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The actual Beld distribution in superlattices under electric field domain formation is investigated
by photoluminescence and Raman spectroscopy. Prom the measured subband spacings, we determine
the magnitude of the Beld that corresponds to resonant alignment of subbands in adjacent wells.
The electron occupation of higher subbands is probed by photoluminescence (PL) measurements.
Comparing the results of higher subband PL and the current-voltage characteristics, it is shown that
the high-Beld domain is always nonresonantly coupled with a field strength below the resonance
value. The sudden increase in the current when the high-field domain extends over the entire
superlattice is explained. Calculations of the field distribution based on a microscopic model support
our experimental observations.

I. INTR, ODUCTION

The dominant transport mode normal to the layers
in semiconductor superlattices is resonant tunneling. In
weakly coupled superlattices, negative differential resis-
tance due to sequential resonant tunneling has been pre-
dicted theoretically. Capasso et al. observed two peaks
due to resonant tunneling from the lowest conduction
subband into the second as well as the third conduc-
tion subband in static photocurrent experiments. The
situation changes drastically when the carrier density in
the structures is large. In this case oscillatory structures
appear in the photocurrent-voltage characteristic. This
was explained by spontaneous formation of two regions of
different Geld strengths, i.e. , electric field domains. The
domain boundary consists of a space charge layer, which
compensates the Geld gradient between the two domains.
The oscillatory behavior is attributed to the migration
of the domain boundary across the sample with increas-
ing voltage. Its period corresponds approximately to the
subband separation in the superlattice.

Electric field domains in superlattices were, to our
knowledge, first discovered by Esaki and Chang in
conductance measurements. In recent years, the stud-
ies of electric field domains have received considerable
attention. The oscillatory structures in the current-
voltage measurement have been repeatedly observed by
many groups. ' A direct proof of domain formation
has been conducted by photoluminescence (PL) spec-
troscopy. Due to the existence of two regions of different
Geld strengths, PL emissions associated with the high-
Geld and low-field domains experience different Stark
shifts. Consequently, two peaks can be observed in the

PL measurement. The energies of the PL peaks provide a
measure of the magnitude of the field in the wells through
the quantum-confined Stark effect. The field strengths
were shown to be approximately equal to the subband
spacing divided by the electric charge and superlattice
period. Several theoretical models of domain formation
have been proposed in the past few years.

It has been customary to assume that electrons tunnel
resonantly within domains. However, in a recent paper,
we have demonstrated that higher subband photolumi-
nescence (HSPL) spectroscopy can be used to determine
the actual Geld strengths of domains. Nonresonant tun-
neling was shown to be the dominant transport mode in
the high-field domain with a Geld strength slightly below
the resonant tunneling condition. A simple model of cur-
rent conservation was used to explain our observations.
The present paper reports on a detailed study of the ac-
tual electric Geld distribution within superlattices under
domain formation. The HSPL emissions from different
domains can be resolved. As a result we can investigate
the behavior of different domains unambiguously. By us-
ing a physically motivated model, we can calculate the
Geld distribution within the superlattice as a function of
external voltage. The theoretical calculations agree well
with the experimental results.

The organization of this paper is as follows. In the
next section, we describe the details of sample param-
eters and the experimental conditions. In Sec. III, we
report on the determination of the subband spacings by
Raman scattering and HSPL measurements. In Sec. IV,
we compare the intensities of HSPL with the I-V charac-
teristic and interpret the data. Calculations of the field
distribution using a microscopic model are presented in
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Sec. V. Finally, in Sec. VI we summarize our results and
draw conclusions.

II. SAMPLE PREPARATION
AND EXPERIMENTAL DETAILS

The samples have been grown by molecular beam epi-
taxy on (001) n+-GaAs substrates. Experimental results
on four samples are presented. Their parameters are
listed in Table I. Samples 1, 2, and 3 are undoped, while
the central 5 nm of each well in sample 4 is doped with
Si donors at a density of n = 3 x 10 cm . The super-
lattices are sandwiched between heavily doped layers to
form p+ —i —n+ (samples 1—3) and n+ —n —n+ (sample 4)
structures. To avoid depletion regions, graded layers are
inserted between the superlattice region and the heavily
doped layers. The samples are processed into mesas of
area between 0.01 and 0.16 mm2 with Ohmic Cr/Au con-
tacts on the top and AuGe/Ni contacts on the bottom.
Because of the doping in sample 4, it exhibits domain
formation in the dark, while photoexcitation is used to
generate a large carrier density and, thus, domain for-
mation in the undoped structures. The latter show dark
currents below 1 nA in reverse bias. Typical excitation
powers are between 10 and 60 mW. The diameter of the
focus is 100 pm. All measurements were performed
below 10 K.

Band-gap PL spectra were measured using an Ar+-
laser-pumped tunable Ti:sapphire laser with an excita-
tion energy LuL, ——1.722 eV. The HSPL spectra were
obtained using the 1.916 and 1.833 eV lines of a Kr+
laser. Resonant Raman measurements of sample 1 and 2
were performed using the 1.916 eV Kr+ line and an Ar+-
laser-pumped tunable dye laser with ~L, ——1.943 eV, re-
spectively. These energies were chosen in order to match
the resonant condition at the superlattice critical point
derived from the Eo + Ao gap of GaAs. Spectra were
recorded in the z(x', x')z and z(y', z')z configurations
where x', y', and z denote the [110],[110],and [001] direc-
tions, respectively. Since the intensity of HSPL is many
orders of magnitude weaker than the band-gap PL, a Ra-
man setup (Dilor X-Y multichannel system) was used to
measure these signals. The band-gap PL was measured
using a 1-m single monochromator with a liquid nitrogen
cooled charge coupled device detection system. Current-
voltage characteristics were recorded using a Keithley 236
source measure unit.

III. MEASUREMENT OF THE
SUBBAND SPACINGS

The knowledge of the electron subband spacings in
superlattices is very important for electric field domain

studies because it determines the Geld at which resonant
tunneling occurs, i.e. , F, = (E; —Eq)/(ed), where E, is
the energy of the ith subband. We will label the elec-
tron subbands by e; and the heavy-hole ground state by
hi. The approximate Beld strengths of domains can be
estimated since domain j is associated with the ei m e~
tunneling resonance. Two optical techniques are used
to measure the subband spacings of superlattices. Ra-
man scattering by intersubband. excitation is an effective
way to measure the separation between subbands. The
spin-density peak energy is close to the actual separation
of the subbands. The relatively narrow line shape of Ra-
man peaks allows a precise determination of the subband
spacings. Higher subband (ezhq) PL refers to the emis-
sion due to recombination of electrons in the jth subband
and heavy holes in the first subband. Neglecting the dif-
ference in binding energies for elhi and elhi excitons,
the energetic separation between elhi and eihi PL is
also a good estimate of the subband spacing between ei
and e~. Compared to absorption experiments, the iden-
tification of elhi exciton peaks is more reliable because
only transitions involving the Grst hole subband are dom-
inant. The elhi transitions are nominally forbidden in
infinitely deep wells and at zero Beld, but their oscilla-
tor strength becomes nonzero under the application of an
electric field. Figure 1 illustrates schematically the elhi
interband and the eie~ intersubband transitions.

The Raman spectra of sample 1 at —2 V are shown in
Fig. 2. Besides the two longitudinal-optical (LO) phonon
peak at 73 meV a broader peak appears at 61.5 meV
in the depolarized and at 67 meV in the polarized Ra-
man spectrum. These peaks are ascribed to the eie2
intersubband transition of photoexcited electrons due to
spin-density and charge-density excitations in the depo-
larized [z(y', 2.")z)] and polarized [z(x', x')z] spectrum,
respectively. The assignment of these peaks is consistent
with the observed laser power and voltage dependence.
In particular, the intensity of the intersubband peak in-
creases nonlinearly with the laser power. A significant
shift (5 meV) is observed between the charge-density and
the spin-density peak position. Due to the blueshift of
the subband spacing with increasing Geld, the energy of
the peak increases at higher voltages. Therefore, we
determine the subband spacing using only the spectra at
voltages, that are in the vicinity of corresponding tun-
neling resonances. In sample 1, the ei —+ e2 resonance
occurs at —2 V. Based on the position of the spin-density
peak, we estimate that the e2 —ei separation of sample
1 at —2 V is 61.5 meV. Similar measurements have been
carried out for other samples 2 and the corresponding
subband spacings are listed in Table II.

The occupation of higher subbands by resonant tun-

TABLE I. Sample parameters.

Sample
1
2
3

Well width/material
14.4 nm/ GaAs
13.1 nm/ GaAs
9.0 nm/ GaAs
9.0 nm/ GaAs

Barrier width/material
3.4 nm/ AlAs

7.9 nm/ Ala. ssGao. 65As
4.0 nm/ AlAs
4.0 nm/ AlAs

No. of periods
50
100
40
40

Built-in voltage
1.3 V
1.5 V
1.5 V
0 V
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FIG. 1. Schematic diagram showing the interband emis-
sion transitions eqhq and e2hq as well as the intersubband
transition ei e2 in a quantum well in an applied electric field.

FIG. 2. Polarized [z(x', x')z] and depolarized [z(y', x')z]
Raman spectra of sample 1 at an applied voltage of —2 V.
The narrow feature at 73 meV is due to scattering by two LO
phonons. The intersubband spin-density excitation is labeled
eqeq. The peak at 67 meV in the polarized spectrum is its
charge-density companion.

neling can be studied directly by photoluminescence and
electroluminescence measurements. 2 At low temper-
atures, electrons are injected by resonant tunneling from
the first subband into a higher subband in the adjacent
well followed by a relaxation into the ground state via
intersubband scattering. Figure 3 reproduces the eq h~,
e2hq, and e3hq PL spectra at different voltages for sam-
ple 1. Two eqhq PL peaks are observed between —2 V
and —5.4 V while three peaks are seen at voltages below
—8 V. Previously, two eqhq peaks were also detected be-
tween 1.5 V and —1.4 V at a different excitation power.
The e2hi PL peak clearly emerges at about —2 V and
the e36~ PL peak appears at voltages below —5 V. Due
to the large well width of this sample, the Stark shifts of
the PL peaks at larger fields are significant. As a result
we can clearly resolve the HSPL associated with different
domains for the first time. Two e2h~ PL peaks are seen
at voltages between —4.8 and —5.4 V, while two e3hi are
observed between —9.7 and —12.7 V.

A comparison of the peak energies of the elk~, e2hq,
and e3hq PL lines is illustrated in Fig. 4. To facilitate
our discussion, we divide the diagram into several volt-
age regions by using vertical solid lines. I-II, II-III, and

III-IV-V label the regions of coexistence of two or three
domains. These are the regions where electric field do-
mains exist according to the PL measurements. It will
be shown later that these assignments are also consistent
with the photocurrent measurements. For example, I-II
stands for the region of coexistence of domain I and II.
The regions denoted by first TR and second TR are the
transition regions between different domain regimes. We
will discuss the origin of these intermediate regions in the
next section. In the e~h~ spectra, two peaks are detected
in the II-III region. However, three peaks are observed in
the III-IV-V region. The additional line between the PL
peaks associated with domain III and IV was previously
assigned as a region (domain V) due to resonant align-
ment between e2 and e4. However, since the e2 subband
is not significantly occupied, this assignment cannot be
sustained. The origin of this peak is at the moment un-
clear. The elhi PL spectra clearly show that several
regions of well-defined field strengths can coexist in the
sample. In the e26~ and e~h~ spectra only two peaks are
observed in the II-III and III-IV-V region, respectively.

TABLE II. Conduction subband spacings determined by Raman scattering and higher subband
photoluminescence (HSPL) measurements.

Sample Subband spacings

E2 —E~
E3 —Eg

E2

Raman scattering
(meV)
61.5

59.5

142
137

Higher subband PL
(me V)

61
163
60
146
141
138

Calculated
(meV)

60
162
64
167
137
137
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W = Nd + 2l~ A„where % denotes the number of pe-
riods and lG A, the width of the undoped GaAs layers
between the superlattice and the graded layers. Using
the measured subband spacings, we calculate Vi~ for dif-
ferent samples.

The theoretical values of subband spacings are also cal-
culated by solving numerically the Schrodinger equation
for a single quantum well. The calculated subband spac-
ings are comparable to the measured values (see Table
II). For sample 2, the difference between the calculated
and measured values can be accounted for by using a
slightly larger well width in the calculations.

FIG. 3. eihi (left), e2hi (middle), and eshi (right) photo-
luminescence spectra of sample 1 at di8'erent voltages.

IV. COMPARISON OF THE VOLTAGE
DEPENDENCE
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We did not try to resolve the two elhi PL lines in the I-II
regime, since there is no signal from higher subbands.

The difI'erences in energies between the elhi and elhi
(j = 2, 3) PL lines are listed in Table II. Similar measure-
ments have been performed on sample 2, 3, and 4. The
subband spacings determined by Raman scattering and
HSPL measurements are the same within experimental
errors. The ei —+ ez resonant tunneling voltage (Ui~)
can be calculated using

2 —1
n$ 1—&tran
nj 7jk

Ttran

Tj

where w~k is the intersubband scattering time from jth
to the A;th subband, ~~ is the effective intersubband scat-
tering time, and wt, „ is the well-to-well transit time at
resonance from ei to e~. ln Eq. (2), we assume that
the tunneling time out of the higher subbands and the
electron-hole recombination time are large compared to
the intersubband scattering time. This is justified since
r~ is typically smaller than 1 ps for subband spacing
larger than the LO phonon energy (36 meV). Moreover,
the carriers are assumed to be present mainly in the first
subband. For weakly coupled superlattices, wt, „is of the
order of nanoseconds. Therefore, n~ is expected to be at
least three orders of magnitude smaller than ni. Exper-
imentally, the ratio of elhi to elhi PL intensity is 10—
10s. This ratio is a good estimate of ni/nz provided that
the correction factors due to difFerent oscillator strengths
of elhi and elhi transitions are included. The relation-
ship between elhi PL intensity and the current due to
ei —+ ez resonant tunneling can be approximately ob-
tained as follows. The current density J is equal to the
two-dimensional electron density divided by 7t, „. To-
gether with Eq. (2), we have

Under steady-state and spatially uniform conditions,
the ratio between the electron concentration in the jth
subband (n~) and the first subband (ni) at resonant field

F~ is given by

1st

TR

~fld k~
TR 4gyg~& &tran

I-II II-III III-IV-V
L I I I ~ I I I i ~ ~ I i I ~ I

0 -5 -10
Applied Voltage (V)

FIG. 4. PL energies for sample 1. The vertical solid lines
separate single domain transition regions (TR) from those of
domain coexistence (I-II, II-III, and III-IV-V).

The variation of 7&. with field is small. Under the con-
dition of ei ~ e~ resonant tunneling, the current and the
electron concentration in the jth subband increase dras-
tically due to reduction of wt, „.Therefore, the observa-
tion of an increase of the e~hz PL intensity is a definite
signature that the bias of the sample is approaching the
resonant tunneling condition. This allows one to deter-
mine whether the field strength of a domain is equal to
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or below the corresponding resonant field value.
At very low excitation power ( 10 W), there is

no structure in the I-V measurement of sample 1. As
shown in Fig. 5(a), the photocurrent-voltage character-
istic exhibits clear oscillatory structures when the exci-
tation power is increased to 40 mW. The same notations
as in Fig. 4 are used to label diferent domain regions.
The three current plateau regions are denoted by I-II, II-
III, and III-IV-V. Consistent with the PL measurements,
oscillatory structures are seen in regions, where two or
three domains coexist. The number of discontinuities in
each plateau is of the order of the number of superlattice
periods. Between the difFerent current plateaus, there
are transition regions where the current rises abruptly.
The single e»h» PL peak suggests that only one domain
remains in these transition regions. In Figs. 5(b) and
(c), we compare the voltage dependence of the e2hi and
the e36» PL intensities with the photocurrent for sample
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FIG. 5. (a) Photocurrent vs applied voltage for sample l.
The arrows denote the voltage corresponding to the eq —+ e2
and eq ~ e3 alignment as determined from the optical data.
(b) and (c) PL intensity of the higher subband transitions vs
applied voltage.

1. In the I-II region, no e2h» PL signal is detectable.
This clearly demonstrates that domain II exhibits a field
strength below the resonant Geld E2 in this region. The
e~h» PL line emerges only at about —1.4 V with its in-
tensity increasing together with the photocurrent in the
first transition region. Both the photocurrent and the
e26» PL intensity peak at about —2 V, which is consis-
tent with the value of resonant condition predicted from
the measured subband spacing. These results also im-
ply that only one domain remains in the Grst transition
region, and its Geld strength increases to a value that cor-
responds to the field strength of the e» —+ e2 tunneling
resonance.

In the II-III region, two e26» peaks are observed. The
intensity of the e2h» PL peak associated with domain II
decreases with increasing voltage because of the length
reduction of domain II. The linear decrease of its inten-
sity suggests that the low-field domain (II) remains al-
most resonantly coupled as it contracts. The e2h» peak
associated with domain III appears at voltages below
—4.8 V, and its intensity increases with the current in
the second transition region. The maximum intensity of
the e2h» PL from domain III occurs only at the onset
of the next current plateau (—8 V). This again indicates
that only domain III remains in the second transition re-
gion. The field strength of domain III approaches the
condition of resonant tunneling only when it becomes a
low-field domain (below —8 V). The voltage range of the
second transition is much larger than that of the first
transition. It implies that the width of the e» ~ e~
resonance is also much larger than that of the e» ~ e2
resonance. In the III-IV-V region, only the e2h» signal
from domain III can be observed. Its intensity decreases
linearly as domain III contracts. Unfortunately, the e26»
signals associated with domains IV and V are not observ-
able due to the presence of a strong e»h» PL background.

As expected, no e36» PL signal from domains I and
II is detectable. The e3h, » PL associated with domain
III only appears at voltages below —5 V indicating that
the field strength of domain III is below the resonant
field I"3 in the II-III region. Its behavior with voltage
follows almost exactly that of the e26» PL. The strong
correlation between the e36» and the e26» PL intensities
demonstrates that the ratio of the electron population in
e3 to that in e2 is rather constant in domain III. This is
reasonable because most of the electrons in e2 are pro-
duced by relaxation from e3. Two e3h» PL peaks are
detected in the III-IV-V region as opposed to a triplet in
the e»h» PL spectra. Based on the separation of the e»h»
PL peaks associated with domains IV and V ( 12 meV),
the energy separation of esh» peaks associated with do-
mains IV and V is calculated to be only 7 meV. After
considering the peak width of eshi PL ( 13 meV), we
conclude that the two peaks associated with domains IV
and V cannot be resolved. Moreover, no t 46» signal is
observable in the III-IV-V region, which indicates that
domain IV is below the resonant Geld E4.

The voltage dependence of the e26» and e36» PL in-
tensities of sample 2 have been discussed in a previous
publication. Similar correlations between the e~h» PL
intensity and the photocurrent are seen. In the I-II re-
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FIG. 6. Comparison between e2hz PL intensity (open cir-
cles) and current (dots) vs applied voltage for sample 4.

V. CALCULATION OF THE FIELD
DISTRIBUTION

UNDER DOMAIN FORMATION

To explain our experimental observations, we use a
transport model to calculate the I-V characteristics and
field distribution in the superlattice. We consider a
superlattice with a period d = l+ 6, where l and 6 de-
note the widths of the GaAs well and the AlAs barrier,
respectively.

For simplicity, we focus on the Brst and second sub-
bands only, although an extension to higher subbands is
straightforward. Denoting each well by a superscript (A,'),
k = 1, ..., N, we have to find steady-state self-consistent
solutions of the rate equations for the first subband

~ (k) ~(k) + (k —i)~ (F(k)) n(k)~ (F(k+i))
(k —i)y ( F(k)) + (k+i) y (F(k+i) )

— '"' X(—F("))+ X(F("+')) (4)

gion (between 1.5 and —3.5 V), no e2hi PL signal is seen.
The elhi PL line indicating resonant alignment between
e q and e2 only emerges at voltages beyond —3.5 V and
reaches its maximum intensity at —4.6 V. In the II-III
region (between —4.6 V and —12.5 V), the absence of
the e3hi PL indicates again that the Geld strength of the
high-field domain (III) is smaller than Fs. In the sec-
ond transition region (between —12.5 V and —14 V), the
e3hi PL rises together with the current, implying that
the Beld strength of domain III increases to a value equal
to F~ at —14 V. The intensities of the elhi PI and the
photocurrent display maxima at the resonant voltages
predicted by the measured subband spacings.

The number of periods, the barrier width, and the well
width of samples 3 and 4 are the same. The only dif-
ference is that the doping in sample 4 leads to a two-
dimensional electron density of about 1.5 x 10 cm jn
each well. In Fig. 6, we compare the e2hi intensity with
the current in sample 4. The photoexcited carrier con-
centration in this sample is negligible compared to the
electron density due to doping. No significant e2hi PL
signal is seen in the fi.rst plateau region where domains I
and II coexist. In the transition region, domain II occu-
pies the entire superlattice. The intensity of the e2hi PL
and the current rise abruptly in this region. This again
shows that domain II is under a resonant tunneling con-
dition only when the onset of the next plateau is reached.
For sample 3, the behavior of the e2hi PL signal is sim-
ilar. The e2hi PI peak clearly emerges only during the
first transition region. The maximum of the elhi PL in-
tensity and the photocurrent occur at the same voltage
(—4.6 V). For the undoped sample (sample 3), the above
observations are also consistent with the resonant volt-
age predicted by the measured subband spacing. How-
ever, the onset voltage of the second plateau in the doped
sample (sample 4) is considerably larger than the voltage
estimated from the optical data. This is probably due to
an additional voltage drop in the contact regions. The
results of the e2hq PL in the doped sample demonstrate
that our observations are not related to photoexcitation.

the second subband

n'"' = —X(") + n'" "a (F("))— '")a (F("+'))
(k —1)X(F(k)) + (k+1)X( F(k+] ))

y ( F(k)) + y(F(k+i)) (5)

where the dot denotes the temporal derivative, and Pois-
son's equation

eE'o(F "+ —F "
) = el(ni + n2 —WD). (6)

Here F~"~ is the average Beld between the wells with in-
dex (Ic—1) and (k) and %D is the effective electron density
provided by photoexcitation or doping in the wells. R,.
is the rate of electrons crossing the barrier between two
equivalent subbands with index i. We use the expression
for the transport in a miniband E;(q) = E; —A, cos(qd)

F/F
h r, ] + (F/F)2

with F = h/(edV'7 7,). This expression has been de-
rived in Ref. 29 where the inHuence of the difFerent scat-
tering times w and w, for momentum and energy re-
laxation, respectively, has been considered. X and Y
are the rate coefIicients for resonant tunneling ei ~ e2
and e2 ~ ez, respectively, calculated by perturbation
theory. The rates X and Y become small ofF resonance,
but do not vanish due to the quantum mechanical energy
uncertainty. Note that the inverse tunneling processes
with X( F) and y( F) ar—e very small —in general. In
the low-field case they compensate the processes X(F)
and Y(F).

The intersubband transition rate A~ "~ derived in
Ref. 30 was used in Ref. 17 to solve the above equa-
tions. Meanwhile, we found that this expression is only
valid for the resonant optical transitions and not for the
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optical-phonon scattering considered here. Thus, we use

the simpler form A = n2 /&2i with 72i ——1 ps now.(A:)

(The two expressions difFer only for high doping. )
We also note that the figures in Ref. 17 were ob-

tained with a dielectric constant, which was two orders
of magnitude too small. This resulted in the formation
of domain states for very low doping. Stable domains
similar to the result in Ref. 17 are found for a doping
density ND above 2 x 10 cm . All features, espe-
cially the multistability, are qualitatively unchanged
(see Ref. 28).

We model the contacts by the boundary conditions

n, = n~ and n, + = n; . The fields have to satisfy
U = dg& +i E(") for fixed bias U. Figure 7(a) shows
the resulting current density-field characteristic calcu-
lated for a model superlattice of l = 9 nm, 6 = 1.5 nm,
and ND ——6.7 x 10 cm with the restriction of a spa-
tially homogeneous Geld distribution. The first maxi-
mum is due to miniband transport whereas the second,
higher peak describes the ei —+ e2 tunneling resonance.
In Fig. 7(b) the current-voltage characteristic is shown
for the same superlattice with 40 wells for a sweep up
of the voltage without the imposed restriction of homo-
geneity. The deviation from Fig. 7(a) indicates that an
inhomogeneous Geld distribution has formed. The suc-
cessive jumps correspond to a shift of the domain wall
by one superlattice period, respectively, as illustrated by
the corresponding field profiles in Fig. 8(a). The asso-
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FIG. 8. Calculated field (a) and electron density (b) dis-
tribution before (full line) and after (dashed line) the jump
marked by an arrow in Fig. 7(b).
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FIG. 7. (a) Calculated current-field characteristic. (Sim-
ulation parameters: e = 13.18, ~2q —— 1 ps, w = 2 ps,

0 005 ps, Eq —— 44 6 meV, 4q —— 1 4 meV,
E2 = 180.2 meV, and A2 ——6.1 meV. ) The two dots on the
dashed line indicate possible coexisting domain states (see
text). (b) Current-voltage characteristic for a sweep up of
the voltage under domain formation.

ciated carrier densities are depicted in Fig. 8(b). One
clearly sees that the saxnple decomposes into a low-field

(I) and a high-field (II) domain, where the carrier den-
sity is equal to the doping density %D, while negative
charge accumulates around the domain boundary which
extends only over a few periods. It follows that the sam-
ple breaks up into two coexisting regions where spatial
homogeneity and charge neutrality hold, and which are,
therefore, described by points on the local J(E) charac-
teristic of Fig. 7(a). Since due to current conservation
the current through the low-field domain must equal the
current through the high-field domain, the possible I-II
domain states must lie on a horizontal line as indicated
by the dashed line in Fig. 7(a). An upper and a lower
bound for the possible currents of the I-II domain states
are obviously given by the first maximum and the mini-
mum of the J(E) characteristic from Fig. 7(a). Note that
these bounds are neither reached in the theoretical nor
in the experimental characteristic (Fig. 6). The fields in
domains I and II are always below the resonance fields Ei
and E2, but the distance to resonance is much smaller in
case of domain I than for domain II, which results from
the shape of the homogeneous J(E) characteristic.

With increasing voltage U both the fields in domain II
and —albeit to a smaller extent in domain I grow until
the state becomes unstable and a new state forms, where
the high-field domain grows by one superlattice period.
This induces a vertical jump in the current-voltage char-
acteristic, see Fig. 7(b). As the length of the high-field
domain increases, the fields in both domains must de-
crease in order to keep the total voltage constant. Thus,
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result from tunneling without in-plane momentum con-
servation.

Figure 9 summarizes the behavior of the fields in do-
main I (lower full lines) and domain II (upper full lines)
with increasing voltage. It is clear that the fields are
always below the respective resonance fields (dotted hor-
izontal lines), and that the field in the uniform domain
state (rightmost branch) increases monotonically to the
resonance F2. The model thus is in excellent agreement
with the PL and photocurrent measurements. Analogous
arguments hold for the II-III and higher domain states.

FIG. 9. Calculated electric field in the high-field (upper full

lines) and low-field (lower full lines) domain depending on the
external bias during the sweep up of Fig. 7(b). The dotted
lines depict the resonant values I"q and I"2,.

VI. SUMMARY AND CONCLUSIONS

the current is reduced after the jump. The slope of the
domain branches of the current-voltage characteristic be-
comes successively smaller with increasing U since the ef-
fective resistance increases as the relative fraction of the
high-Geld domain increases, in good agreement with the
experiment (Fig. 6).

Finally, when the bias becomes large enough, the do-
main I vanishes and the current can increase beyond the
left maximum in the J(I") characteristic. (In our sim-
ulation this happens in a state which is still inhomoge-
neous. The chosen boundary condition seems to pin the
inhomogeneity to the first barrier until a larger current
is reached. ) Then the field can reach the ei —+ e2 reso-
nance value E2. This explains the strong current increase
in the first transition region and the strong emergence of
the e2hi PL intensity peak in Fig. 6 as the resonance is
approached. While the general features of the model are
in good agreement with the experiment we find a discrep-
ancy in the occupation of e2 in the I-II domain region.
The model yields a small but nonvanishing occupation of
e2 due to the contribution of X(I") at the nonresonant
value of F in the high-field. domain, while the PL data
seem to exclude any occupation of the calculated order of
magnitude. Of course the width of A (I") is decreased if
we use the experimental barrier width of 4 nm instead of
1.5 nm. Nevertheless, our nonresonant background is still
too low. This indicates that the model overestimates the
width of the resonance in X against nonresonant back-
ground currents between equivalent valleys. These might

In this paper we have performed a detailed study of the
field distribution under electric field domain formation in
superlattices. Table III compares the applied voltages for
both the positions of maximal photocurrent and maxi-
mal elhi intensity with the voltage determined from the
measured subband spacings. The good agreement of all
values confirms that the current maxima are caused by
resonant tunneling from ei into the corresponding higher
subband leading to a large occupancy of the respective
subband e~. . Thus, the intensity of the photoluminescence
line e~h, i gives strong evidence for the resonant alignment
of this level with ei.

In the voltage range between the resonances ei ~ e2
and ei ~ e3 an oscillatory structure in the current-
voltage characteristic appears. The fact that two eihi
peaks arise clearly proves that two domains with difFer-

ent electric fields exist in this voltage region. Although
the Geld in the high-field domain is close to the value of
the ei —+ e3 resonance, the lack of a strong photolumi-
nescence signal e3hi indicates that the resonant field F3
is not yet reached. Thus, the wells are coupled nonres-
onantly in this high-field domain. These features occur
both for undoped samples under optical excitation and
for doped samples.

The theoretical calculation yields a current-voltage
characteristic and electric field profiles, which are quali-
tatively in good agreement with the experimental obser-
vation. We find that the interface region between the two
field domains is of the order of two wells. The electric
field is clearly below resonance condition in the high-Beld
domain, but almost at the resonance Geld in the low-field

TABLE III. Applied voltages for resonant subband alignment.

Sample Ui, (ei -+ e, )

Ui3

Uis

From subband
spacing (V)

—1.8
—7.4
—4.6
—13.5
—4.7
—6.1

Prom current
maxima (V)

—2.0
—8.0
—4.8
—14.0
—4.6
—7.4

From e~ hq PL intensity
maxima (V)

—2.0
—7.4
—4.9
—14.5
—4.7
—7.4
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domain.
The question, which remains to be solved, concerns

the nature of the nonresonant current in the high-Geld
domain: do the carriers tunnel resonantly through virtual
states of the second subband or is the transport governed
by nonresonant tunneling from the bottom of the erst
subband into a higher energy state of the erst subband
in the adjacent well? In order to solve this question it is
necessary to expand the existing theoretical approach to
include the nonresonant channel.
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