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A strained In,Ga,_,As layer is incorporated adjacent to the emitter barrier of an
Al ,Ga,_,As/GaAs/Al,Ga,_,As double-barrier resonant-tunneling structure (DBRTS), so that it forms
a prewell for the electrons that accumulate prior to tunneling into the GaAs quantum well (QW). Obser-
vation of photoluminescence (PL) and photoluminescence excitation (PLE) from the prewell then en-
ables a direct optical determination of the charging behavior in the emitter-accumulation region to be
achieved. We show in addition that an optical probe of the prewell can, by consideration of the electro-
statics, provide a reliable determination of the charge distribution in the whole DBRTS at the peak of
the tunneling resonance. These results are shown to be in agreement with separate determinations of the
charge in the GaAs QW by direct PL measurements, and of the charge in the emitter-accumulation layer
from magnetotransport studies. The electron density in the prewell can be varied continuously over a
wide range, from 0 to 9X 10'' cm™2. The second subband is populated at high applied bias, with the
density varying from 0 to 1X10'" cm™2. This structure is then very well suited to the study of the
many-body nature of the excitonic enhancement near the absorption threshold, over a much wider range
of electron densities than previously studied on an individual sample. Utilizing temperature-dependent
PLE measurements, we have monitored the variation from an atomic exciton in n =1, to a Fermi-energy
edge singularity (FEES) in n =1, through to a FEES in n =2, in the same sample.
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I. INTRODUCTION

Double-barrier resonant-tunneling structures
(DBRTS’s) were first discussed in 1973-1974.! When
bias is applied to a DBRTS, with low-contact doping
near the barriers, a two-dimensional electron gas is
formed in the emitter-accumulation region.?~* In such
structures, with relatively thin barriers of the same width,
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a sharply peaked feature in the current-voltage (I-V)
characteristics is observed on resonance. With incorpora-
tion of asymmetric barriers, where the collector barrier is
wider than the emitter barrier, charge accumulation in
the quantum well between the barriers is enhanced.?™®
This is shown by an extended resonance in the I-V
characteristics, and in many cases by the occurrence of
intrinsic bistability.?~>8
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Originally DBRTS’s were investigated principally by
transport techniques. Photoluminescence from the
quantum-well (QW) region of a DBRTS was first ob-
served by Young et al.'® It was subsequently shown by
Skolnick et al.® that band-filling effects on the photo-
luminescence (PL) linewidth, as a function of applied bias
Vg, can provide a direct measure of charge buildup in the
QW part of the DBRTS on resonance. Photolumines-
cence excitation (PLE) studies of charge-density varia-
tions in DBRTS’s have also been performed.”!"'? Until
recently the only method available to directly study the
two-dimensional (2D) electron gas in the emitter-
accumulation region was magnetotransport where study
of magneto-oscillations in the current or capacitance as
the Fermi level moves between Landau levels allows
determination of the electron density.>*?

In the structure studied here a shallow In,Ga,_,As
layer has been incorporated adjacent to the emitter bar-
rier.” The (In,Ga,_,)As layer forms a prewell, into
which electrons accumulate into 2D states, prior to tun-
neling through the double-barrier region. Holes, directly
photocreated in the prewell, are inhibited from being
swept into the contact region by the prewell barrier, thus
allowing photoluminescence to be observed from the
emitter-accumulation region. As a result we now have an
all optical means to study directly the buildup of charge
in the emitter-accumulation region of the DBRTS under
operation. Furthermore, the PL from the In,Ga,_ As
prewell occurs at lower energies than the band gap of the
GaAs contact regions, and is only attenuated very slight-
ly by absorption in the GaAs.

In this paper we present low-temperature PL and PLE
results from the prewell of a DBRTS with asymmetric
barriers. We show, by consideration of the electrostatics
involved, that an optical probe of the emitter-
accumulation region can be used to understand the
charge distribution across the whole DBRTS as a func-
tion of applied bias. These results agree well with
separate PL measurements from the GaAs QW, and with
the trends of a magnetotransport determination of the
electron density in the prewell emitter-accumulation re-
gion. In this asymmetric DBRTS the increase in charge
density of the prewell with bias is interrupted while the
structure is on resonance; the prewell density remains
constant while the GaAs QW is charging up.

The charge density in the prewell (n,) varies from
n,=0 to ~9x 10! cm™?, with a significant population in
the second subband (up to n,,~1X10"" cm™?) at higher
densities. Optical techniques are a very sensitive way of
detecting the occupation of the second n =2 subband,
since PL is observed as soon as the Fermi energy ¢, mea-
sured relative to the n =1 subband edge, is equal to the
subband-edge spacing E,-E;. On the other hand, with
magnetotransport techniques n =2 population is only ob-
served when n,, is greater than ~0.8X 10! cm ™% Sim-
ple self-consistent calculations of the electronic structure
of the prewell with n, were also carried out. The calcu-
lated changes with n, in the energies and oscillator
strengths of intersubband optical transistors were found
to be in good agreement with the trends observed in the
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experiments.

The wide controllable variation in charge density in the
prewell also means that this structure is ideal for studying
the Fermi-energy edge singularity (FEES) (Refs. 14-22)
over a greater range of carrier densities than previously
studied on an individual sample. Previous measurements
as a function of density have in general, either studied the
FEES in n =1 (Refs. 16 and 17) or in n =2.1%22 In PLE
(or optical absorption) the FEES appears as an excitonic
enhancement at the threshold of transitions into unoccu-
pied states above the Fermi level E;. The FEES arises
due to correlation between the photoexcited hole and the
high-density Fermi sea of the electrons.!” The charac-
teristic spectral behavior is a decrease in oscillator
strength and broadening of the excitonlike enhancement
up to temperatures of 50 K. This is a result of the Fermi
surface broadening and consequent weakening of the
electron-hole interaction.!*”!7 In Refs. 22 and 18 it was
found that the existence of a FEES depended only on the
carrier density of the subband with which it is associated.
Using temperature-dependent PLE of the prewell transi-
tions we have followed the spectral variation with n,
from an atomic exciton in n =1, to a FEES in n =1,
through to a FEES in n =2.

The paper is organized in the following way. In the
next section details of the DBRTS and the experiments
are given. The charging characteristics of the DBRTS’s
are discussed in Sec. III. In Secs. IIT A, IIIB, and IIIC
the current-voltage characteristics and the PL and PLE
results from the prewell are presented. The optical re-
sults are then used to provide a measure of the prewell
electron accumulation in Sec. III D. In Sec. III E experi-
mental results are compared with the self-consistent cal-
culations. Section III F correlates the GaAs QW charge
deduced from the prewell studies with that from direct
PL measurements of the GaAs QW. In Sec. IV Fermi-
energy edge singularity studies from the prewell of the
DBRTS are presented. The conclusion is given in Sec. V.

II. EXPERIMENT

The experiments were carried out on an
Al ,Ga,_,As/GaAs/Al,Ga,_,As DBRTS containing a
shallow In,Ga,_,As prewell layer. Details of the struc-
ture are given in Table I. The DBRTS consists of a 60-A

TABLE 1. Sample characteristics.

Composition Structure A4

1 pym, 1X10"¥ cm™>
500 A, 1X10' cm™*

n* GaAs contact

GaAs 50 A

Al Ga,_ As x=0.33, 120 A
GaAs 60 A

Al Ga,_ As x=0.33, 80 A

In,Ga,_,As y=0.05, 250 A
GaAs 50 A

500 A, 1X10' cm™?
1 um, 1X10"® cm™?
GaAs substrate

nt GaAs contact
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GaAs QW and asymmetric Al, Ga,_,As (x =0.33) bar-
riers of width 80 and 120 A. Theln ,Ga;_,As (y =0.05)
layer of width 250 Ais grown adjacent to the narrower
barrier, and is on the substrate side of Ehe barriers. The
width of the Inj osGag ¢sAs layer is 250 A, well below the
critical thickness for strain relief.”> The contact-layer
doping is graded and has low doping close to the barriers;
together with the incorporation of spacer layers, this fa-
cilitates 2D electron gas accumulation in the emitter-
accumulation region over the whole bias range of in-
terest.”~* Except for the inclusion of the In,Ga,_,As
prewell layer, structure A is very similar to the asym-
metric structure reported in Refs. 3-5 and 8 and has
similar optical and electrical properties. Mesas of
100-300 um diameter were employed, with annular con-
tacts to permit optical access.

Photoluminescence and photoluminescence excitation
measurements at T =4 K were excited with a tunable
Ti:sapphire laser, or He-Ne laser for PL only, dispersed
with a 0.75-m double grating spectrometer and detected
by a liquid-nitrogen-cooled Ge photodiode or a ther-
moelectrically cooled GaAs photomultiplier. The excita-
tion intensity of 5 W/cm? did not significantly perturb
the I-V characteristics. Magnetotransport measurements
were carried out with an 11.4-T vertical bore supercon-
ducting magnet. The mesa used for the magnetotrans-
port measurements was smaller (100 um) than the one
used for the principal optical measurements (200 pum).

III. CHARGE DISTRIBUTION BEHAVIOR
A. Electrical measurements

In the forward bias direction (top contact positive) the
current versus voltage (I-V) characteristics of the struc-
ture display two resonances with peaks in the current at
biases of V3 =0.66 and 1.48 V. The positions of the reso-
nances are very similar, as expected, to the similarly
designed asymmetric structure (except for the prewell) of
Refs. 2-4 and 8; as expected the prewell causes very lit-
tle perturbation of the I-V characteristics. In the present
work the bias region near the first resonance, up to 1.2 V,
is studied in detail. I-V characteristics taken with the il-
lumination conditions employed for the optical measure-
ments, and sweeping Vj in the forward direction, are
shown in Fig. 1(a).

The calculated potential profile of the conduction and
valence band near the first resonance in forward bias is
shown in Fig. 2. The Iny (sGag ¢sAs strained layer forms
a prewell, adjacent to the narrow emitter barrier, into
which electrons from the n ™ /n contact region accumu-
late into 2D electron states. The onset of resonant tun-
neling into the GaAs QW occurs at V3 ~0.25 V when the
prewell n =1 subband edge (E,) coincides with the ener-
gy of the n =1 conduction subband edge of the GaAs
QW (E, qw) [see Fig. 1(a)]. The current reaches a max-
imum at V3=0.66 V, beyond which the device switches
to the off-resonant state and the current decreases abrupt-
ly. The first resonance occurs over a wide bias range
since the incorporation of a relatively wide collector bar-
rier causes space charge buildup in the GaAs QW.277
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FIG. 1. (a) Current across the DBRTS, (b) PL (circles) and

PLE (squares) peak positions, calculated transition energies
(crosses), (c) total electron density n,, and (d) second subband
electron density 7, ,, as a function of applied bias ¥ from the
In,Ga,_,As prewell layer of the DBRTS. Open and solid sym-
bols in (b) and (c) represent off and on resonance, respectively.
For V5 <0.66 V the n =1 electron densities are determined by
the Stokes shift, PL linewidth, and line shape. For ¥V >0.66 V
n, is determined from the PL peak separation E,;-E,, and the
n =2 Stokes shift and PL linewidth. In the off-resonant state n,
accumulates continuously whereas on-resonance n, remains
constant while charge increases in the GaAs QW. An abrupt
increase in n, is seen between the on- and off-resonance state at

=0.66 V. n, and n,, determined from magnetotransport
measurements are plotted as pluses in (c) and (d); errors for n,,
are shown as dashes in (d).

Due to electrostatic feedback E, remains pinned to
E, qw until the quasi-Fermi level in the GaAs QW
(Efqw) is equal to the Fermi level Ep in the prewell.*
Beyond this bias resonant tunneling ceases and charge is
expelled from the GaAs QW. The two smaller peaks in
the I-V characteristics at 0.73 and 0.79 V are due to LO
phonon-assisted tunneling.#?* Beyond V;~1.0 V the
tunnel current increases strongly again due to the onset
of the second resonance in which electrons tunnel in the
n =2 electron level of the GaAs QW.

For future ease of reference in Fig. 1(a), the bias range
from V3 =0 to 0.20 V, where the device is not yet on res-
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FIG. 2. Calculated diagram of conduction- and valence-band
edge potential profile for the DBRTS, in applied forward bias,
biased at the first resonance. Electrons tunnel from the
In,Ga,_,As emitter prewell accumulation layer into the GaAs
QW, where charge builds up as a result of the thicker collector
barrier. As well as PL from the GaAs QW region, PL occurs in
the emitter-accumulation region since photocreated holes are
inhibited from being swept into the contact layers by the
prewell barrier.

onance, is labeled LOFFR (low bias off resonance region),
the region of the first resonance, V3 =0.25 t0 0.66 V is la-
beled ONR (on resonance) and above V3 =0.66 V is la-
beled HOFFR (high bias off resonance).

B. Photoluminescence from the prewell

Figure 3 shows photoluminescence (PL) from the
prewell as a function of bias (dashed lines), excited using
below GaAs band-gap excitation of 1.484 eV. The holes
are directly photocreated in the prewell and at applied
biases greater than V3 =0 V, are inhibited from being
swept into the n * emitter contact by the shallow prewell
barrier (Fig. 2).

The photoluminescence observed up to V3 =0.66 V
[Figs. 3(a)-3(e)] arises from recombination between elec-
trons in the n =1 electron subband and holes in the first
heavy-hole (HH,) subband, and is labeled E,;. In the
presence of free carriers PL recombination is expected to
occur from electron states at wave vector k =0 (at the
band edge) up to states corresponding to the Fermi ener-
gy €r with photocreated holes which thermalize to
k =0.%° The width of the PL spectrum will be controlled
by €, with a falloff in intensity towards €, which de-
pends on the degree of hole localization or disorder in the
system. 14 18:26

The narrowest PL linewidth (3.2 meV) is observed at
Vg =—0.05 V [Fig. 3(a)] since at this small reverse bias
the prewell is empty of electrons. For future reference
this bias is labeled ZC (zero charge). A steady increase in
PL linewidth from ¥Vz=—0.05 to 0.25 V (to 6.5 meV)
reflects an increase in band filling of n =1, as the prewell
charges up with increasing bias.® It should be noted that
the charge in the prewell is not zero at ¥z =0 V, since
charge is transferred from the contacts, into the narrower
gap In,Ga,_,As region in order to establish equilibrium
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at V=0 V. In these structures disorder is concluded to
be small as only weak luminescence is observed at the
Fermi level E; [marked in Figs. 3(c)-3(e)]. The shoulder

observed towards higher energy in Figs. 3(c)-3(e)
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FIG. 3. PL (dashed line) and PLE (full line) at T =4 K from
the In,Ga,_,As prewell layer of the DBRTS, as a function of
applied bias. Increasing E,; PL linewidth is observed from (a)
Vg=—0.05V to (d) ¥3=0.25 V, while the structure is off reso-
nance. In the on-resonance state (V3 =0.25 V), shown at (e)
Vy=0.63 V, the E,; PL linewidth remains constant. There is
an abrupt appearance of E,, in PL when the device switches off
resonance, shown at (g) ¥3=0.68 V and (h) ¥3=0.90 V. At (a)
V3 =—0.05 V four prominent peaks in the PLE (full line), E};,
E,,, E}, and E,, are seen. The An5<0 transitions decrease in
strength with increasing applied forward bias so that only E;
and E,, in PLE are prominent at (b) ¥3=+0.05 V. At (c)
V3 =0.20 V both a broad E, and weak EjJ, are seen at the ab-
sorption onset and at (d) V5 =0.25 V and (e) ¥3=0.63 V E}|
and E¥ have similar transition energies labeled [E};,E> ]. In
the off-resonance state, (f) ¥3=0.68 V and (g) ¥3=0.90 V only
EJ, and E,, are seen. At V3=0.90 V the PLE transitions are
broadened. The lowest intensity on the PLE spectra indicates
zero intensity, except where zero is labeled.
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(marked as X) is most likely due to PL from part of the
surrounding structure which is unbiased; its position is
the same as the V3 =0 V peak position and its intensity
with bias is approximately constant. The peak positions
of the PL as a function of bias are plotted as circles in
Fig. 1(b). Between V3= —0.05 and 0.25 V the E,; peak
position decreases by 5.5 meV.

In the ONR region, from V;=0.25 to 0.66 V, the
structure is on resonance and the E,; PL linewidth only
changes a small amount [Figs. 3(d) and 3(e) at 0.25 and
0.63 V, respectively]. In addition the PL peak position
remains at an approximately constant energy [Fig. 1(b)].
Both of these observations show that the quasiequilibri-
um charge density in the prewell remains approximately
constant in the on-resonance region while charge accu-
mulates in the GaAs QW.

The DBRTS switches into its off-resonant state at
V5 =0.66 V [the HOFFR region in Fig. 1(a)]. At the
switching bias there is an abrupt downward shift of E;
by 5 meV and the appearance of a second peak E,, which
arises from recombination between the n =2 electron lev-
el and HH, [Fig. 1(b)]. A comparison of the PL spectra
in the on- and off-resonant states can be made at
V5 =0.63 and 0.68 V, as shown in Figs. 3(e) and 3(f), re-
spectively. The change in spectral form is due to an
abrupt increase in the prewell electron density n, as reso-
nant tunneling into the GaAs QW ceases.*> (The feature
between E,; and E,, —marked as X —is again attribut-
ed to the unbiased part of the sample.) Over the bias
range V3 =0.68-1.0 V, E,; shifts downwards in energy
by 6.8 meV with E,, remaining approximately constant
[Fig. 1(b)]. The E,; linewidth increases from 2.3 to 4.0
meV between 0.68 and 1.10 V and indicates an increase in
the n =2 electron density n,, as confirmed by the PLE
measurements below. Together with the increasing
E,-E, separation, this shows that n, is increasing in the
HOFFR region. Figures 3(f) and 3(g) show that as Vj is
increased the intensity (peak height) of E,, relative to E;
increases greatly. Beyond ¥V3;=0.90 V fewer holes are
available for recombination in the prewell since the trap-
ping efficiency will decrease with the higher electric field,
and as a result the overall PL intensity decreases.

C. Photoluminescence excitation from the prewell

The PLE spectra measured as a function of Vp are
shown by the full lines in Fig. 3 and the peak positions
are plotted as squares in Fig. 1(b). The spectra are nor-
malized to the continuum at an energy position just
beyond the E,, exciton feature. At ZC [V;=—0.05V,
Fig. 3(a)], where the narrowest linewidth is observed in
PL, four prominent features are observed and are at-
tributed to, in order of increasing energy, E,;, E,, E,;,
and E,,. (For future clarity the transitions E; and E,,
when observed as absorption peaks are labeled Ef; and
E3, to distinguish them from the corresponding PL
recombination.) The identification of these transitions is
aided by previous studies of Al Ga;_,As/
In,Ga,_,As/GaAs modulation doped QW’s (Refs. 18
and 22) and the results of simulations presented in Sec.

18 473

IITE. No transitions from light-hole (LH) levels are ob-
served since strain is expected to upshift LH; by ~30
meV from HH,.2” The linewidths of E}, and E , are nar-
row (2.9 and 1.8 meV, respectively) showing the high
quality of the structure. Of particular note is that the
transitions E, and E3, (An70), normally forbidden in a
symmetric square well, are of equal strength to the ‘“al-
lowed” transitions E}; and E,, (An=0). This indicates
the presence of a significant electric field in the well.?%%
At lower biases (V3 < —0.05 V) the strength of E,, rela-
tive to E}| increases due to a further increase in electric
field.

In the LOFFR bias region (0-0.20 V), with increasing
bias the strength of the An0 transitions initially de-
creases significantly. By ¥3;=0.05 V only the An =0
transitions E}, and E,, are clearly observed [Fig. 3(b)].
Beyond this bias the E T, feature broadens and weakens.
In the LOFFR region E}, absorption is seen to increase
in energy [plotted as squares in Fig. 1(b)] reflecting an in-
crease in electron Fermi energy € [see Figs. 3(b) and
3(c)], since absorption will only occur into unoccupied
states above the Fermi level Ep.

A rather broad feature is observed at the absorption
onset of the ¥3=0.20 V PLE spectrum [Fig. 3(c)]. At
Vg =0.25 V [Fig. 3(d)] the feature at the absorption onset
has increased in strength and narrowed. We deduce that
at ¥V5=0.20 V there are two partly overlapping peaks
present, the weakened EJ, at lower energy and E3; at
higher energy. This can be understood by the following
arguments. The PLE transition energy E7, is related to
the Fermi energy € (since €5 is located in n =1) by
E},=(1+m,/m,)ep, where (m,/m;)eg is the Moss-
Burstein shift, for direct transitions, due to the presence
of free carriers.”® Therefore in the LOFFR region as Vj
is increased E }; moves closer to EJ,, as a result of the in-
creasing electron accumulation. Extrapolation of the en-
ergy of E}; with increasing bias predicts E}, to be at an
energy just below EJ; at ¥ =0.20 V. By similar reason-
ing, at ¥5=0.25 V the transition energies E}, and E3;
are estimated to be equal, as shown schematically in Fig.
4. The increase in intensity of the [E{,:E3, ] feature at
Vp=0.25 V is attributed to increased E3; oscillator
strength as a result of further band bending in the prewell
(discussed in Sec. IIIE).

In the on-resonance bias region, between 0.25 and 0.65
V, the PLE spectral shape [Figs. 3(d) and 3(e)] shows very
little change, consistent with the very small variation in
PL linewidth observed in this bias range. When the de-
vice switches to the off-resonance state (¥5=0.66 V), in
contrast to the PL, only a small change in the PLE spec-
tra is observed (compare V;=0.63 V [Fig. 3(e)] and
Vg =0.68 V [Fig. 3(f)]). On increasing the bias in the
HOFFR region the Stokes shift between the PL recom-
bination E,; and absorption transition E3, becomes
greater. This is attributed to the Moss-Burstein shift,?®
reflecting an increase in the population of n =2. In addi-
tion Figs. 3(d)-3(g) show that from the ONR into the
HOFFR regions, towards higher bias, there is a continu-
ing increase in the excitonic strength of E3; relative to
that of E,,.
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WAVE VECTOR (10¢A")

FIG. 4. Schematic dispersion curves of E,, E |, and HH, sub-
bands showing the E; and Ej, absorption transitions at
V5=0.25 V. E{, and EJ transitions have the same energy be-
cause EJ; occurs from k =0 in HH,, whereas E}; occurs from
k=(m,/my)ep/A. The energy difference E,-E is the same as
(m,/my)eg.

At biases greater than 0.80 V, the T=4 K EJ, and E,,
excitonic transitions broaden and decrease in strength.
Beyond 0.90 V the broadening is too pronounced to ob-
serve the spectral features clearly. This broadening can
occur for several reasons; PLE transition linewidths do
increase, as the carrier density in the subband with which
they are associated with increases,? ! and in addition the
applied electric field may bring about lifetime broadening
of (especially) hole states as these are pushed towards the
barrier of the shallow well.

D. Charge density in the prewell

The PL and PLE spectra will now be used to provide a
measure of the charge accumulation in the emitter
prewell in the bias range of interest, V3=—0.05 to
+1.10 V. From Vz=-—0.05 V up to the start of the
ONR region the most accurate way to estimate the elec-
tron density n, is from the Stokes shift A; between the
peak of the E;; PL and E}, PLE.?®*%>22 The Fermi ener-
gy € is related to A; by the relationship
A, =ep(1+m,/m,), where m, (=0.07m,) (Ref. 30) and
my (=0.15my) (Ref. 31) are the electron and heavy-hole
masses, respectively; m, is the free-electron mass. At
Vg=—0.05V, the PL linewidth is at a minimum; there-
fore n,=0 is assumed at this bias. A small extrinsic
Stokes shift, Ay, at ¥3=—0.05 of 3.0 meV is observed,
due to thermalization of electrons (as well as holes) to
band tail states before recombining.’? To allow for this
A,/2 is subtracted from A; before determining €. This
means there is an uncertainty in A; of =1.5 meV, and
hence in n, of +0.3X 10" cm~2. This method agrees
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well with line-shape analysis of the PL.?> The values of
n, (=m,ep/mh*) are plotted as circles in Fig. 1(c) and
show n, increases from 0 to 2.95+0.3X 10" ¢cm ™2 from
Vy=—0.05t00.20 V.

For V5 >0.25 V, in the ONR region, E; is not distin-
guishable from E3,. However at V3 =0.25 V, we estab-
lished in Sec. III C that ET is at the same energy as E ;.
The E,; PL spectral shape and the shift between EJ
PLE and E; PL do not vary significantly in the ONR re-
gion. The energy of E3; is thus taken as the lower limit
for the energy of E}, in PLE. Therefore the separation of
E3 PLE and E}, PL is a lower limit for the E,; PL to

¥, PLE Stokes shift.*> We thus conclude that n, varies
from 2.95+0.3X 10" cm % to 3.4+0.3X 10! cm 2 [Fig.
1(c), circles)] in the on-resonance region.

For V5 20.66 V, in the HOFFR region, the Fermi en-
ergy €p is determined from the PL peak position
differences E,, —E,; together with the estimated carrier
density in n =2(n,,). n,, is obtained from the Stokes
shift between E,; in PL and E3; in PLE; a line-shape
fitting analysis of n =2 PL also agreed well with this
method.*® From these results, it is deduced that at the
switching point to the HOFFR region, there is an abrupt
increase in n, to 5.4x10'"' cm™?, beyond which n, in-
creases continuously to 9.3X10'' ¢cm™? at 1.10 V [Fig.
1(c), circles]. Correspondingly n,, increases from O to
0.95X 10" cm ™2 [Fig. 1(d), circles].

Conventional magnetotransport (/-B) measurements
were also used as a separate measure of the prewell
emitter density, n,. n, is related to the fundamental field
By of the current magneto-oscillations by n, =2eBp /h;3*
the results are plotted as pluses in Fig. 1(c). The presence
of second subband population is seen by a second slower
series of oscillations superimposed on the main series and
is only sensitive for n,,X 0.8 X 10" cm ™% n,, is shown
in Fig. 1(d) (as + with dotted error bars). The trends in
the carrier densities deduced by magnetotransport are
seen to agree very well with the optical measurements.

E. Comparison with calculations

In order to support an interpretation of the optical re-
sults, we performed a calculation of the emitter-band
profile as a function of the emitter electron density. It is
based on a self-consistent solution of Schrodinger and
Poisson equations for a given electron density in the
prewell, using a transfer-matrix method. In these calcu-
lations a background doping density of 10'® cm ™ was
used for the emitter contact region adjacent to the
prewell. No corrections for excitonic or many-body
effects have been included as the calculations are primari-
ly intended to support our identifications of the observed
spectral features and to explain the trends in transition
energies and oscillator strengths with bias. The calculat-
ed transition energies E,;, E,,, and E,, for the various
electron densities are plotted at the appropriate biases as
crosses in Fig. 1(b). Good agreement with the experimen-
tal transition energies is obtained. In addition, the oscil-
lator strengths of the transitions were calculated from the
square of the overlap of electron and hole wave functions.
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As noted in Sec. III B, there is expected to be finite
electron density in the prewell at ¥3 =0 V due to charge
transfer from the contacts in order to establish equilibri-
um. The calculations show that at n,=0.3X10'' cm™?
(corresponding to ¥z =0 V in the experiment), the transi-
tion energy E,, is at a maximum, in agreement with the
experiment. Furthermore the An0 transitions E3; and
E,, have very small oscillator strength, thus indicating
very small average electric field in the well, associated
with approximately symmetrical band bending. To fully
deplete the prewell a reverse bias electric field is required,
shown by the stronger oscillator strength of E3; and E ,,
as seen experimentally at ¥z =—0.05 V [Fig. 3(a)].

From n,=0.3X10'"' cm ™2 to higher electron densities
(10X 10'" cm™? calculated) the E; transition energy de-
creases. This occurs because as more electrons accumu-
late in the prewell the n =1 electron wave function is in-
creasingly confined in a quasitriangular potential close to
the In,Ga,_,As/Al,Ga,_,As interface while the n =1
holes are pushed to the opposite interface, thus leading to
a reduction in transition energies.?®!%2%32 The n =2
electron wave function is spread across the whole
prewell, which means that with increasing bias, an in-
crease in oscillator strength of E,; relative to Ej,
(f21/f11) is expected. The calculations predict that when
n,=2.8X10" cm™?, f,, and f,, are of similar strength,
in good agreement with the experimental observation at
n,=2.5+£0.3X10" cm™? [V3;=0.20 V, Fig. 3(0)]. For
carrier densities greater than this f,; is calculated to be
greater than f,,. This is consistent with our interpreta-
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tion that the PLE peak at the absorption threshold in the
ONR region has a strong E,, component [Fig. 3(d)].

The ratio of the E,; PL peak height to that of E,; in
the HOFFR region provides an experimental estimate of
the relative oscillator strength, (f;;/f1)exp. From
n,=6.1X10" ecm™? to 8.5X10" em™? (f1/f11)expt
varies from 5.7 to 14.0. Taking into account a factor ~2
for excitonic enhancement of E,; (Refs. 15 and 18) the
calculated values, 3.8-8.5, agree very well with experi-
ment, and add further support to our interpretation of
the optical spectra.

To summarize, in this section we have shown that the
calculated transition-energy separations and oscillator
strengths as a function of carrier density describe very
well the experimentally observed optical behavior in the
emitter-accumulation region.

F. Charge distribution in the asymmetric DBRTS

PL spectra from the GaAs QW region of the DBRTS
(excited by a HeNe laser, energy 1.959 eV) were used to
corroborate the charge distribution deduced from the
prewell results. The PL spectra are very similar to that
of the asymmetric DBRTS studied by Skolnick et al.%!!
and are described only briefly here. The observed PL,
denoted E, qw, arises from recombination between elec-
trons in the n =1 electron subband (energy E, qw) and
photocreated holes which tunnel into the GaAs QW from
the collector contact region and thermalize to the first
heavy-hole level (HH, qv) (see Fig. 2).

Figure 5(b) shows the variation in energy of E;; qw

FIG. 5. (a) Current across the DBRTS, (b)
E,ow PL peak position, and (c) E;;,qw PL
linewidth from the GaAs QW as a function of
applied forward bias Vj, in the region of the
first electron resonance. Open and solid circles
represent on- and off-resonance states, respec-
tively. The decrease in the E;; peak energy
and increase in the linewidth while the struc-
ture is on resonance (ONR region) show
charge buildup in the GaAs QW.
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and Fig. 5(c) shows the change in E; gw linewidth as a
function of V. The I-V¥ characteristics are shown again
in Fig. 5(a) for comparison. PL from the GaAs QW is
first observed at ¥ =0.27 V at the onset of the first reso-
nance. In this ONR region charge accumulation in the
GaAs QW is shown by the decrease in the E; g transi-
tion energy and an increase in the PL linewidth from 3.3
to 9.5 meV, consistent with charge buildup in the GaAs
QW and the observation of only a very small change in
the emitter prewell charge throughout this region. The
maximum in E,; qw linewidth occurs at the peak in the
I-V curve. Beyond this there is an abrupt decrease in
linewidth and increase in transition energy of E, qw,
corresponding to charge being expelled from the well,;
this correlates with the abrupt increase in charge ob-
served in the emitter prewell shown in Fig. 1(c). A
minimum in linewidth occurs at ¥z =0.85 V just before
the onset of the second resonance, beyond which the PL
linewidth increases again. Ej; ow also begins to redshift
strongly again.

A line-shape analysis?*® of the PL from the GaAs QW,
Ei,qw> just before the DBRTS switches off resonance
gives the maximum electron density in the GaAs QW as
3(+0.5)X 10" cm ™2 The optical determinations of elec-
tron density in the prewell were used to determine the
maximum electron density in the GaAs QW. When the
DBRTS goes off resonance all of the charge in the GaAs
QW is ejected. Self-consistency is maintained by an in-
crease in charge in the prewell of an amount almost equal
to that ejected from the GaAs QW.> The increase in
prewell electron density at the switching bias of 0.66 V is
2.1(£0.6)X 10" cm™2 From consideration of the elec-
trostatics of the structure, using the method described in
Ref. 5,% the maximum electron density in the well is cal-
culated to be 2.5(+0.8)X 10" cm™2. This is in good
agreement with the direct PL measurement of GaAs QW.

In summary the charging behavior of the DBRTS de-
duced from optical measurements of the emitter accumu-
lation region (prewell) correlates well with direct PL mea-
surements of the GaAs QW region.

IV. FERMI-ENERGY EDGE SINGULARITY STUDIES

The characteristic behavior of a Fermi-energy edge
singularity seen in PLE is pronounced broadening and
weakening of excitonlike absorption peaks with increas-
ing temperature, up to ~50 K.!*71° This characteristic
is now used to study the nature of excitonic features ob-
served in PLE from the prewell.

At ZC [V3=-—0.05 V, Fig. 6(a)] no significant
broadening or weakening of the E}|, E,, E},, E,, peaks,
relative to the continuum, is observed for temperatures
up to 40 K. Therefore these features are all of atomic ex-
citon nature. The absence of E}; temperature dependence
is consistent with the deduction that there is a negligible
density of electrons accumulated in the prewell at this
bias.

In the LOFFR region, up to 0.15 V, where E} is
broader at T =4 K, raising the temperature to 7 =20 K
gives rise to very pronounced broadening and weakening
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of E¥, [shown at ¥z =+0.05 V in Fig. 6(b)]. By T =40
K only a broad, very weak, continuum is seen. This is in
marked contrast to E,, which is unaffected by tempera-
ture. The very strong temperature dependent behavior of
EY, is characteristic of the FEES which occurs due to the
significant electron density in » =1 in this region.!*~1°

At V3 =+0.20 V [Fig. 6(c)] the PLE feature at the ab-
sorption onset, at T =4 K, consists of a weak E}, and
E3, peak of similar oscillator strength. Raising the tem-
perature to 7'=20 K results in asymmetric broadening of
this feature, attributed to the characteristic weakening of
the E ], absorption peak. The slightly higher energy com-
ponent is assigned to E3; which shows a much weaker
temperature dependence, as expected, since the E 3, exci-
tons are of atomic exciton character, being associated
with the n =2 subband which is not occupied'®?? [shown
by the absence of E,; PL in the LOFFR and ONR bias
regions, Figs. 3(b)-3(e)]. Overlapping ET, and E3, peaks
at 4 K are thus distinguished by the different thermal
behavior of the two processes involved in creating the
PLE peaks. This is illustrated more clearly at slightly
higher bias, ¥ =0.25V, in Fig. 6(d) where the [E{:E3, ]
feature consists of E}; and EJ| peaks at essentially the
same energy (see Fig. 4); E3; is the dominant and prob-
ably narrower component. By contrast with the spec-
trum of Fig. 6(b) (dominated by an E{; FEES at the PLE
onset), at ¥ =0.25 V a pronounced PLE peak assigned
to E 3, excitonic transitions now clearly persists up to 40
K, while the broader underlying E}; FEES contribution
to the [Ef;:E3; ] feature is strongly weakened at higher
temperatures. By contrast, the strength, relative to the
continuum, of the prominent E,, feature in Fig. 6(d)
remains constant. The nearly degenerate EY,,E}, exci-
tonic processes are not expected to interact as they in-
volve transitions between valence and conduction sub-
band states at different energies and points in k space, as
illustrated in Fig. 4. Only E7, transitions terminate at
states very close to Ep. Similar temperature dependent
behavior occurs to higher bias in the ONR region.

The behavior described above contrasts with that for
the HOFFR region where the second subband is occu-
pied at T=4 K [Figs. 3(f) and 3(g)]. As shown at
V5=0.90 V (n,,~0.7X10" cm™? [Fig. 6(e)], raising
the temperature to 20 and 40 K results in weakening and
broadening of both E}, and E3,. This is characteristic
behavior of a FEES associated with the n =2 electron
subband, since both transitions involve the populated
n =2 subband.'®??

To summarize, at n, =0, the PLE features E},, E,,
EJ,, and E,, are of atomic exciton nature since no tem-
perature dependent behavior up toc 7 =40 K is seen. In
the LOFFR region, where n =1 only is populated, pro-
nounced temperature-dependent broadening and weaken-
ing of E7, is seen, indicative of a FEES associated with
n=1. For the ONR region the combined [E}:ET;]
peak exhibits temperature dependence even though n =2
is not occupied, and is attributed to the weakening of the

11 FEES component. In the HOFFR region, where
n =2 is clearly occupied temperature dependence of both
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FIG. 6. PLE (full line) from the prewell of the DBRTS at T'=4, 20, and 40 K for a range of applied biases. At (a) V3=—0.05V
the PLE spectrum is unaffected by temperature indicating E, is of atomic exciton nature. At (b) ¥5=+0.05 V the prominent E b
feature at T =4 K is significantly weakened at T =20 and 40 K, characteristic behavior of a FEES associated with n =1. At (c)
V5 =0.20 V the E3, feature is unaffected at T =20 K whereas the E 1, FEES is weakened, giving rise to an asymmetric profile near
the absorption edge. At (d) ¥3=0.25V, [E{;:E3,] in PLE exhibits temperature dependent behavior. Since the n =2 subband is un-
populated this behavior is attributed to weakening of the E; FEES. At (e) ¥3=0.90 V E,, and E,, in PLE both show temperature-
dependent behavior which is characteristic of a FEES associated with n =2. The lowest intensity on the spectra indicates zero inten-

sity, except on spectra where zero is labeled.

E3, and E,, is seen, characteristic behavior of a FEES as-
sociated with n =2,

V. CONCLUSION

To summarize, the inclusion of an In,Ga,_,As prewell
layer adjacent to the emitter barrier of a double-barrier
resonant tunneling structure allows the observation of PL
from the emitter-accumulation region under operation.
This provides a direct measure of electron accumulation
in the emitter and, by consideration of the electrostatics,
a probe of the charge distribution in the whole DBRTS.
The results obtained are in good agreement with direct
PL measurements of the GaAs QW and with the trends
in the magnetotransport measurements of the emitter.
For an asymmetric DBRTS, in the off-resonance state
electrons accumulate in the prewell in a continuous
fashion. When the device is on resonance the charge in
the prewell remains constant while charge builds up in
the GaAs QW. However, charge is abruptly expelled

from the GaAs QW when the DBRTS switches to the
off-resonance state causing an abrupt increase in electron
density in the prewell. Beyond this, charge in the prewell
increases in a continuous fashion. A small reverse bias is
required to deplete the prewell of equilibrium carriers;
under such conditions the associated electric field is
detected by observation of An =0 and An70 transitions
of comparable intensity.

The tunability range of electron densities in the prewell
of the DBRTS over a very wide range means that these
are very suitable structures for studying the nature of ex-
citonic features in the PLE spectra. The structures show
a variation from an atomic exciton in n =1, to a FEES in
n =1, through to a FEES in n =2.
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