup is given by the Stokes shift.
There is a 4-meV Stokes shift at zero bias and low tem-
perature which can be attributed to exciton localization
effects. Under bias, the band-filling effect of free carriers
gives rise to a further increase in Stokes shift with in-
creasing carrier density:

Ess=
p

(2)

I /3

6EPL =5E, —3. 1
2

where p is the reduced "exciton" mass. From the change
in Stokes shift of 7 meV between peak and valley ob-
served in diode A 1 [Fig. 8(a)], and using p =0.05m o,

'

Eq. (2) gives a change in carrier density of n =1.5 X 10"
cm . We thus deduce an electron sheet density at the
peak of the tunneling current of this magnitude. Similar-
ly, for diodes Sl [Fig. 8(b)], A2, and S2, we obtained
n —7. 5 X 10', n —1.1 X 10", and n (2 X 10' cm, re-
spectively. Measurements made under lower-intensity
(100 mW cm ) photoexcitation gave similar results. For
diode A 1 in reverse bias, Fig. 8(a) shows evidence of
charge buildup between 0 and —1 V, which we attribute
to heavy-hole accumulation in the well. This is
confirmed by the fact that the intensity of the e1-hh1
peak in the PLE spectrum (see Fig. 2, —0.2 V) is reduced
relative to e l-lh1, the former being effected by heavy-hole
band filling but not the latter. Note that the PL
linewidth is smaller than that at 0 V. This is possibly be-
cause of the reduced importance of indirect transitions
involving HH1 collector spacer states when the well con-
tains a significant heavy-hole population. We were un-
able to measure the Stokes shift much beyond —0.2 V be-
cause of the large indirectly excited background in the
PLE spectrum (see Fig. 2, —0.40 V); we estimate a hole
population p, —10" cm at this point. The behavior of
the electron density indicated by the Stokes shift data for
diode S 1 in Fig. 8(b) is similar to A 1 in forward bias, but
there is also a significant hole population in the well of
diode Sl near 0.20 V. Using Eq. (2), we estimate that the
peak value ofp js —5 X 10

The PL energy and line shape also contain information
about charge accumulation in the well, but analysis is
generally more complicated. Both many-body effects
(band-gap renormalization) and changes in the single-
particle energy due to the change in shape of the poten-
tial profile in the quantum well contribute to the varia-
tion in PL energy with bias. The largest single-particle
contribution is generally from the Stark shift, which de-
pends on the distribution of charge in the device and is
not a simple function of applied bias in the region of the
electron-tunneling peak. The magnitude of the band-gap
renormalization may be estimated using an interpolation
formula derived by Schmitt-Rink and E11 in a two-
dimensional (2D), zero-temperature random-phase ap-
proximation which, for the change in PL energy, gives
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B. Discussion

In this section, we discuss the measured peak tunneling
currents and charge buildup in the well using the sequen-
tial tunneling description of the DBTD, and relate these
two quantities to the time taken for an electron to tunnel
through the collector barrier. In this model we can ex-
press the current density at low temperature, where ther-
mionic emission is negligible, in the form

e )/ mEO/2 T, T,J~ (E E)—
T +T (4)

where T„T, are the emitter and collector barrier
transmission probabilities for electrons with energy
matched to that of the bound state in the well, L, is the
well width, EF is the Fermi level in the emitter spacer, m

is the electron mass in the well, and E, is related to the
bound-state energy in the well (Eo), and potential drops

where ao is the Bohr radius and 5E, is the change in the
exciton binding energy. This expression has previously
been found to provide a reasonable description of band-
gap renormalization in indirectly populated (i.e., not
directly doped) quantum wells with the substitution
of effective quasi-2D parameters. The exciton binding
energy becomes very small at modest carrier densities,
so that we can take 6E, -E, . Using effective parameters
appropriate to a 5-nm quantum well (ao —10 nm, E, —10
meV), we then obtain 5EpL-2 meV for an electron sheet
density of 1 X 10"crn, which is similar in magnitude to
the Stark shift expected at this bias and to the step in PL
energy in diode A 1 between 0.2 and 0.6 V in Fig. 8(a).
This illustrates the difficulty of separating the contribu-
tion of many-body effects from the overall variation in PL
energy.

In forward bias there is an increase in linewidth of 8
and 4 meV in diodes A 1 and S1, respectively, between
the tunneling current threshold and peak biases. This is
due partly to free-carrier broadening of order EF and
partly to a low-energy tail which develops further with
increasing forward bias, as can be seen in Fig. 2. Free-
carrier broadening should lead to an increase in emission
at energies higher than the peak. One possible explana-
tion for the low-energy emission is that it is associated
with an indirect transition between the e1 state in the
well and the HH1 state in the collector spacer, with ener-

gy close to but lower than the hh1 level in the well. To
estimate the Fermi level, we might consider only the vari-
ation in the half-width from the luminescence peak to the
half-height point on the high-energy side, in which case
we find that the width increases by 3 meV, which is sirni-
lar to that expected for a sheet carrier density of order
10"cm . On the other hand, there is a decrease in both
the full width and half-width in diode A 1 on going from
0 to —0.2 V, while the Stokes shift data suggest a buildup
of holes, thus showing that any such simple analysis of
the PL line shape is doubtful. The complicated spectral
shape of the PL makes it difficult to extract information
from a line-shape analysis about the change in Fermi lev-
el in the well with bias.

16rc+E(E+eVb)( Vo Eo)—
T(E, Vb)=

[( Vo —Eo )r +E][( Vo Eo )r +E—+ e Vb ]

2
p k& dz

Xe

where Vo is the barrier height, r is the ratio of electron
mass in the barrier to that in GaAs, and kb is the perpen-
dicular wave vector in the barrier. We take into account
the fact that tunneling takes place far from the A1As I
band edge by using an approximate energy-dependent I
eff'ective mass mb(E) =m&( Vo)[(1—( Vo E)!E )], w—ith
E =R~/2mb( Vo)y, and y calculated in a five-band mod-

1 i$9.8X10
The charge density is related simply to the current den-

sity in the quantum well by a dwell time r=n/J, which
describes the decay of charge through the collector bar-
rier':

2L +m/2EO
T.

(6)

Using transmission coefficients calculated considering
only transport in the I valley, Eq. (4) describes the mag-
nitude of the peak tunneling current in the symmetric
diodes and reverse-biased asymmetric diodes reasonably
well, as can be seen by corr.paring the experimental and
theoretical values in Tables I and II, especially when ac-
count is taken of the uncertainty in sample and materials
parameters and the fact that our treatment probably un-
derestimates the tunneling current by a factor of order
two or three compared with a self-consistent calcula-
tion. In contrast, the predictions of the theory are not
borne out by the results on either asymmetric diode in
forward bias. In particular the measured peak tunneling
current in A 1 is very close to that in S1, suggesting that
J is proportional to T, rather than to T„as predicted.

across emitter barrier and well, ( V,b, V ), by
E, =ED —eV,b

—eV /2. All energies are measured rela-
tive to the bottom of the GaAs conduction band. We
have assumed that the energy width of the bound state in
the well is smaller than the width of the energy distribu-
tion in the emitter, and that tunneling preserves the in-
plane-wave vector. Equation (4) is approximately
equivalent to that derived in a coherent tunneling model
and remains unchanged to first order in the presence of
weak scattering (defined below). In the limit that the
transmission coefficients of the two barriers are very
different, the model predicts that the current is deter-
mined by the more opaque barrier. Hence, for the sym-
rnetric diodes and the asymmetric diodes under reverse
bias, we expect that T, & T„and that J is proportional to
T, . For asymmetric diodes under forward bias, T, & T„
and J is proportional to T, .

For the transmission coefficient of a single barrier as a
function of energy E, we use the Wentzel-Krarners-
Brillouin approximation modified by the inclusion of a
prefactor obtained by extending the exact Aat-band re-
sult to first order in the potential drop Vb across the
barrier:
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TABLE II. Peak tunneling currents calculated in the sequen-
tial model together with measured (using ~f=n /Jg) and calcu-
lated tunneling times through the collector barrier in forward
bias. Unstarred calculations are for tunneling in I valleys only,
starred calculations include parallel X-valley tunneling with the
branching ratio cz&=1X10 . ND is taken as 2.5X10' cm
in A 1, A 1, and S2, and 5 X 10' cm in A2.

Diode

51
S1*
A1
A1
A2
A2*
S2
S2'

Ig (calc. )

2.6 mA
2.7 mA

12 pA
2.7 mA

16 pA
0.21 mA
0.23 pA
1.2 pA

Iz (calc.)

2.6 mA
2.7 mA
0.23 pA
1.2 pA
0.48 pA
2.7 pA
0.23 pA
1.2 pA

~f (calc.)

80 ps
58 ps

390 ns
260 ps
480 ns
730 ps
670 ns

2.3 ns

~f (meas. )

80 ps

170 ps

1.9 ns

(90 ns

Values of ~ calculated near the peak in the tunneling
current using Eq. (6) are compared with n/J obtained
from the Stokes shift and transport measurements in
Table II. This comparison is more telling, since the cal-
culated value of ~, unlike J, is only weakly dependent on
the crudely modeled charge distribution in the emitter.
The agreement is again satisfactory for the symmetric
diode S1 and for the asymmetric diodes in reverse bias,
but not for the forward-biased asymmetric diodes or for
diode S2. For example, for diode 3 1, ~ is overestimated
by a factor of -2300. We interpret this discrepancy be-
tween theory and experiment as due to the neglect of
scattering. In the theory of Bar-Joseph and Gurvitz,
scattering in the well can be included in the framework of
Eqs. (4)—(6) by replacing T, with T, +T;, where T; is the
scattering rate divided by an attempt frequency
(2Eo/m )'~ /2L . In asymmetric diodes, for which

T, & T„ the current is expected to be different in the
weak (T, «T„T,) and strong (T, ))T„T,) scatteri. ng
limits. The strong-scattering model predicts that J is
proportional to T, for both T, )T, and T, )T„ in con-
trast to the predictions of the weak-scattering or coherent
models where J is proportional to the smallest transmis-
sion coefficient. Strong scattering can therefore explain
the large peak tunneling current observed in diodes A1
and A2. The qualitative predictions of the model do not
depend on the microscopic details of the scattering mech-
anism. Bar-Joseph and Gurvitz considered irreversible
scattering in the well, whereas the indirect band-gap
structure of the A1As barriers in our structures suggests a
different mechanism in which the transparency of the
barriers is enhanced by scattering into X-point
conduction-band valleys. This would explain the short
dwell times observed in diodes 2 1 and A 2.

Transport measurements ' demonstrate that the
effective height of a single A1As barrier for tunneling, and
thermionic emission is closer to the GaAs-A1As I -X
conduction-band offset EE&r-0.2 eV (Ref. 41) than to
the I -I offset EE&&—1.05 eV, thus showing the impor-
tance of intervaHey scattering. ' ' ' Experimentally
the mass appearing in the exponent of Eq. (5) is generally
found to be much closer to the small transverse X, mass

m -0.2m o than to the large longitudinal X& mass
1.1plo suggesting that scattering into X, valleys is

the most important process even though tunneling via X&
valleys can occur without scattering because of the bro-
ken symmetry of the lattice in the growth direction. This
hypothesis is supported by empirical pseudopotential cal-
culations, which suggest that tunneling via X, valleys is
only relatively weakly favored compared with that in the
I valley. Tunneling involving the X point has been used
to explain the pressure dependence of the valley currents
in A1As/GaAs/A1As DBTD's, ' but the magnitude of
the peak tunneling current in symmetric GaAs/A1As
DBTD's was previously thought to be determined by the
I offset of the emitter barrier. ' ' ' We suggest that
tunneling via the X point is important in determining
both the peak and valley currents in the general case.

The relative contributions of the I and X tunneling
processes depend not only on the transmission
coefficients Tz, Tz associated with evanescent states in
the different valleys but also on the scattering rate be-
tween the I and X valleys which we describe by a
branching ratio czar, defined such that the total transmis-
sion coefficient through a single barrier is
(1—cr~)T„+c„zTz (ct~TX is similar to T, in the nota-
tion used above). The dwell time data for diodes A 1 and
A 2 can be reasonably well described (to within a factor of
order 2) by taking cr z = 1 X 10 for both barriers, a
value also consistent with the data on the symmetric
diodes (Table II). For this value of cr~, transport in the
X, valleys dominates that in the I valley for barrier
widths greater than about 3 nm. The peak tunneling
current in the symmetric diode S1 is dominated by I val-
ley tunneling processes, whereas tunneling via X, valleys
dominates in all the other diodes and is clearly in-
coherent. The relative proportions of I and X tunneling
may depend on the nature and density of impurities in
the barriers and on the roughness of the interfaces and so
be sample dependent, but a value for

czar

of order 10
is consistent with measurements of effective Richardson
constants made on indirect GaAs/Al Ga, „As single-
barrier tunneling structures by Solomon, Wright, and
Lanza and Kyono et al. It is interesting to note that
calculations of elastic I -X, scattering by alloy potential
Auctuations in Ala ~Gao 5As single barriers show order-
of-magnitude agreement with our experimental estimate
of cz~. This may not be a coincidence, since roughness
of the GaAs/AlAs interface must impart to it some
characteristics of the alloy, although it is possible that in-
elastic scattering involving phonons also plays a part.

V. SUMMARY

The optical emission from the quantum wells in pho-
toexcited A1As/GaAs/A1As DBTD's has been investi-
gated and correlated with transport measurements. Pho-
toexcited holes accumulate in the collector spacer and
from there tunnel into the n =1 light-hole and n =2
heavy-hole levels in the quantum well, where they can re-
lax to the n =1 heavy-hole level and play a major role in
determining the intensity of recombination with n =1
electrons. Since the intersubband relaxation time is typi-
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cally much shorter than the dwell time in the well, the
observed hole-tunneling processes are clearly incoherent.
Under high-intensity illumination, resonant hole tunnel-
ing can be directly observed as peaks superimposed on
the electron current-voltage characteristics. Under cer-
tain conditions the hole-tunneling current may control
the current through the device.

By measuring the variation in the Stokes shift between
emission and absorption, we have determined the elec-
tron sheet charge density in the well near the peak in the
tunneling current and used this to deduce the average
time taken for electrons to tunnel through the collector
barrier. For AlAs barriers thicker than about 3 nm, this
time is found to be shorter than expected for tunneling
via 1-valley evanescent states alone, but is consistent
with the existence of a more efficient parallel tunneling

process involving scattering into transverse X-valley
states with a branching ratio of order 10 . Both the
electron and hole tunneling take place in the strong-
scattering (incoherent) regime, in which the current de-
pends only on the transmission coefticient of the emitter
barrier even for asymmetric diodes with very thick col-
lector barriers; this behavior is quite different from that
expected in a coherent model.
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