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We report on the experimental evidence of electric-field domain formation induced by the intersubband
photocurrent inn-type GaAs/AlxGa12xAs multiple quantum wells. The domain structure manifests itself by a
plateaulike regime in the voltage dependence of the total current under infrared illumination. Domain forma-
tion is caused by a negative differential field dependence of the photoexcited carrier mean free path. The
domain structure does not exist in the dark since the increase of the thermally excited carrier density in the
continuum overrides the decrease of the mean free path.@S0163-1829~98!51824-3#

Electric-field domains in semiconductor superlattices
have been the topic of extensive research since the prediction
of negative differential conductivity.1 In weakly coupled
n-type superlattices, negative differential conductivity
~NDC! phenomena are caused by the transition from mini-
band conduction to nonresonant sequential tunneling2 be-
tween adjacent quantum wells. These processes give rise to
the formation of stable electric-field domains, where the low-
field domain is characterized by miniband conduction and
the high-field domain by sequential resonant tunneling be-
tween the first and second minibands of adjacent quantum
wells.3–5 In undoped superlattices, electric-field domains
have also been induced by interband optical excitation.6 In
this case, the field distribution was studied directly via the
Stark shift of the photoluminescence energy.

Electric-field domains also exist in bulk GaAs and other
compound semiconductors. Propagating electric-field do-
mains give rise to the Gunn effect, which is of importance
for microwave oscillators.7,8 Here the NDC is caused by in-
tervalley scattering of electrons. The negative differential de-
pendence of the drift velocityvD as a function of the electric
field F can be approximated by the expression8,9

vD~F !5
m1F1vv~F/Fc!

4

11~F/Fc!
4

, ~1!

wherem1 is the mobility at theG point, vv the asymptotic
drift velocity for F→`, andFc the characteristic field.

In this paper, we show that electric-field domains can also
be induced by bound-to-continuum transitions inn-type mul-
tiple quantum wells~MQW’s! under infrared optical illumi-
nation. In contrast to superlattice structures, negative differ-
ential conductivity is not caused by sequential resonant
tunneling since the individual wells are separated by suffi-
ciently large barrier layers. Instead, domain formation is due
to a negative differential field dependence of the photoex-
cited carrier mean free path. No domains are found in the
dark, since thermal carrier emission increases strongly with
electric field, while the optical excitation rate is approxi-
mately constant.

We observe these effects in MQW structures optimized
for bound-to-continuum transitions, which are widely used
for infrared detection in the 8–12mm atmospheric
window.10,11While the behavior reported here is found to be
typical for this class of layer structures, we concentrate in the
following on a representative MQW structure containingN
550 n-type GaAs quantum wells~QW’s!, embedded be-
tween 48 nm thick Al0.26Ga0.74As barriers. The quantum
wells are 4.1 nm thick and Si doped to a sheet concentration
of 431011 cm22 per well. The MQW is sandwiched be-
tweenn-type contact layers. The sample was grown by mo-
lecular beam epitaxy on~100!-oriented, semi-insulating
GaAs substrate and processed into mesa diodes of 0.014
mm2 with Ohmic contact metalization.

Important information concerning the electronic transport
properties is obtained from thephotoconductive gain g
5Lc /L, whereLc is the drift length of the carriers excited
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into the continuum before being recaptured by the QW’s and
L5NLp is the width of the MQW structure of periodLp . g
is also accessible from the dark currentI D and its associated
generation-recombination (G-R) noisei GR within the band-
width D f . If Lc@Lp , i GR is given by the relation10,12

i GR
2 54geIDD f . ~2!

G-R noise represents the dominant noise contribution for the
bound-to-continuum photocurrent since tunneling out of the
QW ground state is negligible.

It has been shown previously10,12 that thermally and opti-
cally excited electrons are in fact associated with identical
gain values. In order to motivate this behavior, we note that
the scattering length of electrons in the continuum is,100
nm, while the drift lengthLc is .0.5 mm. Therefore, ther-
mally and optically excited electrons in the continuum
should have the sameg since they are expected to have
identical energy distributions.

We have measured the dark current noisei N as a function
of applied voltageV. The G-R noise is calculated via the
relation i GR

2 5 i N
2 2 i J

22 i AM P
2 , which takes into account cor-

rections due to the Johnson noisei J , given by i J
2

54kBT(dID /dV)D f , and due to the measured amplifier
noise i AM P . The field dependence ofg is plotted in Fig. 1.
Reliable values ofg are obtained at electric fields down to
about61 kV/cm. At fields above68 kV/cm, g exhibits a
pronounced negative differential behavior. This negative dif-
ferential dependence is expected to induce NDC in the case
of a constant carrier density in the continuum.

It is instructive to relate the measured gain with the drift
velocity. Using the relationg5vDtc /L and assuming a con-
stant capture timetc , we have used Eq.~1! in order to obtain
a numerical fit to the measured data in Fig. 1. The fit yields
Fc58.0 kV/cm ~9.3 kV/cm! for positive~negative! polarity,
vvtc50.40 mm ~0.32 mm), and m1tc51.57 mm2 ~1.35
mm2). Since this value ofFc is only twice as large as in bulk
GaAs,8,9 it is plausible that the observed decrease ofg is
indeed caused by intervalley scattering. As indicated in Fig.
2~a!, theL minimum of Al0.26Ga0.74As lies slightly below the

X minimum,13 such that theG-X transfer is expected to be as
efficient as theG-L transfer due to the large density of states
at theX minimum.

Concerning the capture timetc and its field dependence,
we note thattc'6 ps atF50 has been predicted previously
for similar MQW structures.12,14 For F.0, tc,7 ps has
been obtained in recent time-resolved photocurrent
measurements.15 We therefore expect thattc changes only
slightly with field. Estimatingtc to a value of about 5 ps, our
fit allows us to determine the mobility and the saturation drift
velocity of the electrons in the continuum above the
Al0.26Ga0.74As barriers. We findvv57.93106 cm/s (6.5
3106 cm/s for negative polarity! and m153100 cm2/V s
~2700 cm2/V s). vv has a similar value as typically observed
in bulk GaAs, whilem1 is about three to four times smaller.
The lower value ofm1 ~as compared to bulk GaAs! is in
good correspondence with the observed higher value ofFc .
The noise gain in Fig. 1 shows a slight asymmetry with
respect to the polarity of the bias, which is attributed to an
asymmetric distribution of the dopant atoms with respect to
the well centers.10,16

Let us now turn to the conduction properties under optical
illumination. Figure 3~a! summarizes current-voltage (I -V)
measurements under illumination with 9.2mm radiation
from a CO2 laser. All curves show a linearI -V characteristic
for uVu,1.0 V. For uVu.1.4 V, we observe a characteristic
plateau behavior in the regime where the photocurrent is
much higher than the dark current. Again, there is a slight
dependence on the polarity of the bias, which is explained by
an asymmetric dopant distribution.

FIG. 1. Measured photoconductive gaing as a function of ap-
plied voltage and electric field. The solid line indicates a theoretical
fit.

FIG. 2. ~a! Potential distribution of theG, L, andX minima of a
GaAs/Al0.26Ga0.74As MQW structure.~b! Schematics of high- and
low-field domains, showing the translation of the transition region
~indicated by the dashed and dotted lines, respectively! upon chang-
ing the bias voltage.

FIG. 3. Total current vs applied voltage at different incident
powers as indicated,~a! as measured,~b! as expected in the case of
a constant electric field across the MQW structure~full lines!. The
expectedI -V behaviors in the case of domain formation at the peak
and valley current values, respectively, are indicated in~b! by
dashed and dotted lines.
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In order to understand the physics behind the observed
plateau behavior, we express the current densityI (F) as
I (F)5e@nth(F)1nopt#vD(F), where we have introduced
the thermally and optically excited carrier densitiesnth and
nopt , respectively. Using the conventional definition10,12 of
the responsivity~the photocurrent per incident power!, R
5ehg/hn, we have enoptvD5ehgP/hn. Here h is the
quantum efficiency,P the power density, andhn the photon
energy. We thus obtain

I ~F !5eFnth~F !
L

tc
1

hP

hn Gg~F !. ~3!

Sinceh is approximately constant (h'6% for the present
excitation conditions!, the field dependence ofg will give
rise to a pronounced NDC for strong enough illumination.
We note thattc does not enter explicitly into the photoin-
duced component, such that a possible field dependence of
tc just enters into the thermal current.

It can be seen in Fig. 3~a! that the dark current increases
strongly with applied voltage. Due to this strictly positive
conductivity, domain formation cannot occur in the dark.
This behavior is due to the fact that the negative differential
dependence ofg(F) is overridden by the field dependence of
the termnth /tc . At the higher fields, the prominent increase
of nth(F) is attributed to the field-induced reduction of the
effective barrier height, which increasesnth because of the
Fermi distribution inside the QW’s.10

The I -V curves as expected from Eq.~3! in the case of a
spatially constantelectric field across the MQW are shown
in Fig. 3~b! ~full curves!. The curves are obtained by adding
suitable multiples of the fit function forg ~see Fig. 1! to the
experimental darkI -V curve. This procedure results in a pro-
nounced NDC under illumination.

In the NDC regime, this configuration is not stable, and
the field distribution splits up into low-field and high-field
domains, characterized by the fieldsF1 andF2, respectively.
Here current conservation requires thatI (F1)5I (F2), which
is possible in the regimes indicated by the dashed and dotted
lines in Fig. 3~b!. Under isotropic conditions along the
growth direction, the high-field domain increases at the ex-
pense of the low-field domain when the voltage across the
whole structure is increased, as indicated in Fig. 2~b!. In this
case, the current remains constant, which explains the pla-
teaus in the experimentalI -V curves of Fig. 3~a!.

The precise value of the plateau current at a given inci-
dent power depends on the details of the transport mecha-
nism, which determines the transition region between the
two domains@see Fig. 2~b!#. Let us assume for the moment
that nth andnopt are proportional to the total carrier density
n0, and that diffusion effects and displacement currents are
not present. Under these assumptions, Poisson’s equation
dF/dx5r/e requires that a negative space charger(x) is
present at the transition region. Such a situation only exists if
the current equals the peak current before the NDC regime,
such that the plateaus will be given by the dashed lines in
Fig. 3~b!.

In reality, the situation is expected to become more com-
plicated due to the details of the transport mechanism in the
MQW structure. It has been shown recently by Kwoket al.17

within a rate equation approach that domain formation in

weakly coupled superlattices occurs at currents that are sig-
nificantly below the peak current. We expect a similar reduc-
tion to occur when taking into account the microscopic struc-
ture of the MQW, such that the resulting plateau value will
be located between the peak and valley currents@dashed and
dotted lines in Fig. 3~b!#.

We have also measured the bias dependence of the re-
sponsivityR using the methods of Ref. 18. As summarized
in Fig. 4, we observe an approximately linear increase ofR
at small bias, a regime with a pronounced plateaulike struc-
ture at intermediate bias, followed by a decrease at high bias.
The general behavior can be understood by taking the differ-
ence between the curves of Fig. 3~a! with and without illu-
mination. In particular, due to the nonmonotonic electric
field, the decrease ofR toward high bias is different from the
negative differential behavior ofg in Fig. 1. In fact, this
decrease originates from an increase of the dark current that
has been subtracted from the total current, rather than from a
decrease ofg. At the highest bias voltages@above611 V in
Fig. 3~a!#, the dark current is much larger than the photocur-
rent. Therefore, we obtain again a constant field across the
MQW, such thatR does not depend any more onP ~see Fig.
4!.

The measurement of Fig. 4 also reveals some features
which cannot be explained within our previous theoretical
approximations. First, the plateau value ofR decreases sys-
tematically with increasing incident power. This decrease
can be explained by assuming that the plateau is located
significantly below the peak current, similar to the observa-
tions in Ref. 17. Second, an additional structure appears at
certain power levels~at 1.9 mW and 32mW for positive
polarity, and at 42mW and 220mW for negative polarity!.
Related structures are also visible in Fig. 3~a!, where they
correspond to a slight steplike increase of the total current.
The origin of these steps is not quite understood at present.
As a tentative explanation, we take into account a fine struc-
ture in the field dependence of the transport behavior, in-
duced by resonant alignment between above-barrier states19

and/or by Stark localization of the minibands at higher ener-
gies.

We point out that the observed decrease ofR with in-
creasing power is different from the nonlinearity discussed in

FIG. 4. Photocurrent responsivity at 9.2mm illumination wave-
length vs applied voltage at different power levels as indicated.
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Ref. 18. There the nonlinearity originates from the voltage
drop at the emitter barrier. This voltage drop increases upon
optical illumination since bound-to-continuum excitation is
negligible at the GaAs contact. Therefore, the field across the
active MQW region is reduced, such thatR decreases at
small bias voltages (uVu,1 V in Fig. 4!. When domain for-
mation has occurred, this voltage drop at the emitter barrier
just influences the domain sizes, while the photocurrent re-
mains constant. We also note that the nonlinearity associated
with domain formation is very small. It has a similar magni-
tude as observed in our previous work,18 such that it is neg-
ligible in the context of thermal imaging.10,11

In conclusion, we have found experimental evidence of
domain formation induced by bound-to-continuum transi-

tions in multiple quantum well structures. The phenomenon
is caused by a decrease of the photoconductive gain with
increasing electric field, caused by intervalley scattering of
the electrons in the continuum. Since the observed phenom-
enon is analogous to the Gunn effect, it will be interesting to
look for current oscillations in these structures. In spite of the
negative differential mobility, the electric field remains ho-
mogeneous in the dark, such that MQW structures can be
used as a model system to investigate intervalley scattering
in III-V semiconductors.
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