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Clear evidence for space-charge buildup and the occurrence of sequential tunneling processes, in

GaAs-Ga& „Al„As double-barrier resonant-tunneling structures, is obtained from photolumines-
cence investigations in zero and finite magnetic fields. The charge densities in the quantum-well re-

gions are determined from zero-field line-shape fits and the study of Landau-level intensities as a
function of magnetic field. The occurrence of sequential tunneling in structures with two
quasiconfined electron subbands is demonstrated from the spectroscopic observation of large charge
densities in the lower subband, when the structures are biased for tunneling into the upper electron-
ic level. The temperature of the electronic charge which builds up in the quantum wells at the two
resonances is determined from the line-shape-fitting procedures.

I. INTRODUCTION

Double-barrier resonant-tunneling structures
(DBRTS's) were first discussed and demonstrated in
1973—1974. ' However, it is only in the last few years that
a significant amount of study has been directed towards a
proper understanding of the fundamental physical pro-
cesses which take place in DBRTS's. These include the
question of whether tunneling is predominently coherent
or sequential, and the magnitudes and consequences of
space-charge buildup in the quantum-well (QW) part of
the structure on resonance. ' Such an understanding is
particularly important given the large number of poten-
tial applications for such structures, for example in the
fields of high-speed electronics and multivalued logic de-
vices.

In two recent publications, Young and co-workers '

have employed low-temperature photoluminescence (PL)
to investigate characteristics of the resonant-tunneling
process. They deduced, from these results, values for the
charge buildup, which occurs on resonance, and for the
variation of tunneling rates with applied bias. However,
the validity of the charge-density determination in the
quantum well in Ref. 7, obtained from the variation of
PL intensity with applied bias suitably scaled to the
charge density expected at zero bias, has been questioned
and further discussed in a recent Comment and Re-

9, 10

In the present paper, a detailed photoluminescence
study of the electronic transport processes in two
DBRTS's, containing two quasibound electronic sub-
bands, is reported. The observation of band-filling effects
on the PL linewidth, as a function of applied bias, is
shown to provide direct evidence for charge buildup in
the quantum-well parts of the structures at the two reso-
nances. The occurrence of charge buildup is additionally
demonstrated by the observation of Landau-level split-

tings of the PL lines as a function of applied magnetic
field. A direct measure of the charge density in the well
is obtained from the field at which the quantum limit is
reached in the PL spectra. The relative degrees of elec-
tron energy relaxation, before tunneling out of the well
occurs, at the resonances, is analyzed from a study of the
Landau-level populations as a function of magnetic field.
Very clear evidence for the importance of sequential tun-
neling processes is obtained from the observation of PL
from electrons in the lower subband when the devices are
biased at the second electron resonance. Evidence that
the tunneling at the first resonance is also sequential in
the present structures is obtained from the study of
Landau-level populations as a function of applied bias.
Preliminary accounts of some of the results discussed
here have been presented in Refs. 11 and 12.

The paper is organized in the following way. In the
next section details of the structures and of the experi-
mental photoluminescence setup are described. Then in
Sec. III the variation of the PL spectra with applied bias
is discussed, with particular emphasis being paid to
deduction of the charge densities in the wells on reso-
nance from line-shape fitting of the PL spectra. In Sec.
IV, spectroscopic evidence for the occurrence of sequen-
tial tunneling in the structures under investigation is
presented, followed in Sec. V by studies of the PL spectra
in magnetic field, and finally in Sec. VI the main con-
clusions of the paper are summarized.

II. EXPERIMENTAL DETAILS

The experiments were carried out on two GaAs-
Ga& Al„As DBRTS's grown by molecular-beam epi-
taxy (MBE), the details of which are given in Table I.
Structure I contains a GaAs QW of 58-A width and
asymmetric GapgAlp4As barriers with 83- and 111-A
widths, in addition to the usual n+ GaAs contact layers
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Composition

n-type GaAs contact

GaAs

Ga) „Al„As

GaAs

Gal „Al„As

GaAs

n GaAs contact

n+ GaAs substrate

TABLE I. Sample characteristics.

Structure 1

0.5 pm, 2X10' cm
500 A, 1X10" cm
500, A, 1X10' cm

33 A

x =0.4, 111 A

58 A

x=04, 83 A

33 A

500 A, 1X10' cm
500 A, 1X10' cm
20 JMm, 2X10' cm

2X10" cm '

Structure 2

0.25 pm, 1X10' cm
0.75 pm, 2X10' cm

102 A

x =0.33, 85 A

79 A

x =0.33, 85 A

102 A

0.5 pm, 2X10', cm
0.5 pm, 1X10" cm

4X10" cm

and spacer layers. ' The incorporation of a thicker "col-
lector" barrier, for electron transport in the direction
from the substrate to the top contact (defined as reverse
bias, top contact positive), leads to strong charge buildup
in the well on resonance and to the occurrence of intrin-
sic bistability due to the resulting large electrostatic feed-
back. ' A PL investigation of the intrinsic bistability

phenomena is presented elsewhere. " The electrical
characteristics of structure 1 were first described in Refs.
17, 18, and 19 where the evidence that the bistability is
intrinsic in nature was discussed in full. However, the
principal arguments that support this interpretation are
that the bistability is only observed for the bias direction
in which strong charge buildup occurs, and that the
current-voltage characteristics are independent of exter-
nal circuit parameters, in contrast to the behavior expect-
ed in the case of extrinsic, load-line-controlled bistability.
For further discussion, see Refs. 17, 18, and 19. Struc-
ture 2 is a symmetric DBRTS with a GaAs QW width of
79 A and equal Ga067A10»As barrier widths of 85 A.
Both structures contain two quasibound electron states
and exhibit two negative-differential-resistance features
for both bias directions. 200-lum rnesas were employed
for the PL experiments, with either annular contacts, or
circular contacts smaller than the mesa size, being em-

ployed for the optical measurements. PL was excited in
the low intensity limit to minimize perturbation to the I-
V characteristics, with -0.2 W/cm of the 632.8-nm line
of a He-Ne laser, dispersed with a 0.75-rn spectrometer,
and detected with a cooled GaAs photomultiplier. Mag-
netic field experiments were performed in the Faraday
configuration, in a 10-T superconducting magnet. All the
work reported here was carried out with the samples
directly immersed in liquid helium at 2 K.

III. RKSUI.TS AND DISCUSSION
OI ZERO-MAGNETIC-FIKI. D EXPERIMENTS

A. Structure 1

The current-voltage (I-V) characteristics of structure
1, taken under the weak illumination conditions em-

ployed for the PL measurements, are shown in Fig. 1(a)
for reverse applied bias (V) (top contact positive). Two
negative-diferential-resistance (NDR) features and bist-
able regions, at —0.68 to —0.7 V and —2.4 to —2.44 V
(discussed in Refs. 17—19), are visible. The variation of
PL peak position, linewidth (full width at half maximum)
at zero magnetic field and 9.6 T, and integrated PL inten-
sity with bias, are presented in Figs. 1(a)—1(d), respec-
tively. An important result for the present paper is the
strong correlation between the variation of tunnel current
[Fig. 1(a)] and PL linewidth at B =0 T [Fig. 1(b)] with re-
verse bias. This result will be discussed in detail later,
where it will be shown to arise from the effect on the PL
linewidth of charge buildup in the well during resonant
tunneling. The PL intensity (Fig. 1) on the other hand
does not show any clear correlation with the I-V charac-
teristics, except at the onset of tunneling at -0.2 V, in
contrast to the results presented by Young et al. PL
studies under forward bias where very little charge build-
up occurs, and a reasonable correlation between the PL
intensity and current variations with bias is found, will be
discussed briefly at the end of Sec. III A. Actual PL spec-
tra, from which the results of Fig. 1 are obtained, are
shown in Fig. 2 at particularly significant bias values.

A schematic diagram of the conduction- and valence-
band profiles, when biased at the first resonance, is shown
in Fig. 3. At this resonance, electrons tunnel from the
two-dimensional electron-gas (2D EG) accumulation lay-
er in the emitter contact into the lower subband in the
QW, where charge buildup occurs, before they tunnel out
through the thicker second barrier into the collector.

The PL spectra in Fig. 2 arise from recombination be-
tween carriers in the lowest electron and heavy-hole
states in the GaAs QW part of the structure. There is a
strong shift of the PL peak positions to lower energy with
applied bias, as plotted in Fig. 1(a) of 20 meV at —3.3 V.
This shift arises from the quantum confined Stark e8'ect '

and is close to the value expected for a 60-A QW in an
electric field of 2. 3X10 V/cm. At V=O, the PL arises
predominantly from direct electron-hole creation in the
QW and subsequent recombination. A weak PL band,
with a tail to the low-energy side, is observed at V=O
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[Fig. 2(a)]. As soon as the tunnel current starts to liow

[at V= —0.23 V, Fig. 1(a)], the PL line becomes sym-
metric, narrower, probably due to the saturation of
defect- or impurity-related PL processes [Figs. 1(b) and
2(b)], and the peak shifts to lower energy by -2.5 meV
[Fig. 1(a)]. A similar shift of the PL spectrum to lower
energy, and narrowing of the PL line, near the onset of
current flow is reported later for structure 2 and has also
been observed earlier by Young et al. It should be not-
ed that in addition to the PL signals from the GaAs QW
part of the structure, which form the main subject of the
present paper, strong PL from the n+ GaAs contact re-
gions, -500 times stronger than that from the QW is
also observed.
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FIG. 1. Current [solid line, panel (a)], PL peak position [cir-
cles, panel (a)], PL linewidth (full width at half maximum) at
8 =0 and 9.6 T [(b) and (c), respectively], and integrated PL in-
tensity [panel (d)] as a function of applied reverse bias for struc-
ture 1. The solid and open circles in (a)—(d) represent on and off
resonance states, respectively. Two resonances and associated
negative-difFerential-resistance regions are observed in the I-V
characteristics. At both resonances the structure is bistable
with associated hysteresis loops being observed in current, PL
peak position, and linewidth. The variation of PL linewidth
with bias in (b) shows a strong correlation with that of the I-V
characteristics and arises from the variation of charge stored in
the well with bias. In magnetic field, (c), the free-carrier
broadening effects on the PL linewidth are removed.

FIG. 2. PL spectra as a function of reverse bias for structure
1. The asymmetric line observed at V=0 [(a)] is replaced by a
sharper, symmetric peak as soon as tunnel current fiows [(b),
V= —0.25 V]. With increasing bias at the first resonance
charge builds up in the well, and the PL line broadens with in-
creasing bias [(c) and (d)] until the structure switches to the
low-current state at —0.715 V [(e)]. The onset of the second res-
onance at occurs at ——1.7 V, and charge buildup increases up
to the peak of the resonance at —2.44 V [(g)]. The bistable be-
havior of the structure is seen by comparison of the spectra of
(g) and (h) both taken at —2.44 V, but in low- and high-current
states, respectively. The Fermi cutoff is marked on (d). The
dotted curves below (d) and (g) are line-shape fits to the spectra
on resonance.
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FIG. 3. Schematic diagram of conduction- and valence-band
profiles for structure 1, biased at the first resonance at ——0.65
V. Electrons tunnel from the accumulation layer in the emitter
contact into the quantum well, where charge buildup occurs.
The holes are generated predominantly in the "collector" (for
electrons) region, and form an accumulation layer at the collec-
tor barrier, before tunneling into the well and recombining with
the much higher density of electrons. At V= —0.9 V, V, = V&,

and the onset of the decrease of the hole collection rate in the
QW occurs.

With increasing applied bias, within the first reso-
nance, the tunnel current increases strongly [Fig. 1(a)],
the PL linewidth increases nearly linearly [Figs. 1(b) and
2(a) —2(c)] and there is a very strong increase in PL inten-
sity [Fig. 1(c)]. Under applied bias, and on a tunneling
resonance the PL arises from recombination of the tun-
neling electrons, whose density in the well builds up with
increasing tunnel current, (density n,'-2 2X10". cm at
—0.7 V, large compared to the photocreated electron
density of ~ 10 cm ) and holes which are photocreated
principally in the GaAs contact region. Under the
influence of the applied bias, these holes accumulate at
the thick Al„Ga& „As "collector" barrier, where they
form a 2D hole gas, and subsequently tunnel into the
well. The density of the holes, (n,") at the collector bar-
rier under the illumination conditions employed is es-
timated to be —10' cm from the small perturbation of
the I-V characteristics of 20 mV to lower bias observed
under illumination. This value of n, is obtained from a
calculation of the extra electric field required across the
barrier-well-barrier region of the structure to give rise to
the observed 20-mV shift of the I-V characteristics. The
hole density in the well must be less than this, possibly in
the range 10 to 10 cm given likely hole tunneling
rates into the well, but the actual value will be dependent
on the applied bias. An upper limit for the hole density
in the well of 10 cm is also obtained from the
electron-hole pair generation rate in the structure, es-
timated from an incident laser power of 0.2 W/cm and a
minority carrier lifetime of 1 nsec.

We have demonstrated the dominance of hole creation
in the GaAs in giving rise to the observed PL under ap-
plied bias, from PL excitation (PLE) spectra of the QW

PL. These PLE spectra show only very weak excitation
features due to transitions between the confined hole and
electron levels in the QW. The dominance of hole
creation processes in the GaAs contact regions is also
demonstrated by the fact that the QW PL can be excited
at photon energies below the QW band gap. ' Such
photons can only excite electron-hole pairs in the GaAs.
The holes then tunnel into the QW and recombine with
the electrons which have built up in the we11 because of
the tunneling process.

The marked increase in linewidth from 4.2 to 6.2 meV
between —0.4 and —0.7 V on the first resonance [Figs.
1(b) and 2(b) —2(d)] arises from build up of space charge in
the well with increasing tunnel current. PL spectra aris-
ing from the recombination between a high density of
electrons in a QW and photocreated thermalized holes
have been recently investigated in some detail. The
electrons populate states from the bottom of the conduc-
tion band (wave vector k =0) up to the electron Fermi
energy EF (=h n,'l4mrn"). In high-quality QW's the os-
cillator strength for recombination is expected to fall off
towards EF due to wave-vector restrictions, at a rate
which is determined by the degree of disorder (or degree
of hole localization) in the system. This general descrip-
tion accounts well for the behavior observed in Fig. 2(d).
The spectrum peaks on the low-energy side, decreases to-
wards higher energies, and shows a cutoff at the Fermi
energy, as indicated on Fig. 2(d). When the bias voltage
is increased slightly beyond —0.7 V, the structure goes
off resonance [Fig. 1(a)], charge buildup in the well is
strongly reduced, and a much narrower, nearly sym-
metric PL line is observed [Fig. 2(e)].

The change in line shape between the on and off reso-
nance states can be used to deduce the magnitude of the
space-charge buildup in the well. Such a determination is
complicated by the contribution of both free-carrier and
inhomogeneous effects to the observed, asymmetric PL
line shape on resonance. Nevertheless, by convolving the
line shape observed at the onset of the first resonance (at—0.3 V, where n,'=0) with a Fermi function, together
with a decreasing oscillator strength towards EF, a good
fit, shown by the dotted curve below the spectrum of Fig.
2(d), can be obtained. A value for EF at the peak of the
first resonance of 7.5+1.0 meV is obtained from this fit,
and hence an n,

' value of (2.2+0.3)X10" cm, for
m*=0.07mo, is deduced. The reliability of this deter-
mination is strongly aided by the observation of a clear
feature in Fig. 2(d) at the electron Fermi energy. This
value for n,' agrees with that determined from magneto-
PL measurements at —0.7 V, from the magnetic field at
which the quantum limit is attained (as discussed in detail
later), and with the value n,'=2 X 10" cm obtained
from osci11atory magneto capacitance studies on the same
structure by Leadbeater et al. '

The electron Fermi energy as a function of bias cannot
be deduced directly from the PL linewidth versus V re-
sults of Fig. 1(b) due to the strongly asymmetrical line
shapes observed, without the carrying out of a fitting pro-
cedure of the type discussed above. Nevertheless, the
strong increase of linewidth with tunnel current is a clear
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signature of charge buildup in the well at both reso-
nances. Further confirmatory evidence of the contribu-
tion of band-filling effects to the increase of PL linewidth
on resonance is provided by the magneto-PL measure-
ments.

Beyond the cutoff of the first resonance, a peak in the
I-V characteristics at —0.87 V arising from LO-phonon-
assisted resonant tunneling is observed [Fig. 1(a)].
Such inelastic processes also lead to charge buildup in the
well as seen in Fig. 1(b), by the small increase of the PL
linewidth from —0.7 to —0.75 V and subsequent de-
crease up to —1.0 V, to a value of 3.8 meV. The onset of
the second resonance occurs at —1.7 V, and is accom-
panied once again by a strong increase in PL linewidth up
to the large value of 11.8 meV at —2.44 V [Figs. 1(b) and

2(g)].
A line-shape fitting to the spectrum at the second reso-

nance and deduction of EF are less reliable than that car-
ried out for the first resonance due to the absence of a
feature at the Fermi energy in the spectrum. The broad
high-energy tail to the spectrum can only be explained if
the temperature of the electrons is in the range 25 to 40
K. The elevated electron temperature is the reason for
the absence of a Fermi-energy feature in the spectrum.
The deduction of a high carrier temperature is further
substantiated by the magnetic field experiments presented
in Sec. VB. An n,' value of 3.2X10" cm (E~=ll
meV) at —2.4 V is deduced from the magnetic field stud-
ies. A good fit to the spectrum of Fig. 2(g) is obtained for
this value of E~, involving a convolution of the off reso-
nance line shape at —2.44 V [Fig. 2(h)] with a Fermi
function at T =25 K and once again a decreasing oscilla-
tor strength towards EF, and is shown by the dotted
curve in Fig. 2(g).

For the second resonance, the magnetic field experi-
ments are very important in the determination of a reli-
able value for n,'. However, it should be noted that the
strong increase of linewidth between —1.8 and —2.4 V
and the "convex" shape of the spectrum in Fig. 2(g) to
higher energy beyond the PL peak at 1597 meV provide
clear evidence for the presence of a high-density electron
gas in the QW, whose density increases with applied bias.
If instead n,' were close to zero, it would not be possible
to explain the shape of the spectrum in Fig. 2(g) between
1597 and 1607 meV from a fitting to a nondegenerate
Boltzmann distribution for T=25 to 40 K, since in this
case the shape of the curve in this region would always be
concave, in disagreement with experiment.

As discussed earlier, the structure exhibits intrinsic bi-
stability, '" and accompanying hysteresis loops at the
two NDR features in its I Vcharacteristics -[Fig. 1(a)].
Similar phenomena are observed in the PL results, with
both the PL linewidth [Fig. 1(b)] and peak position [Fig.
1(a)] exhibiting bistable behavior and hysteresis. These
results are presented in more detail in Ref. 10. The bista-
bility is clearly demonstrated from a comparison of Figs.
2(g) and 2(h) where two spectra taken at —2.44 V are
shown. For Fig. 2(g), the biasing condition is approached
from low reverse bias; the structure is in its high-current
state, with the result that the large PL linewidth of 11.8
meV is observed. In Fig. 2(h), the —2.44-V condition is

approached from the direction of high bias. The struc-
ture is then in its low-current state, little charge is stored
in the well, and a relatively narrow PL linewidth of 6
meV is observed.

Young and co-workers deduced values for the charge
density in the well at resonance from the variation of PL
intensity with applied bias. In their structure there was a
reasonably good correlation between the variations of in-

tegrated PL intensity and tunnel current with bias. In
the present work on structure 1 in reverse bias, such a
correlation is found only at the onset of current flow of
the first resonance at ——0.2 V [compare Figs. 1(a) and

1(d)]. The PL intensity in Fig. 1(d) increases rapidly at
the onset of the first resonance, but then peaks at —0.95
V, within the phonon-assisted sideband of the first reso-
nance, ' and subsequently shows a smooth decrease
down to —3.0 V to a value similar to that found at
0 (

~
V (0.2 V. Only a very small change in PL intensity

is observed at the switching point of the second reso-
nance.

The factors which control the PL intensity (Ipt ) will

be discussed in more detail elsewhere, but for the
present publication the main point is that IpL can depend
on both the electron and hole densities (n,', n,") in the
well. For a fixed hole collection rate in the QW, IPL is

proportional to n,' if the hole decay rate is dominated by
nonradiative processes, which include hole tunneling out
of the well. Thus, the strong increase of IPL at —0.2 V
can be accounted for by the increase of n,' in the well as
tunnel current starts to flow. However, as n,' increases
beyond -2 X 10' cm, radiative recombination of holes
quickly becomes dominant, and the PL intensity will be
independent of n, , since any competing nonradiative de-

cay channel now makes a negligible contribution to the
total hole recombination rate. This condition is expected
to hold from about —0.4 V to the cutoff of the second
resonance at —2.44 V. It should be noted that even be-
tween the resonances in reverse bias, electron charge
builds up in the well due to elastic, and to LO-phonon-
assisted inelastic tunneling, at a density —5 X 10' cm
which is enhanced by the presence of the thick collector
barrier. ' Under the above conditions of high radiative
efficiency, the PL intensity will instead be controlled by
the variation of n," with bias.

At finite bias, most of the holes which participate in
the PL are created in the GaAs contact region, as dis-
cussed above. They drift and diffuse to the thicker collec-
tor (for electrons) barrier, and with increasing bias up to
——0.9 V they can tunnel with increasing probability
into confined hole states in the well. However, when the
potential drop across the collector barrier and QW be-
comes greater than the valence-band offset of —160 mV
(this corresponds to the potential of point b marked on
Fig. 3 becoming higher than that of point a), an increas-
ing fraction of the holes accumulated at the collector bar-
rier will have sufficient potential energy to pass directly
over the top of the second emitter barrier. This will lead
to a strong reduction of the hole population in the well,
and hence PL intensity, with further increase of bias.
From a solution of Poisson's equation for the structure
this condition is calculated to occur at V

pp~ d of —0.9 V,



41 ELECTRONIC PROCESSES IN DOUBLE-BARRIER RESONANT-. . . 10 759

GaAs -Ga~ „AIN As Resonant —tunneling structure

Z

Z ,I,

0

0
00010—z

LLII-
K

O.

000

00 0

g(d}B-0
0 0, I

GaAs-Ga1-xAlxAs
Resonant-tunneling structure
Reverse bias

0

00
0

9
1

+ 0.2—
C

I-
Z 0.1—
LLI

K
IX

o 0—
N200

I

t I l

0.5 1.0 1.5
FOR WARD BI A S ( V)

l

2.0

FIG. 4. Current (I) and integrated PL intensity (Ip„) varia-
tions as functions of applied forward bias for structure 1. In the

upper part of the figure, the crosses are the experimentally ob-
served PL intensities; the line drawn through them is a guide for
the eye. Very little charge buildup occurs in the QW for this
bias direction, since the electrons tunnel out of the QW through
the thin AloaAs barrier. A reasonably good correlation be-
tween IpL, I vs Vis observed. The structure is unstable at biases
of 1.32 to 1.42 V beyond the second resonance. As a result the
PL intensities in this region, drawn dashed, are not characteris-
tic of a unique state of the device.

& 60-
X
l 4.0-

R
w 2.0

0-
10.0-

E 80
x 6.0-
Ch

40-
LLI

Z 2.0-
0-

1570.0-

Q
w1560.0-
Z
w

CL

(c)B=9.6T

0

(t)B=0

0
0

0
0

0
0 0000

0 0 0

40444 00
0 0

0 0000 0

1550.0= ( )
I I I I I I

0 -0.5 -1.0
thus accounting well for the observed decrease in PL in-

tensity beyond —0.95 V. This estimate neglects sma11 er-
rors which arise due to the confinement energy of -30
meV of holes in the electrostatic potential at the collector
barrier.

The conclusion to be drawn from these remarks is that
care must be exercised in interpreting changes in PL in-

tensity solely io terms of changes of n,' in the well. The
variation of PL linewidth and line shape on resonance
(and the magneto-PL analysis described in Sec. V) pro-
vide more clear-cut signatures of charge buildup in the
well at resonance. In forward bias, on the other hand,
where very little electron charge buildup in the well

occurs since the electrons now tunnel out through the
0

thin 83-A barrier, the PL intensity versus bias shows a
much closer correlation with the variation of current
with voltage at the two resonances, as shown in Fig. 4.
This is expected from the above considerations, since ex-
cept within the second resonance, n,' is «2X 10' cm
the hole recombination is dominated by nonradiative pro-
cesses, and IPL is controlled primarily by the variation of
n,' with bias, as observed.

B. Structure 2

Structure 2 contains two quasibound electron subbands
in its 79-A QW and exhibits two resonances in its IV-

REVERSE BIAS {V)

FIG. 5. As in Fig. 1, but for structure 2. Two tunneling reso-
nances are again observed in the I-V characteristics. The in-
crease of PL linewidth in panel (b) between —0.5 and —0.78 V
indicates charge buildup in the well. The free-carrier contribu-
tion to the linewidth is removed by a quantizing magnetic field

[panel (c)].

characteristics, as shown in Fig. 5(a) for reverse bias.
The I- V characteristics are nearly symmetric between for-
ward and reverse biases since the two Al Ga& As bar-
riers (x =0.33) are of equal width in this case. The I-V
measurements for the first resonance are taken with a
30-0 resistor (r —~d V/dI

~
in the NDR region) in parallel

with the sample to suppress circuit oscillations which
otherwise occur at this NDR feature. At the second res-
onance, the structure is stable v ithout such external sta-
bilization. Structure 1 does not exhibit such oscillations
in reverse bias, but in forward bias at the second NDR
features the structure is unstable' ' under normal cir-
cuit conditions (see Fig. 4).

The PL results for structure 2 are taken under stable
conditions, in the manner described above, in all cases.
The variations of PL peak position, linewidth at B =0
and 9.6 T, and integrated PL intensity with applied re-
verse bias are presented in Figs. 5(a) —S(d), respectively,
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and representative PL spectra are shown in Fig. 5. Quali-
tatively, the results contained in Figs. 5 and 6 are very
similar to those described earlier for structure 1. A large
Stark shift of the PL peak to lower energy of 16 meV at
—0.9 V (at an electric field of 1.4X10 V/cm) is ob-
served. The Stark shift is greater in the present case than
for sample 1 because of the wider well width here (79 A
compared to 58 A for structure 1). Once again at low
bias before significant tunnel current Bows an asymmetric
PL line with a tail to lower energy is observed [Fig. 6(a)
at —0.09 V]. When the voltage is increased to —0.15 V,
the current increases strongly, and the PL line becomes

GaAs-Ga1-xAlx
Resonant-tunneling structure

I

rhz
uJ

Z
LLI

V
X
llJ
V
lh
Lll
X

( f )-0.75
B~5.

(e) -0.75V
B=0

x2

x4

x1

x1

x2

(a) -0.09v

I It
1550.0 1560.0 1570.0

PHOTON ENERGY (meV)

x4

1580.0

FIG. 6. PL spectra as a function of bias for structure 2. As
for structure 1, the PL line shape at low bias is asymmetrical to
the low-energy side [(a)]. This is replaced by a symmetrical
sharper line as soon as significant tunnel current flows [(c),—0.15 V]. A strong increase in linewidth is observed within the
second resonance from —0.5 to —0.78 V due to charge buildup
in the well. Strong narrowing is observed at higher bias as
charge is ejected from the well when the structure is again oS'

resonance [(g), —0.9 V]. Figure (f) shows a spectrum at 5.4 T
and —0.75 V near to the peak of the second resonance. The
clear narrowing between (e) and (f) (8 =0, and 5.4 T, respective-
ly) shows that the 8 =0 spectrum is broadened by free-carrier
effects. The sloping background at photon energies less than
1550 meV is due to PL from the doped GaAs contact layers.

symmetrical. There is only very little increase of the PL
linewidth up to the peak of the first resonance, since the

0

charge buildup in this structure, with symmetrical 85-A
barriers, is considerably less than in structure 1 with its
111-A collector barrier. An upper limit for n,

' at the
peak of the first resonance of 5 X 10' cm can be ob-
tained from the PL linewidth of 4 meV observed at
—0.17 V. However, it should be noted that a complica-
tion arises in the analysis of the PL spectra at the first
resonance due to the presence of two partially resolved
peaks for

~ V~ &0. 1 V and V= —0. 18 V [Figs. 5(a) and
6(b)]. The reason for the occurrence of two peaks at low

n,' is not properly understood, but at least one of them
probably arises from defect-related PL processes.

At the onset of the second resonance at —0.45 V a
marked increase in PL linewidth is observed. This in-
crease continues to a value of 8.7 meV at the peak of the
resonance at —0.78 V [see Figs. 5(a) and 6(e)], where the
switch-down to the low-current state occurs. This in-
crease in linewidth up to the peak of the second reso-
nance is consistent with band filling by electrons whose
density builds up in the well with increasing tunnel
current. When the device switches to the low-current
state beyond —0.78 V, a strong decrease in PL linewidth
to -4 meV occurs as the electronic charge is ejected
from the well, in a very similar manner to that discussed
for structure 1.

The determination of n,' at the second resonance from
line-shape fitting is again complicated by the absence of a
Fermi cutoff in the observed spectrum. However, a
reasonable fit to the spectrum at —0.78 V, using the con-
volution procedure described earlier, can be obtained for
n,'=2X10" cm and T=30 K. Further evidence for
band filling, and a value for n,' are obtained from the
magnetic field analysis in Sec. V B.

The variation of PL intensity with reverse bias in Fig.
5(d) is markedly difFerent from that discussed earlier for
structure 1 [Fig. 1(d)]. A reasonable correlation between

IpL versus V and the variation of tunnel current with bias
is obtained at the first resonance in Fig. 5(d). As men-

tioned above for structure 1 and observed in forward bias
for that structure in Fig. 4, such a correlation is expected
in the low n, regime, when the hole recombination is
dominated by nonradiative processes. An approximate
upper limit for n,' at the peak of the resonance at —0.17
V of 5 X 10' cm was obtained from the PL linewidth at
this bias, qualitatively consistent with the conditions
necessary to explain the correlation between Ip„and tun-
nel current. The distinction between the behavior of IpL
versus V for structures 1 and 2 in reverse bias arises be-
cause of the much higher n,' values for structure 1 due to
the presence of the thick collector barrier which
enhances charge buildup in the well.

For structure 2, IpL increases again strongly at the on-
set of the second resonance at —0.45 V. However, it
reaches its maximum value at —0.5 V, and then de-
creases at higher biases. This decrease arises due to a de-
crease of the hole collection in the QW with increasing
bias above —0.4 V to —0.5 V, as shown in Fig. 7 where
the conduction- and valence-band profiles obtained from
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FIG. 7. Conduction- and valence-band diagram at —0.4 V

for structure 2.

electrons in the higher subband into which tunneling
occurs from the emitter contact. These observations pro-
vide unambiguous spectroscopic evidence for the oc-
currence of sequential-tunneling processes in these struc-
tures. Calculations of the tunneling rate (r, ') from the
widths of the tunneling resonances for the loner subband,
at —0 75 V for structure 2, give a value of
(r, ')&=4.4X10" sec '. In equilibrium the current den-

sity for transport out of the lower subband is given by
J=n,'e(r, '), =140 A/cm for n,'=2.0X10" cm es-

timated above. The value for J is close to that of 255
A/cm observed at —0.75 V, consistent with the deduc-
tion that a substantial fraction (-50% from the above
comparison of J values) of the electrons undergo inter-
subband scattering, before tunneling out of the well. This
implies that the intersubband scattering rate by LO-
phonon emission [r, ' —10' sec ' (Refs. 31 and 32)] is of
the order of the tunneling rate (r, ')2 for electrons out of
the upper subband. Calculations of (r, ')2 are extremely
sensitive to the conduction-band offset (280 meV) em-

ployed in the calculations since the second subband is
close to the top of the collector barrier, so that the value
we obtain of 10' sec ' may be in error by up to 1 order
of magnitude. However, within these error limits,
(r, ')2=r, ' as required to be consistent with the impor-
tance of intersubband scattering in these structures.
Similar results and conclusions regarding the importance
of sequential tunneling at the second resonance apply also
to structure 1.

V. MEASUREMENTS IN MAGNETIC FIELD
RESULTS AND DISCUSSION

a solution of Poisson's equation at —0.4 V, are shown.
This is the same phenomenon as that discussed for struc-
ture 1 at —0.9 V, when the potential drop across the
"collector" barrier (for electrons) and the QW is equal to
the valence-band offset, with the result that n," and IpL
decrease with bias beyond —0.5 V. The peak at —0.25 V
beyond the first resonance in Figs. 5(a) and 5(d) arises
from LO-phonon-assisted inelastic tunneling. ' It is not
clear why it is more prominent in the IpL versus V varia-
tion in Fig. 5(d) than in the I versus V curve of Fig. 5(a).

We have carried out tunneling resonance solutions of
Schrodinger's equation for potential profiles of the type
shown in Fig. 7, as a function of bias. These calculations
predict Stark shifts of the electron 1 to heavy-hole 1 tran-
sition in good agreement (within 2 meV at —0.9 V) with
the observed shift of the PL peak to lower energy in Fig.
5(a). They also show that —75% of the observed shift
occurs for the valence-band holes.

IV. EVIDENCE
FOR SEQUENTIAL-TUNNELING PROCESSES

For both structures 1 and 2, the PL spectra presented
in Figs. 2(g) and 2(h) and 6(e) and 6(f), at the second reso-
nance, arise at the PL energy corresponding to recom-
bination of electrons in the lower subband with holes in
the first heavy-hole confined level in the valence-band
well. We have been unable to detect any PL signal from

Strong evidence for space charge buildup in the wells
at resonance, in addition to that presented from the
linewidth results in Sec. III, is obtained from PL mea-
surements in magnetic field. Such magneto-PL studies
also permit more accurate values for n,' to be deduced
than those obtained from the line-shape fitting, particu-
larly for the second resonance (structure 1).

PL spectra for the first and second resonances at—0.68 and —2.40 V, respectively (high-current states for
structure 1), as a function of magnetic field, are presented
in Figs. 8 and 9. In both cases a splitting of the PL line
into Landau levels (LL s) is observed. This is a clear sig-
nature of the contribution of free-carrier broadening to
the PL spectra on resonance at B =0. The degeneracy of
an electron Landau level is given by 2eB/h including spin
(spin splittings are not resolved experimentally), and thus
increases linearly with magnetic field. So long as the LL
splitting is greater than the inhomogeneous linewidth, LL
structure should be observable in the PL spectra up to
the field at which n,'= 2eB /h . Above this field, the
quantum limit is attained, the LL filling factor v=2, and
all electrons can reside in the lowest LL. Thus, the deter-
mination of the field at which v=2 is reached permits a
value for the charge density in the well, at resonance, to
be obtained. Furthermore, in the quantum limit, with all
electrons in the lowest LL, any free-carrier broadening of
the PL spectrum is removed, thus enabling a separation
to be made between the free-carrier and inhomogeneous
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ture 1, as a function of magnetic Geld. Splitting of the 8 =0
spectrum (a) into Landau levels (LL's) is observed. The n =1
LL depopulates at 4.65 T, at a filling factor of 2, from which a
carrier density in the well of 2.2 X 10"cm is deduced. I
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broadening contributions to the 8 =0 spectra.
In the simplest case, the LL splitting should be given

by the electron-cyclotron energy fico, =h'e8/m, ', where

m,* is the electron effective mass. This is exactly as ob-
served at the second resonance, where the observed split-
ting corresponds to m,*=0.07mo, the low-energy elec-
tron effective mass in GaAs. This indicates that the same
hole LL participates in the observed interband transi-
tions. For the first resonance, on the other hand, a "re-
duced" effective mass of 0.1mo is obtained from the ob-
served LL splittings, probably because holes in higher
LL's contribute to the observed transitions in this case.
We will now present a detailed analysis of the magnetic
field results for the two resonances.

A. First resonance

To return to the spectra of Fig. 8 for the first reso-
nance, splitting of the 8 =0 spectrum into n =0 and 1

LL's is observed. The n =1 LL is depopulated at a field
of 4.65 T. By the methods discussed above (n,'=2eB/h
at v=2), a value for n, of 2. 2X 10" cm is deduced, in

PHOTON ENERGY (maV}

FIG. 9. PL spectra as a function of magnetic field at second
resonance at —2.40 V for structure 1. As in Fig. 8 splitting into
n =0 and 1 Landau levels is observed. A significant PL signal
from the n = 1 LL beyond v =2 at 6.7 T is observed
(I~ /Ip 0.022 at 8.3 T), consistent with an electron temperature
of -40 K in the lower subband.

agreement with the value obtained from the line-shape
fitting. However, the value from the magnetic field stud-
ies is obtained in a more straightforward manner and
does not involve any fitting procedure. The fact that a re-
duced mass of 0.1mo is obtained from the splitting pat-
tern, larger than the electron effective mass, does not de-
tract from the reliability of the value of n,' obtained. The
intensity of the n =1 LL peak as a function of field is
controlled only by the population of electrons in this lev-
el. For example, if the bias voltage is decreased to reduce
the charge in the well at fixed magnetic field (4.3 T) then
the n = 1 LL is observed to depopulate at a bias of —0.62
V, as shown in Fig. 10, demonstrating that its intensity is
controlled by the electron population in the well.



41 ELECTRONIC PROCESSES IN DOUBLE-BARRIER RESONANT-. . . 10 763

IO

~~c
Ch

lhz
LLi
Iz
LLJ

V
X
LU

V
th
hl
Z

GaAs-Ga1 xAIxAs
Resonant-tunneling structure
First resonance, reverse bias
8 =43T

-0.62V

-0.68V

V~-0.725V

Evidence for the expected electron therma1ization in
the well at the first resonance is obtained from the
present PL experiments. In magnetic field, tunneling
occurs between the LL states in the emitter to those in
the QW, with conservation of LL quantum number (n).
At B =4.3 T, both n =0 and 1 LL's are populated in the
emitter, where the sheet charge density is equal to
2.2X10" cm ' (v=2. 3) throughout the resonance. '

The fact that the n =1 LL in the QW is observed to
depopulate at a bias of —0.62 V (Fig. 10) indicates clearly
that electron thermalization in the well occurs before
tunneling out, since tunneling into the n =1 LL must still
arise from the populated n =1 LL in the emitter. Since
electron scattering and hence thermalization occurs be-
fore tunneling out of the well, the tunneling process is
sequential. The same conclusion was reached by Lead-
beater et al. from their observations of magnetocapaci-
tance oscillations from electrons in both the emitter and
the QW. '

At the cutoff of the resonance at —0.68 V [Fig. 2(d)j,
the observation of a clear Fermi-energy feature indicates
that the carrier temperature is ~ 10 K. However, at this
bias the Fermi levels in the emitter and QW are equal, so
a cold electron gas in the QW would be expected, as ob-
served, irrespective of the importance of electron-energy
relaxation process.

1610.0 1620.0 B. Second resonance

PHOTON ENERGY (meV}

FIG. 10. PL spectra at 4.3 T for the first resonance of struc-
ture 1, as a function of bias. For a quantizing magnetic field,
the bias at which the cutoff of the resonance occurs, increases,
in this case to —0.725 V. As the reverse bias is reduced a de-
crease of population of the n =1 LL is observed. At —0.62 V
all electrons reside in the lowest LL.

Once the charge density in the well has been deduced,
the tunneling rate (1/v, ) for electrons in the lowest sub-
band can be calculated from the values of current density
J and n, at the peak of the resonance, since in equilibri-
um J=n,'e/~, as discussed first by Goldman et al. in
Refs. 3 and 14, and subsequently employed in Refs. 7, 19,
and 35.

Using n, =2.2 X 10" cm deduced above, and
J =0.05 A/cm at the peak of the first resonance, a value
for ~, =0.7 JMsec is obtained, as deduced previously by
Leadbeater et al. ' for this structure from their magneto-
capacitance results. At the first resonance, transport in
this structure is believed to arise from tunneling between
the two-dimensional electron gas in the emitter contact
and the 2D states in the QW. ' '

Given the slow tunneling rate deduced above, slow
compared to typical acoustic-phonon relaxation rates
( —10 —10 sec '} (Refs. 37 and 38) a thermalized elec-
tron distribution in the well, with temperature close to
the lattice temperature, would be expected.

The splitting of the PL spectrum at —2.40 V into n =0
and 1 LL's is shown in Fig. 9. The intensity of the n =1
LL decreases strongly with increasing field up to -7 T.
However, in contrast to the first resonance, the n = 1 LL
is never observed to depopulate completely [Figs. 9(e) and
9(f)], even at 9.6 T. These results are presented in graphi-
cal form in Fig. 11, where the ratio of the n =1 to n =0
LL intensities (I, /Io) is plotted as a function of field
(solid circles) together with similar results taken at —2.2
V (open circles). The long tail to high field of I, /Io
versus B is characteristic of an electron gas with elevated
temperature of 25 to 40 K, as deduced earlier from the
B =0 spectrum (Sec. III A). We obtain the best fit to the
observed variation of I~/Io against B at —2.4 V for
n,'=(3.2+0.3)X 10" cm (EF=11.1 meV, v=2 at 6.7
T), T =40 K, and a rate of decrease of oscillator strength
with energy a factor of 2 greater than that employed to
fit the zero-field spectrum of Fig. 2(g). A similarly good
fit for I&/Io versus B at V= —2.2 V is obtained using
other parameters the same as at —2.4 V, but for
n,'=1.9X10"cm (EF=6.6 meV, v=2 at 4.0 T). The
increase of n,' of 1.3 X 10" cm between —2.2 and —2.4
V is close to that calculated for the change of n,' between
—2.2 and —2.4 V of 1.2X 10" crn, further supporting
the reliability of the fitting procedure of Fig. 11. The in-
crease in n,' is calculated from a parallel plate capacitor
mode1 on the reasonable assumption that all the addition-
al charge associated with the increase in bias is located in
the quantum well.

The constant ratio of I&/Io between 8.3 and 9.6 T at
—2.4 V is indicative of a higher electron temperature at
9.6 T than at 8.3 T. This probably arises from the re-
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FIG. 11. Ratio of n = 1 to n =0 Landau-level intensities as a function of magnetic field, at applied biases of —2.4 V (open circles)
and —2.2 V (solid circles). The solid curves are fits ( T =40 K) to the experimental points for fundamental fields 8f of 6.7 and 4.0 T,
respectively. The fields at which v=2 at the two biases are indicated. The elevated electron temperature of 40 K is deduced from the
long tails of the n = 1 to n =0 LL intensities beyond v=2.

duced probability of the electron —acoustic-phonon ener-

gy relaxation mechanisms at high field. Qualitatively,
this is expected since much larger phonon k vectors are
needed to scatter between the quantized LL states at
higher magnetic field values. An increasing electron tem-
perature with magnetic field is probably the reason why
the best fit to the 8 =0 spectrum in Fig. 2(g) is obtained
for T =25 K, whereas the best fit to the I, lIo ratio in

Fig. 11 is found for T =40 K. However, it should be not-
ed that in both cases reasonable fits to the spectra are still
obtained for electron temperatures 5 K greater or lower
than those quoted.

As discussed in Sec. IV, the electrons observed in PL at
the second resonance tunnel into the upper subband and
then scatter down to the lower subband by rapid LO-
phonon emission (rate r, ' —10' sec '), to an energy less
than that of one LO phonon above the bottom of the
band, before tunneling out of the well. The elevated elec-
tron temperature observed in the lower subband arises
because the tunneling-out rate for electrons in the lower
subband (~ '), (calculated to be 10 sec ' at —2.4 V) is
of the same order or faster than the electron —acoustic-
phonon relaxation rate ~,, ' of 10 —10 sec '. ' This
situation contrasts with that found at the much lower ap-
plied bias of the first resonance where (r ')& —1.4X10
sec ', and so the electrons cool to the lattice temperature
before tunneling out of the well. It should also be noted
that the electron temperature we observe of —30 K at
—2.40 V is in reasonable agreement with that found by
Ryan et al. ' and Polland et al. ' for the temperature

of a high-density photocreated electron gas in QW's, 200
to 400 psec after photoexcitation.

Clear LL features are not observed for structure 2,
since the LL linewidth is of the order of the expected
n =0 and 1 LL spacing where v=2 is reached. Never-
theless, the marked decrease of linewidth at —0.75 V be-
tween 0 and 5.4 T [Figs. 6(e) and 6(f)] is clear evidence of
band filling for this structure at its second resonance.
From the field at which a PL signal in the region of the
n =1 LL is no longer discernible, we estimate a value for
n'of (2.0+0.7) X10"cm at —0.75 V.

C. PL linewidths in high magnetic field

As discussed earlier in this section, application of a
quantizing magnetic field removes the free-carrier contri-
bution to the PL linewidths. Under such conditions the
residual PL linewidth is determined by inhomogeneous
processes such as well width and alloy Auctuations. Life-
time broadening due to tunneling out of the well is negli-
gible since tunneling rates -5X10' sec ' would be re-
quired to explain the typical linewidths of -3 meV, at
least 3 orders of magnitude faster than tunneling rates for
the lower subband in the present structures with relative-
ly thick barriers.

The PL linewidths at a high magnetic field of 9.6 T, are
plotted as a function of reverse bias in Figs. 1(c) and 5(c),
for samples 1 and 2, respectively. The field is sufficiently
high that the quantum limit is attained at all biases. The
variations of PL linewidths with bias are much smaller
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than at B =0, thus showing again that the principal con-
tribution to the B =0 Iinewidths is that due to free car-
riers. Up to the onset of significant current flow on the
second resonances at —2.0 V [Fig. 1(c)] and —0.5 V [Fig.
5(c)], there is very little change in the linewidths with
bias. However, within the second resonances, the PL
linewidths are greater by up to —1.5 meV than at lower
biases, consistent with the poorer LL resolutions in Fig. 9
than in Fig. 8. The linewidths do not decrease when the
structures switch down to the low-current states beyond
the second resonances (when very similar linewidths are
found at 0 and 9.6 T) nor are they bias dependent within
the resonance, so it is very unlikely that the extra width is
caused by electron or lattice-heating effects. Lattice-
heating effects can be excluded additionally since we have
found no change in linewidth for measurements made un-
der pulsed bias conditions. For sample 2, at the onset of
the sharp increase of linewidth at —0.5 V, observed at
both 0 and 9.6 T, two poorly resolved PL peaks are visi-
ble, with the broader one, at -2 meV to lower energy,
taking over and becoming dominant beyond —0.55 eV.
For sample 1, two peaks are not resolved, but the
linewidths are clearly greater beyond —2.0 V. The
reason for this behavior, possibly related to a change in
carrier localization with n„ is not clear at the present
time. It is not a magnetic-field-dependent phenomenon,
and is observed in apparently very similar forms for the
two samples. The observations have some similarity to
those found at the onset of current flow at the first reso-
nances Sec. III A, but in those cases the relatively broad
PL peaks were replaced by sharper peaks to lower energy
[Figs. 2(a) —2(c), 6(a), and 6(b)].

These details of the PL process are certainly interest-
ing, but are not relevant to the main point of the section,
namely that the comparison of PL linewidths at B =0
and 9.6 T [Figs. 1(b), 1(c), 5(b), and 5(c)] allows a reliable
identification of the effects of free-carrier broadening on
the B =0 linewidths. It is also clear that a little caution
must be exercised in interpreting an increase of linewidth
at the onset of resonance purely in terms of charge build-
up since other mechanisms can contribute to the
broadening of the spectral lines. The most likely of these
is broadening due to the presence of more than one emis-
sion line at resonance, such as we have observed in struc-
tures which show no detectable charge accumulation in
magneto-PL experiments. In those instances we find an
abrupt increase in linewidth at the onset of resonance,
due to the presence of more than one poorly resolved
emission line. The linewidth is then found to be almost
independent of bias within the resonance. This is in
marked contrast to the behavior when significant charge

buildup does occur, for then the linewidth increases con-
tinuously throughout the resonance. The presence of
more than one emission peak at resonance has been dis-
cussed above for structures 1 and 2, but in those cases ad-
ditional large and strongly bias-dependent broadening
due to free carriers was also demonstrated.

VI. CONCLUSIONS

A detailed photoluminescence study of charge-
transport processes in GaAs-Ga& Al As double barrier
resonant-tunneling structures has been reported. It has
been shown that study of PL linewidths as a function of
bias provides clear evidence for the occurrence of charge
buildup in the structures on the tunneling resonances.
This is confirmed by the observation of Landau-level
structure in the PL spectra as a function of magnetic
field. Line-shape fits to the PL spectra together with the
study of the Landau-level populations with field provide
reliable methods for the determination of the electron
charge density in the wells. It has been demonstrated
that study of the PL spectra in high magnetic field pro-
vides a direct method for the separation of free-carrier
and inhomogeneous broadening contributions to the
linewidths of the PL spectra.

In contrast to the conventionally employed transport
measurements, photoluminescence investigations provide
unambiguous information on the distribution of space
charge, within and between subbands, which builds up in
resonant-tunneling structures on resonance. As a result
of these spectroscopic investigations, the tunneling has
been shown to contain a major sequential component at
both resonances for these structures with relatively thick
barriers. The large density of electrons which builds up
in the lower subband at the second resonances is found to
have a temperature of 25 to 40 K, in contrast to the cold
electron distribution found at the first resonances. This is
consistent with the relatively fast (-5X10 sec ) tun-
neling rate in the lower subband at the bias of the second
resonance, fast compared to typical acoustic-phonon re-
laxation rates.
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