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Infrared photoelectron tunneling spectroscopy of strongly coupled quantum wells
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Infrared photoelectron tunneling spectra have been obtained for two different strongly coupled
quantum-well structures. With this new spectroscopic technique, the energy-level structure and
the internal-field configuration of the quantum-well structures at different biases can be deter-
mined accurately. The results agree with the numerical calculations performed for these struc-
tures. The observation of multiple peaks in the photoresponse in these devices indicates the possi-

bility of multicolor infrared detection.

Recent observations of infrared intersubband absorp-
tion"? in GaAs/Al,Ga, — As multiple quantum wells pro-
vide a new technique to determine the energy levels
confined by the conduction-band discontinuity. One ad-
vantage of this technique is that it provides more direct in-
formation about the energy states in the conduction band
than the conventional photoluminescence® and electro-
luminescence*> techniques, since the new technique does
not involve the band structures of the holes. However, the
intersubband absorption signal can be masked by other
extrinsic processes, such as plasmon absorption in the con-
tact layers, optical-phonon absorption in the substrate lay-
er, and Fabry-Pérot oscillations between the epilayers. In
the following we introduce a new kind of spectroscopy, in-
frared photoelectron tunneling (IPET) spectroscopy, for
which the observed signal is sensitive specifically to the in-
tersubband absorption and hence is more reliable. We ap-
ply this technique to two different strongly coupled
quantum-well structures and obtain detailed information
about the energy levels in the presence of an applied elec-
tric field. We also solve numerically the Schrédinger
equation for the structures using the transfer-matrix tech-
nique® in order to analyze quantitatively the experimental
results.

The first sample under study was grown with 50 periods
of 65-A GaAs quantum well (doped at n=1.0x10'%
cm %), 40-A undoped AlgsGag7sAs, 14-A undoped
GaAs, and 150-A undoped Alp>5Gag7sAs. The quantum
wells are sandwiched between the top (0.5 um) and the
bottom (I um) GaAs contact layers in which n=1x10'%
cm ~3. The band diagram of a single period under bias is
shown in the inset of Fig. 1. If the wells were isolated,
there would be two bound levels (E;=50 meV, E, =181
meV) in the 65-A well and one level (E{ =163 meV) in
the 14-A well. In the actual structure E and E| are cou-
pled, thus shifting the energy levels to the values E| =50
meV, E;=154 meV, and E3;=188 meV. The resulting
wave functions for these bound states, together with that
for the first continuum state (y;) are depicted in Fig. 2.
(Using the coupled-energy scheme, we have adjusted the
quoted well widths slightly from the nominal values to
match the infrared absorption peaks shown in Fig. 1.)
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Based on these wave functions, the oscillator strength (f;,)
between the ground state and the excited state n can be
calculated, and the results are f,=0.46, f3=0.45, and
f4=0.13.7 The approximate equality between /> and f3 is
consistent with the equal absorption amplitudes at v§ and
v§ shown in Fig. 1, where v denotes the fitted wave num-
ber of the absorption peak due to the transition between
the ground state and the nth state at zero bias. The ex-
pected weaker absorption at v§ is not observable in the ab-
sorption curve due to the rapidly rising background on
both sides. Strikingly, this optical transition can be ob-
served unambiguously in the IPET spectroscopy intro-
duced here.

In order to obtain the IPET spectrum, devices suitable
for photoresponse measurements are fabricated on a sub-
strate with a 45° angle at the edge. At a temperature
T=15 K, continuous tunable infrared radiation obtained
from a chopped (4 kHz) glow-bar source and a monochro-
mator is incident normal to the substrate edge.®® The
photocurrent generated (I,) is monitored by a 100-kQ
series resistor at different biases.

Figure 1 shows the IPET spectra at two biasing condi-
tions. The solid curve shows the spectrum when the device
is under reverse bias with the potential drop per period
V,=63.5 mV, whereas the dashed curve shows the spec-
trum under forward bias with a similar ¥, (58.4 mV).
Under reverse bias, three peaks in the spectrum are ob-
served, in contrast with the forward-biasing case where
only one peak with a left shoulder is found. In order to
understand the origin of these peaks, we solve numerically
the Schrodinger equation for forward and reverse biases,
assuming a linear potential drop within the structure. The
resulting transition energies are indicated by the inverted
triangles in Fig. 1. They are generally very close to the
observed peaks, allowing the assignment of the peaks. For
example, under reverse bias the peaks at v=970, 1190,
and 1300 cm ! can be attributed to the transitions from
the ground state to the second, third, and fourth excited
states, respectively. In order to match the spectra more
precisely, we adjust the potential drop between the center
of the wells (V) from 0.3V, (assuming a linear potential
drop) to 0.45V, in both biases. With the new potential
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FIG. 1. The infrared absorption spectrum (for sample having the waveguide geometry) and the IPET spectra for forward bias
(dashed curve) and reverse bias (solid curve). The inverted triangles indicate the transition energies assuming linear potential drop.
The arrows indicate fitted transition energies with different V.. The insets indicate the device under different biasing conditions.
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FIG. 2. The shape of the wave functions in the coupled

quantum-well structure under (a) forward, (b) zero, and (c) re-
verse biases. The theoretical oscillator strength under bias is
based on the shape of these wave functions. The dashed lines in-
dicate the locations of the band-edge discontinuity.

configuration all the peaked structures can be matched
simultaneously, as shown by the arrows in Fig. 1, indicat-
ing the consistency of the theoretical interpretation and
the experiment. The nonlinearity of the potential drop
might be expected due to the screening of the electrons in
the doped well and the non-Ohmic nature of the tunneling
barriers. These shifts of the peak positions show that the
wells are strongly coupled. For example, if the wells were
isolated the maximum upward shift of v§ could only be 16
cm ~! (Stark shift) by assuming all the potential drop
within the thicker well, contrary to the experimental shift
(100 cm 71).

In order to understand the general shape of the spec-
trum, let us recall that the photocurrent is approximately
proportional to the number of the electrons excited per
unit time, the tunneling probability p, and the hot-electron
mean free path.'%!! While the former depends on the os-
cillator strength, the latter two are proportional to the en-
ergy of the excited state, and thus tend to cause I, to in-
crease with the excitation energy, qualitatively consistent
with the experiment. In particular, the resonant state E,,
which is undetected in the absorption spectrum, is greatly
enhanced compared with the bound states. On the other
hand, the I, from the second level under forward bias is
suppressed due to the small transmission coefficient out of
the well. The asymmetry observed between the two biases



RAPID COMMUNICATIONS

39 INFRARED PHOTOELECTRON TUNNELING SPECTROSCOPY OF . .. 8031

is due to the fact that under forward bias, the level E|
moves toward £, and hence the transition energies are re-
duced, while under reverse bias the opposite is true and
the transition energies are increased.

In order to do a more-quantitative analysis, we have es-
timated the relevant quantities. In particular, under re-
verse bias the oscillator strengths are found to be
f2=0.76, f3=0.11, and f4=0.14. The fact that f,> f3
under this bias greatly compensates the difference in the
tunneling probabilities (p, =0.31 and p3;=0.91) and leads
to comparable I,. Combining these factors with the mean
free paths, we estimate the ratio of I, at v3, v, and vj to
be 1.8:1:1.3. The ratio between v§ and vj is consistent
with this observation. However, due to the small tunnel-
ing probability p, that is sensitively dependent on the
quantum well parameters, we overestimate I, at v5 by a
factor of 2. A more-elaborate calculation will give more
precise results.!>!> However, such an exercise is not the
focus of this work.

Next, we describe the infrared absorption and the IPET
spectra of another device structure that shows additional
characteristics. The photoresponse of this device at a sin-
gle radiation energy was reported previously.!3> The de-
vice consists of 50 periods of 72-A GaAs (doped at
n=1x10'"® ¢cm 73), 39-A undoped Al GagesAs, 20-A
undoped GaAs, and 154-A undoped Alg 3,Gag¢oAs.'* The
barrier height of this device is higher than the former de-
vice, and hence the coupling between the wells is weaker.
The calculated transition energies for this structure, v,
v§, and v (indicated in Fig. 3), are in satisfactory agree-
ment with the absorption spectrum except for the absence
of the v§ peak. A calculation of the oscillator strengths
[f2=0.27, f3=0.75, and f4=0.01 (Ref. 7)] shows that
the apparent absorption strengths at v{ and v could have
been modified by the background absorption due to the
small oscillator strengths. The IPET spectrum, however,
is quite clearly showing three I, peaks under reverse bias,
indicating that three optical transitions must be occurring

in this energy range, despite only two absorption peaks be--

ing observed.

The IPET spectra of this device again show all the ex-
pected features. The spectra are obtained at significantly
higher biases than that for the previous device (due to the
higher barriers), namely a forward bias of ¥V, =109 mV
(dashed curve) and a reverse bias of ¥, =123 mV (solid
curve). The peaks can be fitted with V. being equal to
0.3V, (i.e., linear potential drop), but are slightly better
fitted with V.=0.45V, for the forward bias and
V.=0.25V, for the reverse bias as shown in Fig. 3. At
these large biases, the effect of the electron screening is in-
creased due to the increasing distortion of the wave func-
tion. Since the ground-state wave function is primarily lo-
cated in the thicker well, there is an asymmetry in the
screening under different biasing polarity at large biases.
That is, the slightly larger V. under forward bias can be
attributed to the lack of electron screening in the thin
well.

As already noted above, the v§ peak (although absent in
the absorption spectrum) is evident in the IPET spectrum.
This observation is due to the enhanced f, (f,=0.74,
f3=0.26) under reverse bias. Another striking feature in
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FIG. 3. The infrared absorption spectrum and the IPET spec-
tra for forward bias (dashed curve) and reverse bias (solid curve
joining the circles). The circles are the experimental data points
showing the typical scattering of the data. The triangles indi-
cate the transition energies assuming linear potential drop. The
arrows indicate fitted transition energies with different V.. v{
(=548 cm ~!) is out of the scale and is not shown.

this spectrum is the broad I, peak associated with v ob-
served around 1800 cm ~!. It indicates that although this
level is significantly above the barriers (40 meV above),
the level is still relatively well defined, confirming the ex-
istence of the Stark ladder even for the extended continu-
um states, as found in the tunneling characteristics report-
ed previously. 13

The large f3 under forward bias (f,=0.19, f3=0.85)
contributes to the large I, near v{. The fact that the pho-
tocurrent peak near v{ does not coincide with the calculat-
ed absorption peak is a noteworthy feature of the IPET
spectroscopy. Since I, is proportional to both the absorp-
tion strength and the tunneling probability at a particular
energy, I, is peaked at the maximum absorption only if p
is a monotonic function of energy. For the present device,
it is designed such that p is peaked (close to unity) near
v=1000 cm "' using the coherent tunneling mecha-
nism; '3 the resulting I, is peaked toward the energy where
p is a maximum and the combined factors make this peak
dominant over all the other peaks. We emphasize that
based on the observed absorption peak v§ at zero bias, one
cannot adjust any values of ¥V, or the width of the thin
well such that v{ coincides with the photocurrent peak.
This is because when eV, is large, the energy separation
between the levels E; and E| of the individual wells be-
comes larger than the tunneling lifetime width of the lev-
els. In this case the levels will be decoupled and the tran-
sition energy v{ becomes insensitive to either ¥V, (as indi-
cated by the calculated values for V. =0.3V, and 0.45V),
shown in Fig. 3) or the energy level associated with the
thin well.

In conclusion, we have introduced a new spectroscopy
in which the photocurrent is continually monitored with a
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tunable infrared radiation source. Applying this tech-
nique to the coupled quantum-well structures, we can
determine accurate information about the level structure
of the quantum wells, the oscillator strengths, and their
internal field configurations, which are not readily obtain-
able by other means. Our calculations demonstrate that
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IPET spectroscopy can be more sensitive (at large bias)
and more reliable than absorption spectroscopy. In these
devices which have unequal quantum-well thickness, the
parity symmetry is broken, leading to nonzero oscillator
strengths between the levels. Based on this unique proper-
ty, a multicolor infrared photodetector may be possible.
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