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Electron scattering between X and L indirect valleys in type-I1 GaAs/AlAs semiconductor
superlattices
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We report evidence that an X-L transfer mechanism plays a significant role in carrier transport in semicon-
ductor superlattices (SLs) under an electric field. Experimental observation of anomalously delayed photocur-
rent and photoluminescence from higher-energy subband states in a GaAs/AlAs type-1 SL revealed that a
switch of the electron transport path from I'-X-I" to I'-X-L occurred by an electric field induced change of the
subband alignment of the ground X state (X;) in the barrier and the ground L state (L;) in the adjacent well.
The experimental results demonstrate that the electron scattering among the indirect valleys, i.e., the X and L,
subband states, is a significant transport channel in semiconductor SLs under high electric fields.
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The influence of indirect valleys, especially for X states,
on electron transport in semiconductors is recognized in bulk
GaAs as the Gunn effect.! However, in semiconductor super-
lattices (SLs), carriers cannot continue to flow in indirect
states, because the bands are spatially and energetically sepa-
rated by heterointerfaces. The effects of the X state in the
barrier have been actively investigated for GaAs/AlAs
type-1I SLs, where photogenerated electrons in the quantum
well (QW) I' ground state (I';) relax rapidly into the X state
in the barrier and stay there.” On the contrary, in type-I SLs
where the I' state in the quantum well (QW) has a lower
energy than the X state in the adjacent barrier, and where
electron transport occurs by transitions between I' states, the
influence of the X state on carrier transport was not clearly
identified until we clarified the function.’¢

Although electron scattering and wave-function mixing
between direct I' valley and indirect X or L valley states in
bulk have been experimentally studied,”” scattering and
real-space transfer between indirect valley states have not
been clarified because the influence of indirect states is dif-
ficult to observe experimentally, especially by luminescence.
This is because indirect states cannot emit luminescence
even when state mixing between indirect states occurs, since
the X and L states have [100] and [111] momentum vectors,
respectively; the mixing does not generate any [000] direct
components. Although some experimental results for current-
voltage characteristics have suggested electron scattering be-
tween indirect states, they do not clearly prove the states in
which the electrons stay and flow. In addition, since X and L
state energies are higher than the I' ground state in many
kinds of semiconductors, carrier occupation in the indirect
valleys, which are the initial states for electron scattering
toward the final indirect valley states, is difficult to establish
due to relaxation. Consequently, electron transport from and
to indirect states can hardly be observed experimentally.
Thus, to date there have been no experimental reports to our
knowledge on indirect-indirect scattering or on real-space
transfer under resonance conditions between indirect states
with different momentum vectors.
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In this paper, we present evidence of carrier transport be-
tween X and L subband states in a type-I GaAs/AlAs SL.
Experimental observation of anomalously delayed photocur-
rents in time-resolved photocurrent measurements and pho-
toluminescence (PL) emission from higher-energy subband
states indicates that X-L transport occurred between ground
X state (X;) in the barrier and ground L state (L) in the
adjacent well under an electric field.

The sample structure used was a GaAs/AlAs type-I SL
contained in a p-i-n diode grown on a (100)-oriented
n*-GaAs substrate by molecular beam epitaxy (MBE); the
growth sequence is an n*-GaAs layer, an n-Alj4GaygAs
cladding layer, a nominally undoped 100-period GaAs/AlAs
SL layer with a GaAs QW width of 18 monolayers (ML),
and an AlAs barrier width of 16 ML, with 50 nm
Al 4GaycAs undoped cladding layers on both sides, a
p-Alg4GaygAs cladding layer, and a p*-GaAs cap. The
sample was fabricated into p-i-n diode mesas of 50 um
squares, which reduces the RC time constant to less than 100
ps. An 82 MHz repetition rate, 400 nm, 100-fs pulse width
second harmonics light pulse of a Ti:sapphire laser, or 633
nm cw HeNe laser, were injected from the p-cap side. The
time-resolved photocurrent was measured with a sampling
oscilloscope. All experiments were done at 20 K.

Figure 1(a) shows the transition energy diagram of the
sample between the electron subbands and the ground heavy-
hole state (hh;) in QW as a function of reverse bias voltage,
which is calculated by a transfer matrix method using stan-
dard effective masses and energies.!” The calculation con-
tains a nonparabolicity effect on the I" conduction band'! and
a quantum confined Stark effect (QCSE) on all the subband
states as well as hh;. Ordinarily, higher-energy hole states
relax into the hh; state very rapidly, and forbidden transitions
such as I';-hh; transition under a zero electric field become
allowed by the breaking symmetry of the wave functions
under the QCSE regime. Therefore, we have shown only the
electron transition energy between the hh; state, and evi-
dently, only these transitions were observed experimentally.
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FIG. 1. (Color online) (a) Energy fancharts of calculated sub-
bands as a function of reverse bias voltage at 20 K. The right ver-
tical axis shows the PL wavelength corresponding to the transition
energy. (b) Schematic energy diagram at 18 V.

Note that the X state treated in our present work results from
the quantization of the X valley along the growth direction
[001], i.e., the so-called X, state, which considerably couples
with the I' state and a vertical real space transport. Because
the probability density of the wave function, which leaks
through remote barriers, is small in the sample barrier width,
we only considered the first nearest-neighbor couplings. In
this report, we omitted higher subband states and state cross-
ings where the existence of carriers was not expected under
the experimental conditions. The calculated T', energies
agreed well with the measured energies from PL spectra. We
should note that resonances among hole states do not affect
the experimental results, since higher-energy hole states re-
lax into the hh; state very rapidly, and moreover, hole tun-
neling as well as resonances are weak due to the thick barrier
of this SL. In addition, experiments for carrier transport ob-
serve only electron transport due to the very thin penetration
depth of 400 nm excitation wavelength.

In the notations below, as shown in Fig. 1(b), the index in
parentheses at each quantum state indicates the difference in
period from a center base QW of 0 index, and the “+” and
“~” signs indicate lower and higher energy states in the ad-
jacent QW or barrier, respectively, compared to a center base
QW under an applied electric field. A fractional index 1/2
denotes that the state is in a barrier, i.e., in a half period of
the SL. These indices correspond to each Stark-ladder state.
Note that I';(0)-X,(—1/2) resonance and state crossing are
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FIG. 2. (Color online) PL spectra under 4.5-mW HeNe laser
irradiation as a function of reverse bias voltage. Brightness (false
color) represents PL intensity. White dotted lines show calculated
energies.

identical with I';(+1)-X,(+1/2) and that the notation of the
carrier transport depends only on the difference between in-
dices of the energy states. Therefore, we use appropriate
notations according to the situation in the following
explanations.

Figure 2 shows the PL spectra of the sample for various
reverse bias voltages. It is known that I' state can resonate
with the X states in SLs under an applied electric field, I'-X
scattering injects a number of electrons into the X state, and
the X state can emit PL by I'-X mixing.* Therefore, PL be-
havior in Fig. 2 is identified as follows: The slight quenching
of I, PL around 9 V is considered an electron trap in the
X,(=1/2) state by I';-X, transport. The large decrease in I'
PL intensity from 18 V indicates the reduction of I'; occu-
pation due to the trap of electrons by the I';(0)-X,(=1/2)
transfer. From the same voltage, electron transport to the X;
state is greatly promoted through X,-X, relaxation, which is
supported by strong PL emission from the X,(+1/2) Stark-
ladder PL. These energies and resonance voltages agree well
with the fanchart in Fig. 1. PL at 650 nm is assigned PL from
the I', state by I';-I", resonant tunneling; its intensity is weak
because of the 16 ML thick barrier width of the SL. The
deviation of the I'}-T", resonance voltage at 27 V comes from
electric field screening by high density carriers under
4.5-mW photoexcitation.

Figure 3 shows the precise PL spectra from higher energy
subbands under weak photoexcitation. To show the weak PL
region, logarithmic PL intensity (base=10) is displayed. No-
tice the two remarkable things. The first is the LO-phonon
replica PL of the X, Stark-ladder state, which supports strong
electron occupation into the X, state after I';-X, resonance at
18 V, where X, state energy lowers I'; state energy, effec-
tively trapping electrons in the X, state. Then the electrons in
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FIG. 3. (Color online) Precise PL spectra from higher energy
states under 0.5-mW HeNe laser irradiation. Brightness (false color)
represents logarithmic PL intensity.

the X, state relax to the X, state or relax with LO-phonon
emission. Although I'-X mixing is very weak due to large
energy separation between the I" and X states,'? strong X, PL
intensity indicates large electron occupation in the X; state
that relaxed from the X, state. X,-X; relaxation is most plau-
sible due to the same momentum vectors. The second is that
the PL has a broad emission spectrum at around 35 V, which
is the PL from the hot electrons generated through the ava-
lanche breakdown process.’ This indicates the existence of a
new carrier transport path open at 35 V, which releases
trapped electrons in the X, state and greatly accelerates elec-
tron transport. This generates avalanche multiplication and
hot electrons. I';-I", resonant tunneling at 30 V is not a can-
didate for the new path, since the thick barrier inhibits tun-
neling, as supported by the very weak PL from the I, state.
The PL from the indirect X, state is stronger than the direct
I', state, which indicates that the electrons dominantly flow
through the X, state, not the I, state.

Figure 4 shows the photocurrent versus reverse bias volt-
age characteristics (I-V curve) under 400-nm pulse laser ex-
citation (the solid line). Figure 4 also shows the dark current
of the sample (the dotted line). The dark current is in the
order of picoamperes, which supports good sample quality.
The increase from 20 V is interpreted as an escape of re-
sidual electrons existing in the SL even under the dark con-
dition, through the I';-X,-X,-L; channel with avalanche mul-
tiplication, which will be described later. Note that the
photocurrent graph shows only electron transport character-
istics because the penetration depth of the 400 nm wave-
length is very shallow; thus only the electron charge sheet
runs through the SL. We should also note that a different I-V
curve was observed under HeNe laser excitation which con-
tains the influence of the hole transport. From the I-V curve,
electron transport reaches a plateau approximately after the
I';-X, resonance, indicating less efficient I';-I"; nonresonant
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FIG. 4. (Color online) Solid line: Time integrated photocurrent
versus reverse bias voltage under 0.1-mW 400-nm Ti:sapphire pulse
laser excitation. Dotted line: Dark current. Inset: photocurrent im-
pulse response at 20 V, which has a delay component.

sequential tunneling in the SL due to a thick barrier. Electron
transport is greatly increased from about 30 V, and finally the
SL shows avalanche breakdown at around 35 V. This indi-
cates that a new carrier transport path has opened at around
35 V.

Figure 5 shows the bias voltage dependence of the time-
resolved photocurrent response [Pc(r)], that is the time-
resolved I-V characteristics (TIV graph) composed from
Pc(z) at each bias voltage as shown in the Fig. 4 inset. Pc(z)
at voltages greater than 9 V shows a delay component that
reduces delay by increasing bias voltage, and it finally con-
verges to a fast single Pc(z) peak at 35 V. The anomalously
delayed components originated from the trapped electrons in
the X states.® While Pc(f) shows a delay component, the I-V
curve in Fig. 4 has a flat plateau in the region from about 8 to
28 V. This supports the fact that most of the photoelectrons
are swept out in a long time range. From 9 V, once an elec-
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FIG. 5. (Color online) Time-resolved photocurrent response im-
age (TIV graph). Brightness (false color) represents photocurrent
intensity. “Time=0" denotes the starting time of optical pulse exci-
tation. Weak horizontal lines at 2.8 and 5.5 ns and periodical peaks
at 37-40 V are spurious ringing signals caused by an impedance
mismatch of circuits. The dashed line indicates hastening of the
delay components.
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tron is captured from the I'; state into a type-II aligned X,
state in the barriers, the electron will remain there for the
relatively long relaxation time of the X;-I';.> Slow relax-
ation, i.e., the trap function of the X state, originates from the
large density of state of the X state.” In this case, Pc(r) will
have a weak and slow tail, as exemplified by the Pc(z) in the
Fig. 4 inset. The shortening of the delay comes from the
opening of a new escape channel from the X state, which we
first found in SLs having an X,-I', escape path.® In contrast
to the previous reported SLs having energetically lower I',
states than L, states in the adjacent QW, the energy level of
the L, state in the present SL is lower than the I', state, as
shown in Figs. 1-3. Therefore, the new escape path must be
the X;-L, transfer.

The experimental results described so far can be inter-
preted as follows: The trapping of the electrons in the X;
state starts by the I';-X; transfer from 9 V (cf. Figs. 2 and 5)
and is enhanced by the I';-X,-X, transfer from 18 V (cf. Figs.
2 and 3). This scheme is shown in Fig. 1(b). Once the
X,-L, path is opened, the electrons can escape from the X
state and effectively flow through the SL via the L state (cf.
Figs. 3-5). Figure 6 shows this scheme. To confirm the hy-
pothesis, other GaAs/AlAs superlattice samples having simi-
lar energy structure, that is, X; meets L, before I',, were also
grown by other molecular beam epitaxy (MBE) systems, and
measured. A similar phenomenon was observed.

The experimental results extracted additional information
on X-L scattering. The X;-L; transfer time is estimated to be
equal or less than a picosecond by evaluating approximately
one nanosecond pulse width of Pc(z) at 35 V, where the elec-
tron charge sheet runs through the 100 periods of the SL by
X -L; transfer with other relaxation processes. Since the
measured voltage of the X;-L; resonance agrees with the
calculated value and has no deviation corresponding to the
LO-phonon energy, X-L scattering is thought to originate
from the interface roughness.
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FIG. 6. Schematic diagrams of X;-L, transfer.

In conclusion, we have found an X-L intersubband trans-
port in a SL. After electrons occupy the X state in the barrier
and when the L state energy level in the adjacent QW is
closer than the other subband states under an electric field,
X-L scattering and transfer occur very effectively. The above
SL structure may assist future investigations on carrier scat-
tering and transport between indirect valleys having different
momentum vectors.
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