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Selective measurement of hole tunneling times through AlGaAs barriers based on the quantum
confined Stark effect
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We demonstrate a method able to measure selectively and over a wide dynamic range the tunneling time of
electrons or holes through a given potential barrier in a semiconductor heterostructure. The method relies on
appropriate band gap engineering of the intrinsic region of a p-i-n diode, and on the quantum confined Stark
effect. As an example, the hole tunneling time through thick Al ,Ga;_,As potential barriers has been measured
over six orders of magnitude in InGaAs/AlGaAs structures. For x=0.6, ultralong hole tunneling times are
demonstrated in fair agreement with a semiclassical tunneling model. This model however turns out to be
inapplicable for x=<0.4, overestimating the tunneling times by several orders of magnitude. This suggests the
formation of intrinsic leakage current paths through the AlGaAs barriers at these concentrations.
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Carrier tunneling through a potential barrier is perhaps the
most fundamental quantum-mechanical process, with direct
applications in numerous semiconductor devices, such as, for
instance, resonant tunneling diodes,? single-electron
transistors,’ quantum cascade lasers,* or tunable lasers.’ Con-
sidering that tunneling depends critically on a number of
heterostructure parameters, which are usually imperfectly
known, it is often necessary to recourse to experiment in
order to estimate accurately the actual tunneling time in a
given heterostructure. There are two basic approaches to ex-
tract carrier tunneling times in semiconductor heterostruc-
tures. The first is by analyzing the static current-voltage char-
acteristics of single or double barrier heterostructures.® A
technical difficulty in this approach is that the “tunneling”
current should be dominant over all other possible current
contributions. Moreover, the analysis relies also on good
knowledge of heterostructure parameters and a number of
idealizations to take into account the variable bias conditions
in the heterostructure. Therefore, the extracted carrier tunnel-
ing information in this approach can only be regarded as
very approximative.

The second more direct approach to measure tunneling
times in semiconductor heterostructures is by time resolved
photoluminescence (PL) experiments.”® In this approach,
electrons and holes are optically injected in a given quantum
well (QW) of the heterostructure. If the carriers tunnel out of
the QW in a time scale that is comparable or smaller than the
recombination time, then the QW PL decay time is signifi-
cantly shortened and an effective carrier tunneling time 7,
can be readily deduced. Obviously, the tunneling times that
can be measured cannot be longer than the recombination
time, which in typical semiconductor heterostructures is of
the order of nanoseconds. This practically limits the ap-
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proach to structures with relatively “transparent” barriers,
and the extracted tunneling times cannot span over a very
large dynamic range. Another serious concern in the ap-
proach is that 7, contains contributions from both electron
and hole tunneling events, implying that in order to draw
conclusions on the tunneling dynamics of one type of carrier
several approximations have to be made.

In the following, we propose a simple method to extract
selectively and over a wide dynamic range the electron or
hole tunneling time through a given potential barrier. It is
based on a proper band gap engineering of the active region
of a p-i-n diode and consists essentially of recording the
current / for which the optical emission spectrum of a probe
QW starts shifting due to the quantum confined Stark effect
(QCSE). We illustrate this method for hole tunneling through
Al Ga,_,As barriers of different widths and compositions,
which are incorporated in the intrinsic region of a p-i-n di-
ode.

In Fig. 1(a) the proposed band gap lineup to measure the
barrier transparency in relation to holes is presented. The
structure consists of the barrier under test, a wide probe QW
whose lowest transition is the ground state of the whole
structure, and a collection quantum well (CQW) used to col-
lect the “tunneling” carriers. Due to the bipolar nature of
carrier injection, these two QWs accumulate in steady-state
forward bias conditions a charge density —gN of electrons
and +¢gN of holes on either side of the barrier. In the low-
injection regime, if J is the injected current density and 7 the
carrier transfer time through the barrier, then

N= T—J (1)
q

This produces a current-dependent space-charge field which
peaks at the barrier and extends significantly inside the QWs
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FIG. 1. (a) Band diagram schematic of the proposed structure to
measure the barrier tunneling time. (b) Typical computed band
bending of the conduction and valence bands for /=15 mA and
7, =30 ns with (solid line) and without (dot line) field screening.
For the former case, the two first electron wave functions of the
structure under carrier injection as well as the first and 14th heavy
hole wave functions are also shown.

tuning their emission by QCSE. The field’s maximum value
is

F= X )
€

where € the material permittivity. For a homogeneously ap-
plied electric field F, the corresponding redshift of the QW
electroluminescence (EL) can be expressed as

A\ = aF2. (3)

The « parameter depends on the QW width: a~1.4
X 1073 nm/(kV/cm)?, for a 10 nm QW if F<60 kV/cm and
a~125x10"3 nm/(kV/cm)?, for a 20nm QW if F
<40 kV/cm. To account for the fact that the space-charge
field mainly acts on the barrier and spreads over only about
half of the QW width, for a 20 nm QW we choose a~ 1.4
X 1073 nm/(kV/cm)?. Due to the quadratic dependence of
AN versus F and therefore versus J, an abrupt onset of AN
can be observed in the emission wavelength-current charac-
teristic, as soon as N becomes of the order of 10'! cm™2.
Defining as J, the current density needed to achieve AN
=0.5 nm, we can obtain by combining Egs. (1)—(3) a simple
formula to estimate the transfer time:

€ [0.5nm

T="—
JO o

(4)

The current-wavelength characteristic gives thus simple ac-
cess to the carrier transfer time. In the following, we measure
at the onset of AN the corresponding current [,=J,S with §
being the surface of the contact, and use Eq. (4) to obtain an
estimate of Al,Ga;_,As barriers’ transparency.

With the band diagram proposed in Fig. 1 only the probe
QW exhibits spontaneous emission for reasonable space-
charge fields. Indeed electrons that are captured in this QW
do not have enough energy to escape toward the CQW until
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the fundamental electron levels of these two QWSs, which are
the two fundamental electron levels of the whole structure,
align. Their associated wave functions labeled e; and e,, as
well as their relative energy positions are computed in Fig.
1(b) in a typical case. It follows that only holes can accumu-
late in the CQW in the low current regime. On the contrary,
the holes can be injected inside the probe QW via tunneling
from the CQW with a rate that depends on the barrier trans-
parency. As only the probe QW can emit light in the low
current regime of interest here, it will be named hereafter as
the active QW (AQW). It should be noted that the configu-
ration in Fig. 1(a) allows us to record only hole tunneling
times, nevertheless to have access to the electron tunneling
times one needs merely to invert the n- and p-side regions.

To test this method InGaAs/AlGaAs light-emitting diodes
(LEDs) have been fabricated by molecular beam epitaxy on
(100) GaAs n* substrates. In all the samples, the structure
shown in Fig. 1(a) is located at the center of a 300 nm un-
doped Alj;,GaygAs SCH region, and the p-i-n diode is
formed by 1.6 um thick Aly;Gay;As cladding layers, Si
doped for the N side and Be doped for the P side. The tun-
neling barrier under test is made of Al,Ga;_,As with x vary-
ing between 0.3 and 0.6 and a width between 5 and 10 nm.
In most samples, the AQW was chosen to be a 20 nm wide
Iny;Gaj9As layer, to fully exploit QCSE. In the case of
samples 6 and 7, where the AQW consisted of Iny,GajgAs,
the AQW width was limited to 10 nm in order to stay below
critical thickness. The CQW is a 6 nm wide InGaAs QW for
all samples except for samples 1 and 2 where it is 11 nm
wide, allowing in both cases an efficient collection of holes.
In Table I, we summarize for all samples their main struc-
tural parameters, as well as the measured /, values and ex-
perimentally deduced hole tunneling times.

In Figs. 2(a) and 2(b) we show the T=10 K surface-
detected EL spectra of the AQW as a function of current for
samples 3 and 4. As can be seen in Table I, these samples
differ only in the barrier width and height, whereas all other
structural parameters are identical. The dashed spectra depict
in each case the 20 nm AQW photoluminescence (PL) peak
obtained in flat band conditions (i.e., having confirmed that
the diode field is screened out). For low currents (/<I,), the
AQW EL and PL peaks coincide, implying that no significant
space-charge field exists in the structure. For /=1, the ac-
cumulated space charge becomes sufficient to start shifting
the AQW EL peaks according to QCSE. From the shift onset
in the spectra, one can determine that I,=0.25 mA for
sample 3 and 7,=0.01 pA for sample 4. This striking differ-
ence (more than three decades) suggests a strong effect re-
sulting from the Al,Ga,_,As tunneling barrier.

In Fig. 3(a) the wavelength shift AN versus current are
plotted for several of our samples, including a reference one
consisting of a single 20 nm AQW inside the intrinsic region.
A distinct shift onset is clearly observed for all samples,
except for the reference one as expected. The current [, for
which AN~ 0.5 nm is marked by an arrow labeled with the
sample number. Figure 3(a) clearly reveals that I, depends on
the barrier parameters and follows some special trends. In-
deed when the barrier thickness increases, I, decreases as
shown with the samples series (1, 2, 3) or (4, 5). When the Al
content inside the barrier drops, [, increases as shown by
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TABLE 1. Sample parameters: L, is the barrier thickness, x,; the barrier aluminium concentration, x1y,, and x2y, the indium concentra-
tions in the AQW and CQW, respectively, Laqw the AQW thickness, L, the CQW thickness, I, the current at the onset of A\, 71, the hole
tunneling time obtained with Eq. (4), and 72, the one extracted from a more developed model including screening (see text).

Sample Ly, XAl Laow xlp, Lp X2 Iy am m
name (nm) (%) (nm) (%) (nm) (%) (mA) (ns) (ns)
1 30 20 10 11 0 20 7 9.1
2 30 20 10 11 0 1 130 50
3 10 30 20 10 6 0 0.25 520 215
4 6.6 60 20 10 6 0 2-1073 6.5-10° 5-10°
5 5 60 20 10 6 0 4.1073 3.3-10* 3-10*
6 10 40 10 20 6 0 0.1 2.8-10° 3-10°
7 10 30 10 20 6 0 1 280 230
8 8.8 30 20 10 6 10 0.2 650 300
9 11 30 20 10 6 10 0.07 1.9-10° 2-10°

samples 6 and 7. Such behavior is qualitatively consistent
with the semiclassical picture of the tunneling effect’® where
the transit time of the carrier inside the CQW, which we call
here tunneling time 7, is given by:

2m 2mb(Ah—€h)
hthp\lthexp(ZLb\lT ,

with L, and L, the CQW and barrier width, m, and m,, the
heavy hole effective masses in these layers, respectlvely, e,
the heavy hole energy confined level in the CQW, and A, the
potential offset between the barrier and the CQW. Finally,
comparing samples 3 and 7 which differ only in the AQW
width, we observe a much steeper current dependence of AN
for sample 3 in accordance to QCSE.

)

For currents higher than [, discontinuities appear in the
wavelength shift for some of the samples, such as, for in-
stance, samples 2 and 3. As explained in Ref. 10, this is
attributed to a sudden electron leakage from the AQW to-
ward the CQW, which is made possible when the space-
charge field becomes sufficiently strong to align the funda-
mental electron levels e; and e, in the two QWs. This
interpretation is supported by the sudden appearance at the
discontinuity current of strong EL from the CQW, not shown
in Fig. 2, indicating that electrons actually make it to CQW.

In Table I, we report the heavy hole tunneling time 71,
estimated from I, and Eq. (4). We also deduced 72, with a
more advanced model, whose main lines are as follows: For
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FIG. 2. EL spectra with increasing dc injection current from the
AQW of (a) sample 3 and (b) sample 4. The dashed curves denote
the corresponding PL spectra. The samples were processed in
300 um wide mesas to minimize lateral carrier recombination ef-
fects and 2 mm long cavities. A semitransparent Pt top contact al-
lowed surface detection of EL. The LEDs were welded with indium
on gold ceramic (Al,03) and were mounted in a helium flow cry-
ostat. The carriers were injected with a KEITHLEY 220 current
source.

Current (mA)

FIG. 3. (a) Experimental A\ as a function of injection current,
observed by EL at 10 K for several diodes with different tunneling
barriers (cf. Table I). (b) Theoretical AN versus current curves for a
20 nm AQW and different heavy hole tunneling times 7,;,, with
(solid symbols, where shown) or without (open symbols) taking
into account carrier screening inside the AQW. Screening effects in
the 20 nm AQW decrease substantially AN for 73, <100 ns.
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a given injection current, we solve the system of rate equa-
tions for the steady state carrier densities inside the AQW
and the CQW, using the hole transfer time 7, as the input
parameter. We assume that the holes enter into AQW by
tunneling from the CQW, neglecting thermionic emission
and overshooting of carriers over the barriers. Also, until the
fundamental electron levels e¢; and e, in the two QWs align,
electrons are present only in AQW. Furthermore, we assume
that the carriers recombine in AQW with a bimolecular re-
combination rate of 10'° cm?/s. Once the carrier distribution
in the QWs is known, we obtain the charge density by
weighting with the corresponding envelope functions, and
solve Poisson’s equation by a relaxation method'' to deter-
mine the new energy band profile. With the new profile, we
solve again Schrodinger’s equation by the finite element
method, and the procedure is iterated until a satisfactory con-
vergence for AN is reached. By comparing the calculated
with the experimental onset of AN, we adjust accordingly 7,
until good agreement is achieved.

The main difference between the two models is that in the
second model AN is computed from the exact carrier-
modified band gap lineup of the structure, instead of the
phenomenological Eq. (3) of the first model, where an effec-
tive AQW width is appropriately chosen. This clearly should
result to a refinement of the extracted 7, values. Even
though the second model goes well beyond the first one, it
still uses several approximations. For instance, it does not
take into account the gradual decrease of 7, as the CQW
gets increasingly filled and the barrier is more bent. Our
calculations, however, show that this effect becomes impor-
tant only at strong charging situations, i.e., for currents much
higher than 7, where the onset of AN occurs. In addition, the
model neglects any Pauli exclusion effects for the hole tun-
neling event, which is justified by the large energy difference
in our samples between the hole fundamental levels in the
two QWs (cf. Fig. 1).

In Fig. 3(b) we plot the calculated AN(I) curves obtained
by the second model for a 20 nm AQW and for different 7,
values. In each curve, the shift is computed until e¢; and e,
align. In Fig. 1(b), we show for /=15 mA the band-profile
outcome of the self-consistent solution of Schrodinger-
Poisson equations, which is necessary in order to take into
account screening effects of opposite charge carriers inside
the AQW. As can be seen by the solid symbol curves in Fig.
3(b), screening effects result in a slowing down of AN for
7, <300 ns. By fitting the experimental AN (I) curves of Fig.
3(a) with theoretical curves such as the ones shown in Fig.
3(b), we deduce the 72, values of Table 1.

The fitting procedure is illustrated in Fig. 4, where we plot
for samples 3 and 1 the experimental AN(/) points and com-
pare them with best fitting curves from second model. We
observe that for AN <2 nm, which is the region of interest in
this work, the experimental points are well reproduced by the
theoretical curves. On the other hand, for AN>2 nm we
clearly observe a saturation behavior in both samples, which
can be attributed as already mentioned to a gradual increase
of barrier transparency by the combined effects of carrier
band filling in the CQW and space-charge-induced bending
of the tunneling barrier. For the specific samples of Fig. 4,
we deduce 72,,=(9.1£0.5) ns and 72,,=(215+15) ns for
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FIG. 4. Experimental AN versus current data points (dark and
big symbols) observed by EL at 10 K for samples 1 and 3, com-
pared to the corresponding modeling curves (gray and small sym-
bols) calculated for a 20 nm AQW and variable 7. In each case the
dot lines give the incertitude interval.

samples 1 and 3, respectively. It is interesting to note, how-
ever, that the extracted 71,, and 72,;, values in Table I are
very similar. This implies that the simple Eq. (4) is sufficient
to give a quick estimate to the tunneling time through poten-
tial barriers.

Although the semiclassical model reproduces some of the
trends of the hole tunneling times deduced from I, in regard
to barrier thickness and height, it certainly fails to fit them
quantitatively. In Fig. 5, the experimental tunneling times
(open symbols) and the theoretical ones (dashed line) are
plotted as a function of the dimensionless quantity
Ly\my(A,—e,)/A? in order to account for the different bar-
rier parameters between samples. For samples 5 and 4, with
x=0.6, we observe very long tunneling times of 30 us and
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FIG. 5. Comparison between theoretical (dashed line) and ex-
perimental (open symbols) heavy hole tunneling times versus
Ly\mp(Ay—e;)/h% for all samples. The theoretical curve results
from the semiclassical tunneling model. The samples are grouped
and denoted by a different symbol according to their aluminium
concentration in the barrier.
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5 ms, respectively, which are distinctly higher than what ex-
pected by the semiclassical model. This can be explained by
the fact that in these samples where [, is small, the experi-
mental tunneling times may be overestimated due to current
inhomogeneities over the wide (2 mm X 300 pm) current in-
jection area. In contrast, for x=0.3 and x=0.4, the experi-
mental tunneling times are orders of magnitude below the
expected theoretical times, with values ranging from
10 ns to 1 ws. In the following, we discuss this unexpected
discrepancy.

Previous studies on tunnel transfer time were mainly fo-
cused on carrier transfer through thin barriers (<5 nm).
They revealed most of the times a good agreement with the
semiclassical model.?!> Departure from this model was gen-
erally attributed to resonant tunneling'®!> or band mixing
effects in the case of hole tunneling.'*'¢ Such effects, how-
ever, are expected to be negligible in our thick barrier
samples.

Later on, interest for thick tunneling barriers (>10 nm)
appeared. From PL and PL excitation on asymmetrical
GaAs/AlGaAs QW, Tomita et al.'” demonstrated a very ef-
ficient carrier transfer through Alj;Gaj,As barriers with
thicknesses varying between 10 and 30 nm. As in our case,
they observed a relatively weak dependence on the barrier
thickness compared to the semiclassical model. To explain
their results, they proposed an excitonic transfer from one
well to the other via dipole-dipole interaction. Here this ex-
planation is not relevant because of the lack of excitons in
the CQW. For the same reason, the theory proposed by Lyo!'8
relying on photon exchange can be ignored. In Ref. 19, an
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unexpected carrier transfer through a 52 nm thick
Cd 13Zny g, Te barrier was also found. The fact that the bar-
rier is an alloy seems to be an important characteristic to
explain the observed efficient transfer through thick barriers.
Kim et al.?® also measured optically a strong leakage through
Al Ga,_,As barriers with x=<0.35 and thickness between 30
and 150 nm, while for AlAs or GaAs barriers the effect van-
ished. They suggested an intrinsic inhomogeneity mecha-
nism in the alloy barrier. With a three-dimensional quantum-
mechanical calculation the observed phenomena were
explained by supposing a microscopic clustering (around
20-30 A in size) of GaAs in a quantum-wire-like fashion
inside the alloy barrier. For x>0.5 a clustering of 20—-30 A
is not enough to create a sufficient number of low potential
pathways. Their model seems in line with our measurements
which exhibit efficient transfer for x<0.4 and the contrary
for x=0.6.

In summary, we have proposed a method based on the
quantum confined Stark effect, capable of measuring selec-
tively and in a large dynamic range the carrier transfer time
through tunneling barriers in bipolar devices under operating
conditions. By applying it to Al,Ga,_,As barriers, hole tun-
neling times as large as 5 ms have been recorded for x
=0.6. Moreover, in agreement with previous studies, we have
shown that for x=<0.4, the hole transfer through the barrier
becomes unexpectedly fast.
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