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Photocurrents from quantum wells in asymmetrical-double-barrier resonant-tunneling structures
are studied under 9-pm radiation. By use of intersubband transitions, large electron accumulations
in the quantum wells are observed directly in one bias polarity, consistent with theory. This photon-
assisted resonant-tunneling process may be used for fast-response infrared detection.

Studies of quantum-well (QW) structures for electronic
and photonic applications are well known. The main re-
search activities in QW photonic devices have been to
utilize the interband (between conduction and valence
bands) transition for lasers, detectors, and modulators
in the near infrared (ir) to visible regions. Recently in-
traband (within a conduction or a valence band) or in-
tersubband transitions in QW structures have been ex-
ploited for mid and far ir applications.'™ Another closely
related current topic is the charge (electron) accumula-
tion in a QW which gives rise to interesting observable
effects.>™ In this paper, we report on our experimental
study of two asymmetrical-double-barrier resonant tun-
neling (RT) structures under 9-um ir radiation from a
CO; laser. Cai et al. used a Green’s-function approach
to calculate the photon-assisted RT through a double-
barrier structure.® The example in their calculation had
relatively thin barriers, whereas the structures we study
here have relatively thick barriers to reduce the dark cur-
rent.

The basic idea is shown schematically in Fig. 1. We
use asymmetrical-double-barrier RT structures with one
barrier thicker than the other. When biased so that
the thicker barrier is on the collector side (upper part
in Fig. 1), we expect a large electron accumulation in
the well.® In the other bias polarity, we expect a negli-
gible electron accumulation (lower part in Fig. 1). This
can be easily understood in the following way. Let us
view the tunneling as a two step process: (1) electrons
from the emitter Fermi sea tunnel into the resonant state,
and (2) electrons accumulated in the well (forming a two-
dimensional electron gas) tunnel out to the collector. Un-
der steady-state condition, the currents associated with
the above two tunneling processes balance. If the collec-
tor barrier is less transparent than the emitter barrier,
there must be a large electron density in the well in or-
der to balance the current. Similarly, for the other bias
polarity, a low density of electrons is expected in the well.
We will make the argument more quantitative later. To
observe the electron accumulation directly, we design the
well so that the second resonant state is very close to the
top of the barrier, and we use ir light to induce intersub-
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band transitions and collect the photon-excited electrons
as photocurrent. Because the tunneling out of the sec-
ond resonant state has a high probability under bias and
the electric field in the well is relatively small, the in-
tersubband photocurrent is roughly proportional to the
electron density in the well.

The two double-barrier structures, called samples No.
1 and 2, were grown by molecular-beam epitaxy on semi-
insulating GaAs substrates. The double-barrier struc-
ture consists (in growth sequence) of a 700-nm bottom
GaAs contact layer doped with Si to about 2.0 x 108
ecm~3, a 5.0-nm undoped GaAs spacer layer, a 10.0-nm
Alp 33Gag ¢7As barrier, a 6.6-nm GaAs QW, a 14.0-nm
Alp 33Gag e7As barrier, a 5.0-nm undoped GaAs spacer
layer, and a 400-nm top GaAs contact layer doped with
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FIG. 1.

Schematic forward and reverse bias potential pro-
files of the asymmetrical-double-barrier resonant-tunneling
structure. A substantial electron accumulation occurs in the
forward bias and an intersubband photocurrent is expected,
while in the reverse bias the photocurrent should not be ob-
servable.
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Si to about 2.0 x 10!® ¢m=3. The spacer layers are
added to reduce diffusion and segregation of dopants from
the heavily doped contact layers into the double barrier.
The double-barrier region was not intentionally doped
for sample No. 1, while the center of the well of sam-
ple No. 2 was 6 doped with Si to about 9x10'! cm~2.
X-ray rocking curves measuring an auxiliary superlattice
grown before the double-barrier confirm that the growth
conditions yielded the designed structural parameters.
The well thickness (6.6 nm) and the barrier alloy frac-
tion (z = 0.33) were chosen to give the energy difference
between the ground and the first excited states coinci-
dent with 9-pm radiation photon energy. A 50 repeat
multiple QW (MQW) sample with identical wells (6.6
nm) and barrier heights (Alg 33Gag.67As) was also grown
and tested, and showed a strong intersubband transition
feature peaked at about 9 pm. The barrier width of the
MQW sample was 19.4 nm and the center of the wells
was 6 doped with Si to 9 x 10! cm™—2.

The 120 x 120-um? square devices were defined by wet-
chemical mesa etching, and had alloyed Ni/Ge/Au con-
tacts. Facets of 45° were polished near the device mesas.
Devices were mounted in a variable temperature opti-
cal cryostat equipped with an antireflection coated ZnSe
window. A low power CO; laser together with a polarizer
was used to observe the photocurrent. The measurement
geometry and the definitions of the two polarizations (P
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FIG. 2. Current-voltage and photocurrent-voltage char-
acteristics of sample No. 1 at 10 K. Sample No. 1 has a
undoped quantum well. The inset shows schematically the
measurement geometry.
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and S) are shown in the inset to Fig. 2. The polarized
CW power density was varied in the range 0.01-0.5 W/
em?. The ir light was incident normal to the facets. The
photocurrent was measured across a 100-Q2 load resister
using a 1.5-KHz mechanical chopper and a lock-in ampli-
fier. Device heating due to the current and the COg ra-
diation was negligible in the voltage and the power range
of our experiment. The current versus voltage (I-V) and
photocurrent versus bias voltage characteristics at about
10 K are shown in Fig. 2 for sample No. 1 and Fig. 3
for sample No. 2. The variation in the output radiation
power of our simple homemade CO; laser produced the
fairly large fluctuations in photocurrent. Data from only
the positive bias (defined as the top of the device mesa
biased positively with respect to the bottom contact, up-
per part of Fig. 1) are shown; the observed photocurrent
with negative bias was much smaller (by about a factor
of 20) than that of the positive bias.

A single resonant-tunneling feature was observed in the
positive I-V characteristics (at about 0.34 V for sample
No. 1 and 0.22V for sample No. 2 — see Figs. 2 and
3). The difference in doping of the wells causes the dif-
ference between the RT voltage positions. The less dis-
tinct RT feature in sample No. 2 is also attributed to
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FIG. 3. Current-voltage and photocurrent-voltage char-
acteristics of sample No. 2 at 10 K. Lines in the photocurrent
data are drawn to guide the eye. Sample No. 2 has a center
§-doped quantum well with a doping density of about 9x10!?
cm™?
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the 6 doping which partially destroys the perfect one-
dimensional nature of the tunneling process.!® For the
P polarization, the peak in the photocurrent occurs at
a slightly lower bias than that in I-V (at about 0.3 V
for sample No. 1 and at about 0.2 V for sample No. 2);
the photocurrent then decreases after the negative differ-
ential resistance (NDR) region. For sample No. 1, the
NDR region was not accessible experimentally because
the measuring circuit became unstable.!’ Note that the
photocurrent does not vanish after the resonant peak,
indicating that there is a substantial electron accumula-
tion (at most a factor of 2 lower than the on-resonance
electron accumulation). This implies that the excess cur-
rent (i.e., the valley current) after the RT current peak is
largely due to scattering-assisted RT, for example, scat-
tering by phonons, impurities, interface roughness, and
so on. A non-negligible electron accumulation after the
RT peak would reduce the observability of the intrin-
sic bistability.> For the S polarization, which ideally is
not expected to induce intersubband transitions because
the electric field associated with the CO, radiation has a
zero component in the epitaxial growth direction,!? the
observed photocurrents were much smaller than those
for the P polarization. However, the S photocurrents
were not zero, probably because of intersubband transi-
tions induced by imperfection scattering (e.g., interface
roughness!3). Because of the difference in the photocur-
rent behavior under two polarizations, we attribute the
P photocurrent to the intersubband transition from the
first resonant state to the second followed by the escape
of electrons from the second resonant state. In fact, only
a half of the P polarized photon power induces the in-
tersubband photocurrent because of the 45° incidence.
Therefore the ratio between P and S photocurrents is ac-
tually larger by a factor of 2 than that shown in Figs. 2
and 3. The photocurrent data of the two samples stud-
ied here shows that a substantial electron density can be
achieved even without doping the well. The two samples
may, however, not be directly comparable, and the dif-
ference in the magnitude of photocurrents may be due
to a slight difference in the intersubband transition en-
ergies between the two samples, so that 9-pm photon
energy corresponds to a slightly different position with
respect to the absorption peak. The linewidth of the
absorption is expected to be about 0.014 eV (about one-
tenth of the transition energy). Choi et al.}* have shown
electron accumulation in undoped QW’s previously in
a MQW structure. However, their structure addresses
the two-dimensional to two-dimensional tunneling, and
does not have any structural asymmetry. Therefore, the
important points of very different charge accumulation
behavior in positive and negative bias as well as charge
accumulation in the RT valley could not be addressed in
their study.

To make certain that the observed photocurrent is due
to the charge build-up in the well, we consider and rule
out other possibilities. If the intersubband ir absorp-
tion strongly depends on the electric field, one would
expect a strong dependence of the photocurrent on the
applied bias. We therefore performed transmission spec-
trum measurements on the MQW sample and found only

small changes in the intersubband absorption as a func-
tion of field. This implies that the field dependence can-
not account for our experiments. Another possibility is
that electrons in the accumulation region in the emit-
ter immediately before the double-barrier could give rise
to a photocurrent, but this photocurrent would exist for
both positive and negative bias voltages. Experimentally,
we observed a much smaller photocurrent under negative
bias. In addition, the photon energy required to induce a
photocurrent from the quasi-two-dimensional accumula-
tion electrons would be much larger than the 9-pm pho-
ton energy, and photocurrent from exciting the three-
dimensional emitter electrons would be polarization in-
sensitive. We conclude that the observed P-polarized
photocurrent is indeed mainly due to the charge build-up
and intersubband absorption.

We now consider the RT current density J and the elec-
tron accumulation (i.e., two-dimensional number density)
in the RT regime quantitatively. We use the expressions
for charge build-up in the well similar to those given orig-
inally by Goldman, Tsui, and Cunningham.® In the low-
temperature limit, the double-barrier RT current and the
electron accumulation in the well are easily expressed in
terms of the individual transmission coefficients (77 and
T, evaluated at the resonance energy) through the first

(emitter) and the second (collector) barriers:!®
em VT
o (B —max(Er, EEDO, (1)

= Th? 2ae5 11 + T3

. Ty (EY) — Eg) + To(E® — min[Eg, ES?]) °

=D
= Ty + T

(2)

where m is the effective mass in the contact, vg is the
velocity of an electron in the resonant state in the tun-
neling direction, a.g is the effective well width which
equals the sum of the well width and the inverses of the
imaginary wave vectors in the two barriers,” Eg is the
energy of the resonant state, E}.l’z) are the Fermi en-
ergies in the emitter (1) and collector (2), respectively,
and © = 0(ER)0(ESY) — Eg), and Dyp = nh%/m is
the two-dimensional density of states. We have cho-
sen the emitter band edge as the energy reference. The
bias voltage dependence is given implicitly in Eg, E}?),
Ty and T3. The above expressions are valid only in
the RT regime which is defined by the two # func-
tions. The RT current [Eq. (1)] can be derived either
from a scattering approach!® or a sequential transfer
Hamiltonian approach.!® Equation (1) gives the standard
RT I-V characteristics, and the electron accumulation
[Eq. (2)] behaves similarly to the RT current, although
with the peak occurring at a slightly lower voltage.!®
For Er > EE;?) (true for bias voltages larger than about
0.1 V in our case), the RT current J is proportional to

(E'l(pl) — ER)T1T>/(Ty + T2) and the electron density n
is proportional to (Efpl) — ER)T1/(Ty + T») in the RT
regime. Thus, in the limit 77 > 75, a maximum ac-
cumulation electron density occurs, and for 75 > T3, a
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negligible electron accumulation is expected. Also, J and
n behave very similarly as a function of the bias voltage,”
except for the missing 75 in the expression for n. The ef-
fect of the missing 73 is to shift the peak in n to a slightly
lower voltage with respect to the peak in J, because T3
increases as a function of voltage. This behavior is visible
in Figs. 2 and 3.

In conclusion, we have measured the intersubband
photocurrent from two double-barrier resonant-tunneling
samples with doped and undoped quantum wells. The

photocurrent behaves similarly to the resonant-tunneling
feature. A simple qualitative theoretical interpretation
is in good agreement with experiments. These double-
barrier structures may be optimized for fast response ir
detection.”
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