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We report the formation of an electric-field domain in a multiple finite-superlattice �MFSL� system in which
finite superlattices are separated by thick barriers. Our experimental results show that even though the MFSL
system has no negative-differential-resistance region in the current-voltage characteristics, the system exhibits
electric-field domain formation. This phenomenon can be explained by our simulation of the inner electric-field
distribution, taking into account transport and the concentration of carriers in the MFSL. We found that
Fowler-Nordheim tunneling in a thick barrier is a key factor in generating the inhomogeneous space-charge
distribution that forms electric-field domains.
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I. INTRODUCTION

Since the discovery of electric-field domain �EFD� forma-
tion in semiconductor superlattices �SLs� by Esaki and
Chang,1 the phenomenon has attracted much attention and
study.2,3 Until now, the EFD has been investigated for
simple-structured SLs that consist of the same quantum wells
�QWs� and barriers throughout the entire SL periods. In these
systems, the EFD is caused by an inhomogeneous carrier
distribution due to intersubband resonances, e.g., resonance
between the ground and first excited subbands.2,3

In this paper, we report an EFD in a multiple finite-
superlattice �MFSL� system in which finite-superlattices
�FSLs� are separated by thick barriers �TBs�. Even though
the system had no negative-differential-resistance �NDR� re-
gion caused by subband resonances, the system showed an
EFD. The characteristics of the EFD formation are analyzed
from the experimental results, and the origin is confirmed by
a numerical simulation.

II. EXPERIMENTS AND SAMPLE STRUCTURE

The sample structure we used is shown in Fig. 1. The
sample was constructed from multiple FSLs separated by
thick barriers. The samples were grown on �100�-oriented
n+-GaAs substrates by molecular beam epitaxy; the growth
sequence was an n+-GaAs buffer layer, an n-Al0.3Ga0.7As

clad layer, a 50-nm Al0.3Ga0.7As undoped cladding layer, un-
doped MFSL, a 50-nm Al0.3Ga0.7As undoped cladding layer,
a p-Al0.3Ga0.7As clad layer, and a p+-GaAs cap. Each FSL
was constructed from five periods of GaAs/Al0.3Ga0.7As
multiple QWs, with GaAs QW widths of 17 monolayers
�ML� and AlGaAs barrier widths of 8 ML, with 25-nm
Al0.3Ga0.7As undoped TBs on both ends.

The sample was fabricated into p-i-n diode mesas of 400-
or 50-�m squares. Alloyed Au electrodes were prepared to
apply the electric field to the intrinsic region, and the Ohmic
contact was confirmed by examining the forward-biased
current-voltage characteristics. The built-in voltage corre-
sponding to the flatband condition was about 1.5 V of the
forward-bias voltage for all samples. In this report, forward
bias is denoted with a “−” sign, the reverse direction of the
bias is written as “+” voltage, and thus the flatband condition
is denoted by −1.5 V.

A 633-nm cw HeNe laser was used as the excitation
source. Carrier density in the p-i-n structure was controlled
by the excitation power. The excitation light was injected
from the p-cap side and focused by a 10� objective lens.
Photoluminescence �PL� from the sample was also collected
by the same objective lens. The spot diameter of the excita-
tion light was approximately 30 �m. Under this condition,
the estimated density of the photogenerated carriers in the
sample was in the order of 1011 cm−2 under a 1-mW excita-
tion intensity. All data were measured at 20 K. Here, we
show experimental results from 400-�m square mesa
samples unless otherwise noted.

III. EXPERIMENTAL RESULTS

A. Photocurrent-voltage characteristics

Evidence of EFD formation is observed in the
photocurrent-voltage characteristics �I-V curve�. Figure 2
shows the I-V curve. From the I-V curve demonstrated under
weak excitation, we found that there is no NDR region. The
photocurrent monotonically increases as the reverse-bias
voltage increases. In contrast, under strong excitation, the
I-V curve shows steplike oscillation. This is evidence of an
EFD as previously reported.1–3 The number of oscillations is
about 20, which agrees with the number of FSLs in the

FIG. 1. Schematic figure of undoped region in the p-i-n diode
sample. The multiple finite superlattices �finite SLs� are separated
by thick barriers �TBs�. Each finite SL is constructed from 5 periods
of 17-monolayer �ML� GaAs QW with an 8-ML Al0.3Ga0.7As bar-
rier. The undoped area in the p-i-n diode is composed of 20-period
finite SL and TB with two cladding layers of 50-nm Al0.3Ga0.7As in
both ends.
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MFSL �cf. Fig. 1�. However, the oscillation is not sawtooth
in shape, as has been observed in conventional
superlattices,2,3 but steplike in structure. The origin of this
characteristic is analyzed in later sections.

B. Photoluminescence characteristics

Figure 3 shows the PL spectra as a function of the
reverse-bias voltage. The observed PL wavelengths corre-
sponding to the intersubband transitions described below
agree well with our calculated values for the sample struc-
ture, for which we took into account ±1 of monolayer fluc-
tuation, slight deviation of Al contents in the AlGaAs layers
at growth, and exciton binding energy up to 10 meV. The
miniband width �E evaluated from the 10-�W PL spectra is
approximately 30 meV, which is slightly smaller than the
calculated value for the 17/8 ML FSL. We conclude that this
arises from the monolayer fluctuation and the difference in
Al contents in the barrier.

Since the FSL has thin and low barriers �8-ML
Al0.3Ga0.7As�, a miniband is formed in the FSL under zero
along with a very weak electric field. The PL spectra under
weak excitation in Fig. 3�a� can be explained by the radiative
recombination processes shown below. The PL branch A in
Fig. 3 is emission from the miniband bottoms in the FSLs.
Branch B is emission from a −1 Stark ladder.4,5 Branch C is
emission from localized subband states in isolated QWs. In
conventional SLs with thin barriers, radiative recombination
shows the following behavior with an increasing electric
field. Under the flatband condition or a very weak electric
field, a miniband is formed and radiative recombination oc-

curs between the miniband bottom and the ground heavy-
hole state. This transition energy is lower than that of the
intrinsic subband energy in isolated QWs. The energy differ-
ence is 1

2�E, where �E is the miniband width.4,5 As the
applied electric field increases, the miniband vanishes and
the electron wave function localizes in one QW; then, a sub-
band is formed. Consequently, PL is emitted from the sub-
band and the transition energy increases. Under an interme-
diate electric field between the miniband and subband
formations, a Stark-ladder state4,5 is generated and radiative
recombination occurs simultaneously with the Stark ladder.
Ordinarily, emission from a lower-energy ladder state—i.e.,
the −1 Stark ladder—is dominant.4

The electric field F necessary to break the miniband is
1
2�E=eFD, where e is the unit charge, F is the electric field,
and D is the SL period.4,5 Therefore, in our sample, localiza-
tion should occur at about 1-V reverse-bias voltage. This
critical voltage is less than that observed in Fig. 3�a�, about
12 V. This indicates screening of the local electric field in
the FSL region. Other electric fields are applied to the TB
region by way of compensation to the total applied voltage
of the sample. Therefore, even under weak excitation, many
carriers remain in the FSLs due to blocking of carrier trans-
port by TBs and the electric field in FSLs is less than that in
TBs due to a space-charge field screening. As the reverse-
bias voltage becomes sufficiently high, the field screening is
broken; then, the miniband finally vanishes and the PL
branches B and C appear alternately to branch A. Although
for investigating the field screening it would be preferable to

FIG. 2. Photocurrent versus reverse bias voltage characteristics
�I-V curve� under 10-�W �a� and 1-mW �b� HeNe laser excitation.
The dotted line is the differential conductance.

FIG. 3. Normalized PL spectra as a function of reverse-bias
voltage under 10-�W �a� and 1-mW �b� HeNe laser excitation. The
normalization is done to the highest PL peak at each voltage.
Brightness �gray level� represents PL intensity. The white area cor-
responds to high PL intensity.
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obtain additional PL spectra under further weak excitation,
we could not obtain clear PL spectra throughout the entire
voltage range under weaker excitation intensity than 10 �W
due to the poor signal-to-noise ratio.

Although PL branch B shows a clear energy change of the
−1 Stark ladder, it appears to be a doublet. This is thought to
originate from a nonuniform field distribution in the MFSL.
In fact, we found a nonuniform electric-field distribution and
some field screening in our simulation results even at 10-�W
excitation, which will be described later.

Under the high-excitation condition exemplified in Fig.
3�b�, branches A and B �indicated by A and B in the figure�
exist in a wide voltage range—i.e., about 5–15 V—and a
weak branch C appears simultaneously from 8 to 15 V. This
coexistence of the three PL branches indicates an inhomoge-
neous electric-field distribution in the MFSL. Therefore, the
origin of the oscillation in the I-V curve under the 1-mW
excitation in Fig. 2�b� is thought to be related to the above
electric-field distribution—i.e., the formation of an EFD. The
coexistence of the PL branches is interpreted as follows: un-
der the bias voltage region exhibiting the EFD formation,
three conditions of the electric field in FSLs coexist in the
MFSL. One is FSLs having a miniband positioned in a low
electric-field domain �LFD�, which experience a weak local
electric field. A second is FSLs having a localized subband in
a high electric-field domain �HFD�, which experience a large
electric field. The other is a FSL-generating Stark-ladder PL
at the domain boundary between the LFD and HFD, which
suffers a transition in field strength from low to high as the
domain moves in the MFSL.

The origin of the smeared PL branch B in Fig. 3�b� com-
pared to that in Fig. 3�a� is thought to be the overlap of weak
Stark-ladder PL branches at each bias voltage that is gener-
ated from a single FSL. Only a single FSL at the EFD bound-
ary can emit Stark-ladder PL during the movement of the
domain boundary. On the other hand, under the weak exci-
tation shown in Fig. 3�a�, the PL branch of the Stark ladder is
generated from all FSLs in the MFSL. Therefore, its inten-
sity is high and the spectrum is clear. Also, the other PL
branches are clear and do not coexist in a wide voltage range.
The above observations indicate that all FSLs in MFSL sys-
tems suffer the same electric field under a low carrier density,
and thus the nonexistence of an EFD is confirmed from this
PL behavior.

The weak intensity of PL branch C under the high-
excitation condition originates from the quenching phenom-
enon. Promotion of the carrier sweep-out from FSLs under a
high electric field in the HFD region decreases the rate of
radiative recombination. Therefore, branch C is weaker than
the other PL branches that are emitted from FSLs placed in
the LFD region. We should note that the intensity of PL
branch C under the weak excitation condition in Fig. 3�a� is
seen as a strong PL; however, its intensity is very weak. The
PL intensity was normalized by the PL peak at each voltage.
The comparison of the PL intensity is correct only when
multiple PL branches coexist at a particular voltage. The ab-
solute PL intensity is discussed in Sec. III D.

C. Movement of domain boundary observed
by photoluminescence

Clear separation of the Stark-ladder PL during movement
of the domain boundary can be observed by using 50-�m
square mesa samples. Figure 4 shows normalized PL spectra
from a 50-�m square mesa sample under 0.1-mW excitation.
The gray level shows PL intensity with the black area repre-
senting a higher PL intensity. L1 is PL from a −1 Stark
ladder, the gradient of which indicates the transition of the
local electric field in a FSL. There are approximately 15
teeth of a comblike structure constructed from the L1 PL
branches. �We draw only one L1 line to clearly display the
image in Fig. 4.� Since the gradient of the L1 branch is steep,
the change in the local electric field in a FSL is very rapid
during the movement of the EFD boundary, as will be proved
by our simulation in Sec. V C. Kinks in the L1 line indicate
that the transition of the local electric field in a FSL varies by
two or three electric field strengths with a movement of the
domain boundary. We could not identify the origin of the
relatively high-PL-intensity area at around a 780-nm wave-
length and in the 8–17-V voltage range. This might come
from an increase in the overlap integral between the wave
functions, such as the Franz-Keldysh effect.6,7

The PL structure indicates the transition of electric field
intensity in an individual FSL. Since the domain boundary
between the LFD and HFD moves through the MFSL, indi-
vidual FSLs at the domain boundary experience low to high
electric fields. This transition of the electric field generates a
Stark-ladder PL, and thus about 15 comb teeth arise in the
PL image. However, the number of teeth is less than the 20
periods of FSLs in the MFSL. The reason may be that some
teeth overlapped within the fat branch at around 7–8 V in
the beginning of the EFD formation.

We have not been able to observe the above fine PL struc-
ture from 400-�m square mesa samples. This may be due to
the spatially lateral diffusion of photocarriers in QWs. Since
the beam spot size of the excitation laser is 30 �m, lateral

FIG. 4. Normalized PL spectra of a 50-�m mesa sample as a
function of reverse-bias voltage under 0.1-mW HeNe laser excita-
tion. The normalization is done to the highest PL peak at each
voltage. Gray level �not brightness� represents PL intensity; i.e., the
black area corresponds to high intensity. The dashed line guides a
Stark-ladder branch �L1�.
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diffusion is sufficiently strong under the high excitation con-
dition in the 400-�m square mesa samples. This generates
spatially inhomogeneous distribution of the carrier density in
a QW or FSL, thus also generating spatially inhomogeneous
electric field screening, which smears the EFD formation and
its PL spectra. For 50-�m square mesa samples, since the
spot size is of the same order, the influence of the lateral
diffusion is weak; i.e., the lateral carrier distribution is rela-
tively homogeneous. In fact, we have observed a clear oscil-
lation structure in an I-V curve from a 50-�m square sample
under a 0.1-mW excitation, whose intensity is less than the
1 mW needed for a 400-�m square mesa sample. In an ex-
citation condition higher than 0.1 mW, the comb structure
was smeared due to broadening of the spectral peak width of
the Stark-ladder PLs.

We should note that the comblike fine structure in the PL
has not been reported in the study of EFD formation in con-
ventional superlattice systems. Our direct observation of the
individual movement of the domain boundary using the PL
measurement can be considered rare. The reason for this suc-
cess is that the emission wavelength of the Stark-ladder PL is
very sensitive to the local electric field. Therefore, by using
the observation of the Stark-ladder PL, the transition of the
local electric field can be clearly observed. On the other
hand, in conventional SLs, since the EFD formation needs
relatively thick barriers, PL from the Stark ladder is very
weak and thus difficult to observe. This is the reason that our
observation is a rare one. In addition, our finding illustrates
that the mesa size versus the excitation spot size is also a key
feature for observing the fine structure.

D. Accumulation of carriers in FSLs

Accumulation of space charge is the origin of the EFD
formation, which generates vertically inhomogeneous
electric-field distribution due to space-charge electric-field
screening. To investigate the accumulation, PL intensity and
photocurrent are useful for estimating the degree of carrier
transport. These values are complementary in high-quality
semiconductors having low nonradiative recombination. The
decrease in the PL intensity due to the promotion of carrier
transport and the subsequent increase in output current has
been commonly known as quenching. Figure 5 shows volt-
age dependences of the PL intensity integrated over the
whole PL wavelength region and that of the photocurrent.
Under weak excitation, where an EFD is not established, the
PL intensity decreases rapidly as the photocurrent increases
and vanishes at about 10 V. On the contrary, under high
excitation, the PL does not vanish at 10 V but sustains a
considerable intensity up to 15 V. Within this voltage range,
the I-V curve shows a clear oscillation that indicates EFD
formation. This sustained PL implies a residual carrier accu-
mulation in the FSL region, in which accumulated carriers
screen the electric field and cause the EFD formation.

IV. MODEL OF ELECTRIC-FIELD DOMAIN FORMATION
IN MFSL DERIVED FROM EXPERIMENTAL

RESULTS

From the experimental results described so far, we can
create a model of EFD formation in the MFSL. Figure 6

shows the model. In the FSLs, carrier transport is very effec-
tive due to miniband transport under a low electric field and
nonresonant sequential tunneling through the thin barriers
under a high electric field. In contrast, the efficiency of the
carrier transport across the multiple FSLs is significantly
small due to lower tunneling efficiency to the TBs. Since the
carriers can move smoothly in the FSLs, electrons gather in
the rightmost QW next to the TBs. The holes also gather in
the leftmost QW in a FSL. Since there is no or very low
carrier density in the TBs, an electric field is dominantly
applied to the TB area. The effective transport of carriers
through the TBs is accomplished by Fowler-Nordheim tun-
neling for the triangle-shaped barrier formed under a high
electric field. The concentration of carriers in the QWs on
both sides of the TBs generates a high electric field, and the
field is applied to the TB area, which promotes the escape of
carriers from the FSLs by Fowler-Nordheim tunneling, as
shown in Fig. 6. Once a FSL enters a HFD regime, shown as
region C in Fig. 6, blocking of the carrier transport by the TB
is released. The domain boundary exists at a TB that is sand-
wiched between the B-FSL and the next FSL in region C.
The electric field applied to the TB at the domain boundary
increases with an increase in the external applied bias volt-
age to the MFSL. Increasing the bias voltage further slants
the electric potential in the TB up to the same potential gra-
dient in region C. Simultaneously, carriers trapped in FSL B

FIG. 5. �Color online� Integrated PL intensity �two curves
marked by left-hand curved arrow� and I-V curve �two curves
marked by right-hand curved arrow� as a function of reverse bias
voltage under 10-�W �black dotted lines� and 1-mW �red solid
lines� HeNe laser excitation. Photocurrent under 10-�W excitation
is multiplied by 100.

FIG. 6. Schematic figure for the model of EFD and carrier trans-
port from FSLs through thick barriers. Parabolic curves indicate
carrier concentration in QWs; that is, upper �inverse parabola� and
lower curves indicate electron and hole concentrations, respectively.
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are permitted to escape by Fowler-Nordheim tunneling. This
escape reduces the space-charge screening in FSL B, and
finally the potential gradient in FSL B becomes equivalent to
that in region C.

Under an electric field, a charge separation between elec-
trons and holes occurs, caused by their opposite directions of
transfer. This carrier separation to the opposite ends of a FSL
generates screening of the inner electric field in the FSLs in
region A in Fig. 6. The screening makes the electric field flat
or low and generates a LFD region.

The model of the EFD is highly consistent with the ex-
perimental results. The coexistence of the three PL branches
in Figs. 3�b� and 4 is assigned as PL emission from regions A
to C in Fig. 6. The sustained PL intensity under the EFD
formation regime in Fig. 5 originates from the PL emission
from FSLs in the LFD region as well as from a FSL at the
domain boundary in Fig. 6. The oscillation in the I-V curve
can be interpreted as a flash flooding of concentrated carriers
in a QW left next to a TB at a domain boundary, as shown in
Fig. 6. The movement of the domain boundary changes the
efficiency of the Fowler-Nordheim tunneling of the TB due
to the variation in the electric potential gradient.

Regarding low excitation intensity, the model can also
explain the PL behavior in Fig. 3�a�. Since the efficiency of
the carrier transport is different in the FSL and TB regions,
carriers are also blocked by the TBs even under low carrier
density, and they screen the electric field in the FSLs as in
region A in Fig. 6. The long-lived PL emission from the
miniband’s bottom in Fig. 3�a� indicates that the electric field
in FSLs is screened and that most of the electric field is
applied to the TBs. When the reverse-bias voltage increases,
the potential gradient in the TBs increases, the efficiency of
the Fowler-Nordheim tunneling increases, and the blockage
of carrier transport is broken. Since the carrier density is
insufficient to generate an EFD, all FSLs suffer from the
same electric field and the transition of the PL spectra is
identical in all FSLs, as shown in Fig. 3�a�.

V. VERIFICATION OF THE ELECTRIC-FIELD DOMAIN
BY SIMULATION

A. Velocity of carrier transport in MFSL

To calculate the local electric field, carrier distribution has
to be determined. Since the distribution is calculated from
the movement of the carriers, determining carrier velocity as
a function of the electric field is necessary. Since the carrier
velocity is the reciprocal of tunneling time, the tunneling
time has to be determined.

Figure 7 shows four cases of tunneling conditions. In the
case of Fig. 7�a�, tunneling probability is

T = exp�−
2Lb

�2mb
*Hb0

�
� , �1�

where the Lb, mb
*, and Hb0 are the barrier length, the effective

mass in the barrier, and the effective barrier height,
respectively.8 For cases �b� and �c�, the WKB approximation
�Wentzel-Kramers-Brillouin method� is used9,10:

T = exp�−
2

�
�

x1

x2 �2m�V�x� − E�dx� , �2�

where V�x� and E are an arbitrary barrier potential and par-
ticle energy, respectively. �x1 ,x2� is an interval where V�x�
�E. Then, for case �b�, where x�Lb and x=

Hb0

eF ,

T = exp�−
4�2mb

*

3eF�
��Hb0 − eFLb�3/2 − Hb0

3/2�� , �3�

where e and F are unit charge and electric field, respectively.
For case �c�, where x�Lb, the same WKB equation is also
valid and gives

T = exp�−
2

�
�

0

Hb0/eF

�2mb
*�Hb0 − eFx�dx�

= exp�−
4�2mb

*

3eF�
Hb0

3/2� . �4�

FIG. 7. Various tunneling conditions. Hb, Lb, and Es are barrier
height, barrier thickness, and subband energy, respectively.
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For case �d�, the calculation and estimation of the carrier
transport encounters difficulty, since the term in the square
root in Eq. �2� becomes negative. In addition, since the car-
riers enter into the continuum, the carriers run there for a
while and then are retrapped into the other QWs. The calcu-
lation and evaluation of this multiple process is complex.
Fortunately, our experimental condition and its local electric
field in the sample do not meet such a high-electric-field
area. Therefore, we neglected it and saturated the maximum
carrier velocity by the maximum value calculated in case �c�.

In regard to a low electric field near zero, Eq. �1� has a
discrepancy that results in a large nonzero velocity v0 even
under a zero electric field, approximately 108 cm/s in the
FSL region, which does not fit with the reality of real-space
carrier transport. This discrepancy comes from a model that
only treats the tunneling of a wave function, where the elec-
tron wave alternately goes to and returns from a QW and the
barrier areas when the electric field is zero. To overcome this
discrepancy, we replaced velocity v0, derived from Eq. �1�
under a near-zero electric field, with velocity vg=�F, de-
rived from carrier mobility � under a region of the electric
field F where v0�vg. This procedure is important for taking
into account the carrier velocity between QWs in the FSL
region. Although we used the above replacement for the TB
area too, this approximation did not sufficiently influence our
simulation results, since the key factor in the EFD generation
depends on the quality of the tunneling efficiency through
the TBs under a relatively high electric field. For velocity
passing through the TB, there is a strong electric field depen-
dence at a higher-electric-field region rather than at a near-
zero-field region, and this characteristic makes a significant
contribution to forming the EFD as described later.

Miniband transport in FSLs was also considered, and we
replaced its velocity vm with vg. Since vm is also too large
even under a zero electric field—i.e., approximately
5�107 cm/s for a 30-meV miniband width in our
sample—we believe that it does not express real-space trans-
port under a zero electric field. In addition, minibands with a
small band width easily vanish under a weak electric field, a
phenomenon known as the Wannier-Stark localization
�WSL�. Miniband transport is then replaced by nonresonant
sequential tunneling using Eq. �3� after the localization.11

Although such localization frequently generates NDR in the
I-V curve,12,13 we neglected this possibility since we could
not observe any NDR in the I-V curve. In addition, since the
miniband width of our sample is relatively small, we assume
that the difference in the electron velocity between the mini-
band transport and the nonresonant sequential tunneling is
small. In fact, this conclusion is supported by the small cur-
rent output and the absence of the NDR under very low bias
voltages in Fig. 2. The NDR by the WSL appears at a very-
low-bias-voltage region near the flatband condition. There-
fore, if anything, the NDR should be observed in the I-V
curve from −1.5 V �flatband condition in the p-i-n diode� to
the 0-V bias voltage range, for example. However, there is
no NDR in the experimental I-V curve in Fig. 2�a�. We also
conclude that this absence of the NDR results from the TBs
sandwiching the FSLs, which strongly obstructs carrier
transport between the FSLs. In contrast to electron transport,
we did not consider minibands for hole transport, since the

miniband width is significantly small due to its heavy effec-
tive mass.

Figure 8 shows calculated carrier velocities as functions
of the electric field. Values used for the calculation are as
follows: electron subband energy from the GaAs QW
conduction-band bottom�81 meV for 17-ML single QW,
heavy-hole �hh� subband energy from GaAs QW valence-
band bottom�24 meV, electron mobility�8500 cm2/V, and
hh mobility�450 cm2/V.14,15 Other material constants are
typical values,14 and the temperature is 20 K. The important
characteristic of the velocity curves is that the tunneling ve-
locity for a TB in a low-electric-field region is very slow for
both electrons and holes. This means that some characteristic
of TBs blocks the escape of carriers from FSLs under a low-
electric-field regime. However, the velocity becomes very
fast from about 200 kV/cm due to the effective Fowler-
Nordheim tunneling under the steep gradient of the electric
potential in the TB and its low barrier height �Al content is
0.3�.

The blocking of carriers by the TBs generates an accumu-
lation of carriers in the QWs in the FSLs beneath the TBs. It
then weakens the inner electric field in the FSLs due to field
screening and instead increases the potential gradient in the
TBs, as shown in Fig. 6. In contrast, the calculated carrier
velocity in the FSLs is considerably fast, especially for holes,
even under low electric fields due to the thin barriers in the
FSL region and their low barrier height. Therefore, carriers
can freely move in a FSL. Then, it is easy to establish the
charge separation between the electrons and holes caused by
the opposite transfer direction to the electrons and holes un-
der an electric field. This carrier separation accumulates car-
riers next to the TBs, which promotes field screening in the
FSLs. These differences in carrier transports for the FSL and
TB regions are the origin of the EFD formation. Once inho-
mogeneous field distribution arises under a high carrier den-

FIG. 8. Electron �solid line� and heavy-hole �dotted line� veloc-
ity in FSL �a� and for TB �b� as a function of electric field.
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sity, the above process is accelerated by nonlinear dynamics
due to nonlinear velocity curves as well as the field screen-
ing. This in turn establishes a stable EFD in the MFSL.

B. Calculation method

The calculation method of the EFD formation is as fol-
lows: As a first step, photogenerated carriers are injected into
the MFSL with a carrier distribution calculated from an ab-
sorption coefficient of 10 000 cm−1 for a 633-nm HeNe laser.
The laser light is injected from the p-cap side—that is, from
the left side of Figs. 1 and 6. The spot diameter of the irra-
diation is assumed to be 40 �m, which is similar to the ex-
perimental condition.

Second step: the electric potential is calculated from the
carrier distribution by using a classical one-dimensional
Green function16 due to the symmetry of the QW systems.
We used this integral-type equation since numerical solutions
of the differential equation—i.e., the Poisson equation—
sometimes result in instability in simulations of nonlinear
dynamics. We chose a one-dimensional coordinate z with
boundary conditions at 0 and L. This system can be solved as
a Dirichlet problem.16 The Green function representing a unit
charge at position � is

G�z	�� = 

1

L
z�L − ��, z 	 � ,

1

L
��L − z�, z 
 � .

�5�

The electric potential when there is a carrier density of ��z�
and boundary conditions ��z=0�=0 and ��z=L�=V0 is

��z� =
1



�

0

L

����G�z	��d� +
V0

L
z , �6�

where 
 is the dielectric constant of the material, V0 is ap-
plied bias voltage including the 1.5-V built-in voltage, and L
is the total length of the intrinsic layer. The carrier density
must be considered for both electrons and holes, along with
their signs. After the calculation of the electric potential, the
derivative gives the local electric field.

Third step: carrier velocities are given by the velocity-
field curves described in Sec. V A with reference to the local
electric field. We used velocity-field tables initially loaded
from precalculated files to speed up the calculation. Then,
the distance of the carriers’ movement is calculated at each
position in the MFSL. Obviously, the movements of the elec-
trons and holes are different at each position owing to their
different velocity-field curves.

After the movement, the carriers occupy new positions
and then the new carrier density is decreased by radiative
recombination. Since our selected time step of the calcula-
tion is far less than the time of the radiative recombination in
the QW, the order of the calculation—i.e., the recombination
calculation before or after the movement—does not affect
the calculation results. We used a 1-ns lifetime of the radia-
tive recombination, which is a typical value for GaAs QWs.
Then, the calculation is looped to the first step. We note that
we have not varied the radiative recombination lifetime with

the local electric field and that we used a constant 1-ns value
to speed up calculation time, since our calculation time for
total applied bias voltages is considerable. Although the im-
portance of considering the radiative recombination lifetime
has been pointed out in previous reports,2 for systems in this
paper, the lifetime is thought to be less important. This is
because, the radiative recombination lifetime of our MFSL
systems estimated by overlap integral methods varies only
within a factor of 10 or 100 for the various electric fields
treated in this paper. On the other hand, the tunneling effi-
ciencies of carriers through the TBs vary over tens of powers
of 14 as shown in Fig. 8. Therefore, the influence of varying
the radiative recombination lifetime is thought to be very
small in our system. In contrast, conventional superlattices
frequently have the same order of time between radiative
recombination lifetime and tunneling time through the barri-
ers separating QWs. In this case, influence of the recombi-
nation lifetime is thought to be important. However, the
MFSL systems in this paper are not included in this system
type. In addition, although we have done a simulation that
applied variable radiative recombination lifetimes for local
electric fields under a bias voltage where EFD formation
arose, there have been no significant differences for EFD
formation behavior. Therefore, the significance of the tunnel-
ing efficiency through the TB is dominant in the MFSL sys-
tems in this paper.

The calculation is continued until the electric-field distri-
bution or the carrier distribution reaches a stationary state.
We used a time step from 0.1 ps to 5 ps, since the time is
also considerably less than the carrier drift time that corre-
sponds to the time passing through a TB with the maximum
carrier velocity under the highest electric field in the simula-
tion. Regarding the following results, we used 5�105 loops
with a 1-ps time step, which were needed to obtain a station-
ary condition. The reason for requiring such a large amount
of time—i.e., 500 ns—to establish a stationary state is a re-
sult of the slow tunneling time through the TBs, which im-
pedes completion of the final stationary state.

C. Simulation results

Figure 9 shows the calculated distributions of the electric
potential and field under 9-V reverse-bias voltage and a
1-mW excitation condition, where the sample experimentally
demonstrates the EFD as shown in Figs. 2�b� and 3�b�. As
shown, the electric field �dotted line� is separated into two
domains—i.e., the LFD and HFD—at about 1500 ML. The
FSLs’ potential in the LFD is nearly flat, while there is a
certain potential gradient for the TBs. In contrast, the electric
field—i.e., the potential gradient—in the HFD is identical at
both the FSL and TB regions. This result agrees well with
our predicted model deduced from the experimental results
�cf. Fig. 6�.

Figure 10 shows the calculated domain boundary under
various bias voltages with a 1-mW excitation. Note that a
zero bias voltage corresponds to a 1.5-V total electric poten-
tial, since the p-i-n diode sample has a built-in voltage of
1.5 V. Under the low bias voltage exemplified by 0 V in the
figure, the electric potential in FSLs is nearly flat, and thus,
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the PL emission is from the miniband bottom, which agrees
well with the experimental results. From the beginning of the
EFD formation under a 2-V bias, the domain boundary ad-
vances toward the left side in the figure—i.e., the p-cap
side—and finally diminishes at a 12-V bias. The reproduced
phenomena in the simulation agree well with the tendency
that appeared in the experimental results. However, this 12-V
end voltage of the EFD formation is less than that in the
experimental results, 15 V. We assume that this difference
comes from some differences in constants in the simulation:
e.g., the spot size of the excitation light, the absorption co-
efficient of the HeNe laser, etc.

Under low bias voltage, Fig. 10 shows that many FSLs
have a nearly flat potential. This creates a larger PL emission
from the miniband’s bottom and small emissions from the
localized subbands in the HFD due to the quenching of PL
by a fast carrier transport. This result agrees well with the
experimental results shown in Figs. 3�b� and 5.

Figure 11 shows the calculated distributions of the electric
potential and the density of electrons and holes, under a 9-V
reverse-bias voltage and a 1-mW excitation condition. As
predicted by the model in Fig. 6, electrons are gathered into
the rightmost QW in each FSL, and the density is larger in
the LFD than in HFD. In contrast, although the hole distri-
bution is higher in the leftmost QWs in FSLs, the concentra-
tion is moderate, which is different from our predictions �cf.
Fig. 6�. However, the difference in carrier density for elec-
trons and holes is sufficient to generate field screening.
Therefore, this simulated distribution might be more plau-
sible in a real MFSL system. Since the tunneling velocity in
FSLs for holes is less than that for electrons under low elec-
tric fields, the holes might not gather as fast as the electrons.

Figure 12 shows the calculated I-V curve under a 1-mW
excitation condition. Apparently, there are about 20 oscilla-

FIG. 9. Calculated distribution of electric field and electric po-
tential at 9 V under 1-mW excitation. The potential curve is syn-
thesized with the conduction band potential of the MFSL to clearly
show the FSL and TB regions. Two bottom axes are shown. One is
in monolayer �ML� units and the other is in nm units. The calcula-
tion was done using ML units.

FIG. 10. Movement of domain boundary. The dashed arrow in-
dicates the movement of the domain boundary while increasing the
bias voltage. ML is monolayer units.

FIG. 11. �Color online� Calculated distribution of electric poten-
tial �solid line pointed by an arrow�, electron density �solid line�,
and hole density �dotted line� under 9-V reverse-bias voltage. ML is
monolayer units.

FIG. 12. Calculated I-V curve under 1-mW excitation.
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tions in the photocurrent, which agrees well with the experi-
mental result in Fig. 2�b�. There is a small difference in
voltage range where the EFD appears—i.e., 2–12 V in simu-
lation and 1–15 V in experiments—which is thought to
come from the differences in the constants we used: e.g.,
underestimation of absorption coefficient, etc. However,
steplike oscillations in the I-V curve are clearly reproduced.

The origin of the steplike oscillation can be explained
from the simulation results. During the movement of the do-
main boundary, the potential gradient in a FSL is rapidly
changed from low to high; i.e., a LFD to HFD transition
occurs within a short voltage interval due to the attraction
effect in nonlinear phenomena. From our simulation, the
transition voltage interval was 0.02 V. The output current,
taking into account the displacement current, is given by the
notation17

i =
e

L
�

x=0

L

��x�v�x�dx , �7�

where L, �, and v are length of the intrinsic layer in a p-i-n
photodiode, carrier density, and carrier velocity, respectively.
With the transition of the electric field in a FSL from low to
high—i.e., affiliation transfer of a FSL from LFD to HFD—
the number of FSLs, which have a large carrier velocity,
increases. Since the carrier velocity in the HFD is greater
than the LFD and the LFD-HFD transition occurs rapidly,
increase of the output current is also abrupt, which is ob-
served as a steplike increase in the I-V curve. As a result, this
process clearly explains the origin of the oscillation in the
experimental I-V curve. Note that since the increase in ve-
locity overwhelms the decrease in carrier density, the product
�v increases after the transition from the LFD to the HFD.

D. Simulation results for low carrier density

Figure 13 shows the calculated I-V curve, electric poten-
tial, and spatial distribution of an electric field under a low
excitation intensity—i.e., 10 �W. There is no fine-structure
in the I-V curve, which indicates that an EFD is not formed.
The almost straight potential curves under various reverse-
bias voltages also show no sign of EFD formation. From the
potential shape, we found that, all FSLs suffer from almost
equivalent electric field. Distribution of the electric field in
Fig. 13�c� also supports this conclusion. The field distribu-
tion indicates that the electric field in the TBs is greater than
that in the FSLs under a low-bias-voltage region �Vb=5 V�,
which indicates slight concentration of the electric field in
the TBs. In contrast, uniform field strength is applied in all
areas of the MFSL under high bias voltage �Vb=12 V�, since
carrier transport efficiency through the TBs becomes suffi-
ciently large to release carrier accumulation near the TBs.
These results agree well with the experimental results under
a low-excitation condition and the analysis in Sec. IV. How-
ever, spatial distribution of the electric field is not perfectly
uniform at low voltages, as indicated by the dashed line un-
der the 7-V curve in Fig. 13�b�. From this fact, slight field
screening exists even in 10-�W excitation. This supports the
experimental result under 10-�W excitation shown in Fig.
3�a�, the origin of the doublet in the −1 Stark-ladder PL, and

the screening behavior of the Wannier-Stark localization in
the experimental data.

Regarding the slight oscillation of current at around 10 V
in Fig. 13�a�, we cannot explain it adequately, but we think
that it might come from an accumulation of charges at the
cladding layers at both ends in the sample structure, which
modifies the output current from the finite multiple SLs. In
Fig. 13�b�, electric potential curves are convex under lower
applied voltages than 12 V, but are straight from 12 V. This
is thought to be because a slightly inhomogeneous electric
field distribution is released from 12 V and a minute domain
boundary reaches the cladding region.

VI. CONCLUSIONS

In summary, electric-field domain formation in a multiple
finite-superlattice system was studied by experiment and nu-
merical calculation. In this system, a particular electric-field
domain was generated, which resulted from the difference in
carrier transport velocity at the finite-superlattice and thick-
barrier regions. Steplike current oscillation in the current-
voltage characteristics was experimentally observed, which
supported formation of electric-field domains. The distribu-
tion of the inner electric field was analyzed from the experi-

FIG. 13. Calculated results under 10-�W excitation. �a� I-V
curve. �b� Electric potential under various reverse-bias voltages.
Numbers on the curve indicate bias voltage �V�. The dashed straight
line is a guide for the eyes. The QW potential is not synthesized to
the curves for clear display. ML is monolayer units. �c� Distribution
of electric field under bias voltage Vb. “FSL position” indicates
position of FSL and TB.
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mental photoluminescence spectra, and a model of domain
formation was proposed. Results from a numerical simula-
tion agreed well with the experimental results and supported
the model for the domain formation mechanism in multiple
finite-superlattice systems.
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