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The steady-state density of electrons accumulated in the well of a GaAs/AlGaAs double-barrier reso-
nant tunneling structure is optically determined as a function of applied voltage by monitoring of the in-

tegrated area under the photoluminescence signal from the confined GaAs well. The characteristic time,
~ 350 ps, obtained as the quotient of the areal charge and current densities, is consistent with calcula-
tions of the intrinsic lifetime of the resonant state, independent of intrasubband scattering processes,

PACS numbers: 73.40.Gk, 72.80.Ey, 73.40.Lq

Electron tunneling plays an important role in many
branches of physics including tunneling microscopy, '

tunneling spectroscopy, and resonant tunneling trans-
port, to name but a few. Modern semiconductor growth
techniques have made it possible to engineer model tun-
neling structures with which experiments can be de-
signed to address some of the fundamental aspects of the
tunneling process. An outstanding question, which has
received much attention for some years, is related to the
time scales involved in tunneling processes. 4' This point
and, more specifically, the question as to the effects of in-

elastic scattering on this time, have been the subjects
of recent debate in the context of electron tunneling
through two semiconductor barriers separated by dis-
tances on the order of 5 nm. In the present work, an
optical technique is used to deduce the steady-state occu-
pation of the quasibound two-dimensional level responsi-
ble for resonantly enhancing the current through a
double-barrier resonant tunneling (DBRT) structure
consisting of a GaAs well region sandwiched between Al-
GaAs barrier layers. The resultant areal charge density
in the well is divided by the current density to deduce the
voltage dependence of the characteristic time associated
with charge accumulation and decay. This experimen-
tally determined time is shown to be consistent with a
calculation of the inverse linewidth of the coherent tun-
neling spectrum appropriate for the structure studied,
despite the fact that it is at least 350 times longer than
the time associated with scattering events in the plane of
the layers, =1 ps. This provides evidence that intrasub-
band scattering does not influence the characteristic tun-
neling time in DBRT structures.

Experiment. —The sample was grown by molecular-
beam epitaxy on a silicon-doped GaAs substrate. The
layers' composition is described in Table I. The undoped

TABLE I. Layer description.

Layer Composition

GaAs
GaAs
GaAs

Alp. 3Gap 7As
GaAs

Alp 3Gap 7As
GaAs

Doping
(cm ')

2x 10l7

2x 10'
None
None
None
None

2x10"

Thickness
(nm)

500
7.5

10
5

10
1000

Comments

Substrate
MBE
MBE
MBE
MBE
MBE
MBE

GaAs is actually n type with a residual carrier density of
5x10' cm 3 at 4.2 K. In order to probe the GaAs well

region optically in the presence of an applied electrical
bias, an annular-shaped contact was fabricated on a
325-pm-diam mesa etched through the epilayers. Back
contact was made through the substrate. The sample
was mounted in an optical cryostat and biased through a
1-0 series resistor. A 1-mW HeNe laser beam was fo-
cused onto the annular contact in order to excite a small
population of holes in the well region, buried 1.01 pm
below the surface. The light emitted by the device was
analyzed in a Spex Triplemate spectrograph, with use of
a Si charge-coupled-device array as a detector. All mea-
surements were performed at an ambient temperature of
5 K.

Results. —A plot of the current flowing through the
barriers as a function of the voltage across the structure
(i.e., the measured potential corrected for the 5.7-0 con-
tact resistance) is shown in a dotted curve in Fig. 1. Pos-
itive bias corresponds to electrons flowing from the top
epilayer into the substrate. For applied voltages within
the regions of negative differential resistance, the circuit
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FIG. 1. Dots: The current flowing through the DBRT

structure as a function of the voltage across the barriers.
Crosses: The ratio of the integrated PL intensity under the

peak near 765 nm to that measured with no applied voltage,
times the residual electron density in the undoped GaAs well.

The voltage scale represents the potential measured across the

structure, minus the voltage dropped across the 5.7-0 series

contact resistance.

was oscillating. The current and voltages measured with
dc voltmeters therefore do not represent the "true"
current-voltage (I-V) characteristics of the device for
those ranges of applied bias. The asymmetry in the I-V
curve reflects the basic asymmetry of the layers in the
structure, as it is absent in symmetric structures grown
in the same system.

With no current flowing through the structure, the
photoluminescence (PL) spectrum consists of a single,
4-meV-wide peak centered at 766 nm, due to transitions
involving the first electron and heavy-hole subbands.
The intensity of this peak is a factor of = 10 weaker
than the band-edge luminescence from the 1-pm-thick
top contact, which is centered around 810 nm. When a
bias is applied in the presence of HeNe illumination,
dramatic changes in the luminescence from the GaAs
well region are observed. Three spectra are shown in

Fig. 2, corresponding to bias voltages of 0, 123, and 365
mV. With no HeNe laser radiation incident on the
structure, no cathodoluminescence was observed. The
dependence of the width and peak position of the
luminescence on bias voltage will be discussed elsewhere.
Herein, we discuss the bias dependence of the total area
under the peak at approximately 765 nm. The area is
plotted (crosses) as a function of bias voltage in Fig. 1

(the scale, in units of carrier density, is explained below).
Discussion. —The primary effect of the HeNe il-

lumination is to inject optically a low density of none-
quilibrium free holes in the valence band of the GaAs
well. The I-V curve is unafl'ected by the HeNe laser,
supporting the fact that a very low density of holes is
created. A simple rate-equation analysis for the lu-

minescence output indicates that if the inverse lifetime of

0.0
760.0 765.0 770.0 775.0

WAVELENGTH (NM)

780.0

FIG. 2. The PL spectra obtained from the DBRT structure
with 0-mV (bottom), 123-mV (middle), and 365-mV (top) ap-
plied bias. The base lines of the three spectra are vertically
displaced for clarity.

the nonequilibrium holes is greater than the radiative
recombination rate, which is proportional to the product
of the densities of electrons and holes, then the PL out-

put should be proportional to the density of electrons in

the well, for a fixed illumination intensity. Time-
resolved PL experiments on GaAs quantum well struc-
tures9 suggest that the trapping rate of minority holes on
ionized acceptors is larger than the radiative recombina-
tion rate for hole concentrations as high as 1x10'
cm 3. Thus, at least for low injected electron concen-
trations, the area under the peak near 765 nm is propor-
tional to the density of electrons in the GaAs well. For
large electron densities, a saturation efl'ect is expected as
the population of holes is afl'ected by the radiative
recombination process. Without independent measure-
ments of the nonradiative hole capture rate and radiative
recombination rate for this particular sample, it is

difficult to estimate the effective saturation density of
electrons. However, given that the area of the PL is

significantly larger for negative as opposed to positive
bias, the shape of the integrated PL curve, at least for
positive bias, does reflect the voltage dependence of the
electron density accumulated in the GaAs well. The ab-
solute density scale in Fig. 1 was therefore obtained by
scaling of the residual electron density at zero bias,
5x10'4 cm 3 as obtained from Hall measurements, by
the integrated PL area normalized with respect to that
with no voltage applied to the sample. The other factor
which could interfere with the assumed proportionality
between integrated PL and electron density is the bias
dependence of the oscillator strength associated with the
peak in the PL. On the basis of other studies of this
phenomenon, ' for voltages less than 200 mV (fields less
than 8x 10 V/cm) there should only be a small lumines-

cence quenching effect for a 5-nm-thick well.
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FIG. 3. (a) The same plots of current and accumulated car-
rier density as in Fig. 1, but on an expanded voltage scale. (b)
Squares: The characteristic time obtained as the quotient of
the measured areal charge density by the current density at
various bias voltages in the resonant tunneling regimes. The
dashed curve is a numerical calculation of the characteristic
coherent tunneling time, r=h/21m(EO). The solid curve is
the time obtained with use of the approximation for the
coherent tunneling time given in Eq. (1).

There is clearly much information contained in the
curves of Fig. 1. In this Letter, we confine ourselves to a
discussion of the charge and current behavior for applied
biases between —200 to —80 mV and 80 to 150 mV:
that is for voltages such that the structure is in the reso-
nant tunneling regime, and the circuit is not oscillating.
The bottom of Fig. 3 shows the same current- and
charge-density plots as in Fig. 1, but on an expanded
voltage scale to emphasize the region of interest. The
top of Fig. 3 shows a plot of the characteristic time ob-
tained as the quotient of the areal charge density, Q, by
the current density, J, at each voltage. If the tunneling
process is assumed to be entirely coherent, this time,
r=Q/J, is related to the imaginary part of the
quasibound-state eigenenergy, or equivalently, to the half
width of the coherent tunneling transmission spectrum, "
as r=h/21m(Ep). If effective-mass boundary condi-
tions are adopted, an approximate form of this charac-
teristic time can be derived as

2[.(m. /m, )t +d, +d, ]

(2ER/ming ) it'(T, + T, )

I

I

I

t
I

I

V
I

F111111181118118ii.

FIG. 4. A schematic representation of the approximate
energy-level diagram of the DBRT structure which was adopt-
ed for the purpose of calculation.

in the limit that Im(Ep) « Re(Ep). Here, with reference
to Fig. 4, m and mb are the effective masses of the elec-
tron in the well and barrier regions, respectively, t is the
thickness of the well, Ett =Re(Ep), T, and T, are the
transmission coefficients through the emitter and collec-
tor barriers, respectively, and d, and d, are the effective
depths to which the quasibound wave function penetrates
into the respective barriers. A WKB calculation of the
tunneling process yields the following expressions'2 for
d, t, and the T,t, :

and

2 2mb

+ (U —Ett+ 2 eV„~eV,i, ) ]

T,t, = 16(Ett/U) (1 ER/U) exp( ——2d/d, t, ). (3)

The various energies which appear in Eqs. (2) and (3)
are defined in Fig. 4. If the ratio of masses multiplying
t in Eq. (1) is neglected (it appears because of the
effective-mass boundary conditions), the interpretation
of this expression for the characteristic time is clear.
The electron, with velocity v =(2Ett/m ) ' perpendicu-
lar to the layers, moves from just inside one barrier
across the well and into the other barrier every (t
+d, +d, )/v sec. On encountering the ith barrier, it es-
capes from the well with probability T;. With m
=0.07mp, mb =0.092mp, U=240 meV, t =5 nm, and
d = 10 nm, a numerical integration of Schrodinger s
equation for the structure schematically illustrated in
Fig. 4 yields Ett =74 meV, and Eq. (I) then gives the
approximate characteristic time shown as a solid line in
Fig. 3 (b). A numerical calculation, based on the
"coherent" tunneling picture, ' of Q/ J or r = ft/
2Im(Ep) gives the dashed line in Fig. 3(b). If the T,
term in the denominator of Eq. (1) is omitted to take ac-
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count of the fact that when the device is biased in the
resonant tunneling regime, the Pauli exclusion principle
prevents electrons from tunneling out through the emi-
tter barrier, a result intermediate to the solid and dashed
lines in Fig. 3(b) is obtained.

On a qualitative level, a similar decrease of r with in-

creasing applied voltage is apparent in both experiment
and theory. This refIects the increasing probability that
the electron can escape through the collector as the ap-
plied bias decreases the effective height of the barrier
[see Eqs. (2) and (3)]. On a quantitative level there is
also quite good agreement between experiment and
theory. Given the uncertainty in the material parame-
ters, and that no attempt was made to incorporate self-
consistently eff'ects due to charge accumulation or de-

pletion, no better agreement can be expected.
The irrelevance of the lateral scattering rate to the

determination of the characteristic tunneling time re-
mains to be explained. In the spirit of the interpretation
of Eq. (I) given above, scattering events would be ex-
pected to influence the characteristic tunneling time only
if they altered either the resonant energy Eg, the
transmission coefficient T„or both. By definition, in-

trasubband transitions, that is those which contribute to
the mobility of a two-dimensional gas parallel to the lay-
ers, do not change ER and thus could only affect r if
there is a significant dependence of T, on the parallel
wave vector of the electron. Our calculations indicate a
negligible dependence of T, on parallel wave vector, even

up to values corresponding to room temperature.
Photoluminescence has been used to determine the

steady-state carrier density accumulated in a biased
DBRT structure. By dividing the areal charge and
current densities, we obtained a characteristic tunneling

time which is consistent with calculations of the inverse
half width of the coherent tunneling spectrum for the
sample. This time, ) 350 ps depending on the applied
bias, is much longer than the characteristic time for in-

trasubband scattering parallel to the layers. Lateral
scattering does not affect the characteristic tunneling
time because the perpendicular velocity of the quasi-
bound electrons is unaff'ected by in-plane scattering
events.
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work.
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