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Anomalously large negative differential resistance due toG-X resonances
in type-I GaAs/AlAs superlattices

M. Hosoda, N. Ohtani, K. Tominaga, H. Mimura, and T. Watanabe
ATR Optical and Radio Communications Research Laboratories, Hikaridai, Seika-cho, Soraku-gun, Kyoto 619-02, Japan

~Received 11 November 1996; revised manuscript received 14 May 1997!

An anomalously large negative differential resistance was found in the photocurrent versus reverse bias
voltage characteristics~I -V curve! of a type-I GaAs/AlAs superlattice. The scattering and trapping of electrons
betweenG states in the GaAs quantum well andX states in the AlAs barrier strongly affect the electron
transport, and establish many structures in theI -V curve.@S0163-1829~97!05836-0#
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In recent years, functions of theX state have been activel
researched mainly for type-II superlattices~SL’s!.1 In type-II
SL’s, photogenerated electrons into theG state in a quantum
well ~QW! rapidly relax down into theX state in a barrier,1

and stay there until radiative recombination having a lo
lifetime, e.g., ofms order, occurs with spatial indirect hole
in the QW.2 Conversely, in the case of type-I SL’s, it ha
been believed that electrons staying in theG state are quickly
swept out to the electrode by an electric field via theG states.
Although resonances between theG and X states have bee
observed in type-II SL’s by Meynadieret al.,3 and although
there have been some experimental results on the effe
the X state on carrier transport in SL’s or QW systems,1,4–6

the effect ofG-X resonances in type-I SL’s has not yet be
clarified. Very recently, we pointed out that a sufficie
influence in carrier transport can be caused by theX
state even in type-I SL’s.7–10 To present further information
here we report an interesting phenomenon, i.e., an ano
lously large negative differential resistance~NDR! and a
high-field domain ~HFD! formation which originate
G-X resonances in a type-I SL. Moreover, various anoma
in photocurrent~Pc! versus reverse bias voltage characte
tics ~I -V curve! affected byG-X resonances were also ob
served.

A p- i -n diode structure having a nominally undoped S
layer consisting of 100 periods of GaAs/AlAs, with GaA
QW widths of 62 Å and AlAs barrier widths of 34 Å, with
50-nm Al0.4Ga0.6As undoped cladding layers on bo
SL sides, was grown on a~100!-oriented n1-type GaAs
substrate by molecular-beam epitaxy. Other structures
the p- i -n diode were the same as that described in
previous report.9 A 632.8-nm HeNe laser irradiate
the p-cap side of the sample in a cryostat. The estima
carrier density in the SL region per 1-mW HeNe laser ex
tation was approximately on the order of 1011/cm2. All pho-
toluminescence~PL! and I -V curve data were measured
20 K.

Figure 1 shows theI -V curve of the sample under 1- an
16-mW optical excitation intensity. There are some rema
able things in the figure, i.e., a HFD formation11,12 from 1 to
5 or 6 V, an anomalously large current dip, and a ND
region around 11 V, some structures in theI -V curve from
15 to 30 V, and a sharp current increase above 30 V. As
be described below, sinceG1-G2 resonance between adjace
QW’s occurs at a higher bias voltage~25 V!, the origins of
the HFD formation and the NDR should be deduced to ot
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quantum state resonances. Note that, even under an ex
tion of only the G1 ground state using a 750-nm cw T
sapphire laser, similar experimental results including th
described below were observed. This supports the hypoth
that electrons initially in theG1 state, or rapidly relaxed into
G1 from G2 under the HeNe laser excitation, cause the p
nomena as their carrier transport proceeds.

In general, HFD formations depend on the carrier dens
in SL’s.12 Figure 2 shows the evolution of theI -V curves of
the sample under increasing optical excitation intensit
Note that the transition from normalI -V curves to those
having a HFD is strange. Under low excitation, theI -V
curves show no waving feature nor anomaly. With increas
excitation intensity, however, theI -V curves begin to show
dips ~markedB andC! and a peakA. Then, the valley be-
tweenB and C starts to shrink, and finally, it is packed a
around 11 V. Simultaneously, the plateau starting from 2
expands up to 10 V, and begins to contain a HFD format
that is indicated by the ratchetlike current spikes. The ab
evolution suggests that an obstruction in carrier transport
ists around dipsB andC under high carrier densities.

Usually when the carrier transport degrades, the rem
ing carriers in SL’s vanish through a radiative recombinat
process. As shown in Fig. 3, the shape of the vertically
verted PL intensity curve versus the bias voltage from 0
17 V, completely fits theI -V curve. This coincidence wa
also observed under various photoexcitation intensi
greater than 3mW. This fact supports the assumption that t
G1 PL emission, which meansG1 occupation, below 17 V is
completely dominated by the quality of the carrier transpo
In ordinary SL’s, the PL emission is quenched by an incre

FIG. 1. Photocurrent-voltage characteristics of a sample un
1-mW cw HeNe laser optical excitation at 20 K. Inset: details o
high-field domain formation under 16-mW excitation.
6432 © 1997 The American Physical Society
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FIG. 2. Photocurrent-voltage
characteristics~I -V curve! as a
function of the cw HeNe laser ex
citation intensity at 20 K. In~b!,
the I -V curves are normalized to
the photocurrent value at 15 V fo
clarity.
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in the bias voltage. However in this SL, the PL shows
strong inverse quenching, and shows an even greater P
tensity at 11 V than that under the flatband condition arou
a 21.5-V forward-bias voltage. This again supports the
istence of a strong obstruction forG1 carrier transport at
around 11 V, where a large NDR is observed.

To analyze the origin of the phenomenon, a band ene
diagram of the SL as shown in Fig. 4 was used. In the c
culation, the electron effective mass for GaAs and AlAs
1.3m0 and 1.1m0 in the Xz state, and 0.0665m0 and
0.1495m0 in theG state, respectively. A 65% band offset w
used to fit the experimental data. We assumed a 100
expansion of the intrinsic layer due to the depletion of
p- i -n diode. We neglected higher subband states and s
crossings, where the existence of carriers is not expe
under our experimental condition. The calculatedG1 ener-
gies of the electron agreed well with the measured ener
from Pc spectra~not shown!. It should be noted that theX
state treated in our present work resulted from the quant
tion of theX valley along the growth direction@001#, i.e., the
so-calledXz state which often couples with theG state.

Because the probability density of the wave functio
which leaks through remote barriers, becomes small in
barrier width ~34 Å!, we consider only the first-neares
neighbor couplings forGn states. However, we apply th

FIG. 3. Photocurrent and photoluminescence~PL! intensity of a
G1-hh1 ground-state transition as a function of the reverse bias v
age under 3-mW cw HeNe laser excitation at 20 K. The PL int
sity is inverted, i.e., upset vertically, to allow a comparison of t
shapes of both curves.
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second-nearest-neighbor couplings for theG1-Xn resonances.
This is because, as shown in the schematic energy-band
gram in Fig. 4, when an electron tunnels through one bar
and relaxes down to the nextG1 state, anXn state in the
neighboring barrier having a strong scattering cross sectio1,7

is thought to be able to still catch the electron. The abo
tunneling capability of one barrier has been confirmed by
from G1-G2 resonance in this sample.9 From Fig. 4, there
exist several subband crossings between adjacent laye
shown in Table I. The notations in the table assume car
transport from the left state to the right state, because
latter state has a lower-energy level than the former under
electric field.

We disregarded the contribution of holes to the pheno

t-
-

FIG. 4. Energy fan charts of calculated subbands of the sam
as a function of the reverse bias voltage, and the schematic b
diagram. Energy zero means the conduction-band energy of
GaAs. The numbers in parentheses indicate the distance in un
superlattice period from a particular quantum well indexed by
For example,G2(1) means aG2 eigenstate belonging to the firs
neighboring wells.
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ena in this paper owing to the following reasons. First, sim
lar phenomena were also observed under 488-nm Ar l
excitation. Because the penetration depth of the 488-nm l
is very short from thep cap, e.g., less than 100 nm from th
top surface, holes are swept out quickly toward thep cap
almost without running through the SL; thus electrons do
nate the carrier transport in the SL. Second, resonance
ages among the hole states cannot solve the phenomena
voltages are 2.5 V for hh1-lh1, 5 V for hh1-hh2, 9 V for
hh2-hh3, and 17 V for hh1-hh3. Because all of these reso
nances promote the carrier transport, they cannot solve
strong obstruction in carrier transport shown in Figs. 1
Moreover, it is known that the HFD formation splits the P
spectra as previously reported for the electron s
resonances.13 If the HFD formation originated from the hol
resonances, another PL emission from a higher-energy t
sition, e.g.,G1-lh1 PL, would be observed. However, w
have not observed any such PL during the HFD formati
Although we observed a PL component at a correspond
wavelength of theG1-lh1 transition, no correlation was foun
between the PL intensity and the hole state resonances. I
domain formation originated from theG1 andX states, no PL
peak from theX states would be observed, and, therefo
this interpretation is more plausible than that from the h
resonances. Third, in general, holes hardly move due to t
heavy effective mass,14 and scarcely contribute photo
current.15 Holes may contribute current voltage character
tics only when other resonances of the electron states do
exist.16 However, when the drift speed of the electron
faster than the hole, the nonuniform electric field caused
the hole space charges will be masked by the electron m
ment. In this case, the hole space charges will merely sc
the entire electric field in the SL uniformly. Although som
of the phenomena at lower voltages might be explained
the hole resonances, from the above consideration we
plain the phenomena in this paper by electron state re
nances.

To confirm the energy levels of the states in Fig. 4,
observed a PL emission from a higherG2 subband resonating
with lower-energy states. When theX1 states resonate with
theG2 state, trapped carriers in theX1 state can escape to th
G2 state, and can emit PL due to theG-X mixing.9 The
sample in this paper is one of the same samples in Re
Clear PL emissions fromG1(11) –G2(0) andX1(11/2) –
G2(0) resonances were observed,9 and both PL intensities
were almost on the same order. The resonance voltage
the PL agree well with those in Table I, and support t
validity of our calculation shown in Fig. 4.

TABLE I. Calculated resonance voltages.

State resonance Bias voltage~V!

X1(10.5) –X2(20.5) 5
G1(0) –X1(21.5) 7
G1(0) –X2(21.5) 11
X2(10.5) –G2(0) 14
G1(0) –X1(20.5) 21
G1(11) –G2(0) 25
X1(10.5) –G2(0) 30
G1(0) –X2(20.5) 36
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Because the oscillator strength of theX1 recombination
with holes in QW’s is very weak due to spatial and mome
tum indirect transitions, the PL emission from the abo
X1(11/2) –G2(0) resonance supports the assumption tha
certain amount of carriers exist in theX1 state. This means
that a strongG-X scattering exists in type-I SL’s, and ind
cates a trapping capability of the carriers into theXn , i.e.,
obstruction in carrier transport.10 When anXn state energy
position in an adjacent barrier comes close to, or goes lo
than, that of theG1 state under an electric field, carriers w
be trapped into theXn state. Since the nonresonantX-G
transfer, that is, the escape process from the trap, is con
erably slower than theG-X transfer due to a difference of th
density of state between both states,17 trapped carriers canno
easily escape from theXn traps. In contrast to the above
when theG2 state in the adjacent QW goes below theXn

state, carriers are able to escape through theXn–G2 transfer
path.7,8 In this case, the current output increases.

Considering all of this,G-X transfers corresponding t
G1–X1(21.5) at about 7 V andG1–X2(21.5) at 11 V~cf.
Fig. 4 and Table I! reduce the carrier transport. Because t
overlap integral ofG1–X2 is greater than that ofG1–X1
from the symmetry of the wave functions,G1–X2 at 11 V
can capture the electron efficiently. Furthermore, trapp
electrons intoX2 will relax down intoX1 , not G1 , because
they have the same momentum and density of state. This
degrade the carrier transport even more. The large dip in
I -V curve around 11 V, i.e., the rapid decrease in curre
corresponds to the aboveG1–X2 resonance. A similar deg
radation in the carrier transport is also observed around 2
in Fig. 1 due to theG1–X1(20.5) resonance.

After the aboveG1–X2 resonance voltage at 11 V, whe
the X2(10.5) –G2(0) transfer properly operates, the carri
transport will be promoted through theX2–G2–X2 path. The
current increase in theI -V curve from 12 V reflects this
circumstance. A similar condition is found above 30
caused by theX1(10.5) –G2(0) transfer,9,10 and the current
increases rapidly, as shown in Fig. 1. Another increase in
current above 25 V can be easily identified as theG1–G2
resonance. Although there is aG1(0) –X2(20.5) resonance
at 36 V, this resonance does not display its trapping abil
because carriers that relax down into theX1 state fromX2 are
rapidly swept out via theX1–G2 path. Therefore, the carrie
transport sharply increased above 30 V and an avalan
breakdown was observed at 37 V.

The next feature to be analyzed is HFD formation bel
10 V. At lower voltages, there are two resonance volta
having an efficient carrier sweep-out rate; they areG1–G1
LO-phonon-assisted tunneling near 1 V, andX1–X2 resonant
tunneling around 5 V. These voltages agree well with
starting and end voltages of the HFD formation region in
I -V curve.12 However, carrier occupation in theX1 state is
improbable, becauseG1(0) –X1(21.5) scattering cannot oc
cur until 7 V. We solved this discrepancy with the followin
hypothesis: After a higher-energy level in theG1 state is
filled with a high density of carriers caused by a degrad
carrier transport,G1–X1 scattering is probable below 7 V
because of a filling to a higherG1 state energy and becaus
of increased carrier scattering into a higherX1 state between
thermalized hot carriers or by assistance of the
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phonon.18–21 Therefore, we identified the HFD formation b
G1–G1 tunneling in a low-field domain~LFD!, andX1–X2
resonant tunneling in a HFD.5

The last remaining feature is the evolution of theI -V
curve shown in Fig. 2. In general, the shape of anI -V curve
as a function of the excitation intensity is thought to be
fected by two factors: electric-field screening due to spa
charge buildup, and changes in the carrier scattering or
laxation rate due to state filling. However, the occupat
density of the state is dominated by the carrier transp
which is also a function of the above factors. Therefore,
relation is nonlinear for the excitation. We thought that t
key point is for the carrier density to flow in each transp
path, e.g.,G1–G1 , X1–X2 , etc. Assuming that each carrie
transport path has a limiting capacity to allow the flow
carriers, or has a limit as to the number of carriers that
pass in a unit time, i.e., the inverse value of the transfer t
through the path, the current under a high carrier density
saturate. Then a dip will appear in theI -V curve with an
increase in excitation, and the stopped carriers exceeding
flow capacity will establish an electric field screening th
will change the inner electric field in the SL, i.e., a sort
electric-field domain formation will be established.

The flow capacities of each carrier path should each h
a different nonlinearity as a function of the carrier densi
and theI -V characteristics should be modulated by the c
rier densities. The evolution of theI -V curve in Fig. 2 is
thought to show the above relation. As shown in Fig.
current peakA corresponding to nonresonantG1–G1 tunnel-
ing moves toward a lower voltage as the excitation car
density is increased. Simultaneously, current dipB, which is
thought to correspond to increasingG1–X1 scattering, moves
toward the higher voltage side. Therefore, when the b
voltage is in the region betweenA andB, a HFD region and
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a LFD region may be established in the SL, since the curr
dip B stops the carriers and generates space charges
shown in Fig. 2, at 300-mW excitation, two branches,A1 and
A2, arise betweenA and B. This implies the start of the
separation of LFD byG1–G1 and HFD byX1–X2 . Then, as
the carrier density is further increased, these two branc
grow to an ordinary electric field domain which leads
ratchetlike current spikes. The number of observed curr
spikes of about 100, which coincides with the number of
SL period, supports the assumption that a HFD formation
fairly well established and the domain boundary moves
ery SL period with an increase in the bias voltage.12 Simul-
taneously, the right-side slope of branchA2 expands toward
a higher voltage. This is thought to arise from the increas
carrier transport originating fromX1–X2 nonresonant tun-
neling under high carrier densities. This evolution impli
that the tunneling betweenX states is promoted greatly a
state filling in the X states grows.

Note that the position of current dipC does not move so
much. This means that the obstruction process caused
G1–X2 scattering has a strong efficiency even when the c
rier density is high. Even when the carrier transport may
dominated by the aboveX1–X2 transfer path, once theX2
state is filled by theG1–X2 scattering at pointC, it is con-
sidered that the carriers in theX1 state cannot enter into th
X2 state. This will inhibit theX1–X2 tunneling and cause a
large dip, i.e., NDR, in theI -V curve, as shown by theI -V
curves under high excitation above 3 mW in Figs. 1 and

In conclusion, we have observed an anomalously la
NDR and a HFD formation in a type-I SL. These phenome
were explained as a result of carrier transport amongG andX
states.
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