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An intrinsic optical bistability in a double quantum well is described theoretically. The effect is based
on the resonant tunneling of electrons against the electric-field force (the counterfield electron transfer)
and is driven and controlled by far-ir radiation exciting an intersubband transition. The theory relies on
the density-matrix technique and takes into account optical intersubband excitation, interwell tunneling,
the relaxation of populations and polarizations, and the mean-field effects of the transferred electron
charge (shifts of the levels and changes of matrix elements). Hysteresis-type curves are obtained for both
the charge-transfer probability and the optical absorption as functions of the light intensity. The theory
shows the effect to be readily observable under realistic conditions, with the exciting-light intensity as

low as 50 W/cm?.

I. INTRODUCTION

In this paper, we theoretically consider a type of intrin-
sic optical bistability in semiconductor heterostructures,
based on resonant tunneling between the coupled wells in
an asymmetric double quantum well. The optical bista-
bility in quantum-well systems has attracted a great deal
of attention since the demonstration of self-electro-optic
effect devices.! Most known types of bistability effects in
semiconductor heterostructures are electrical or optoelec-
trical, i.e., they require consumption of electrical energy
from an external source and are accompanied by a dc
current in an external circuit (e.g., Refs. 1-7).

Unlike Refs. 1-7, but similar to two recently suggested
optical-bistability effects in asymmetric quantum wells,®’
an effect considered in this paper is a pure optical bista-
bility, i.e., there is no involvement of a dc current or
external electrical-energy dissipation, and no optical cavi-
ty is required. Intersubband electronic transitions [also
called quantum-well envelope-state transitions (QWEST)
(Ref. 10)] drive the effect, and the effect reported in Refs.
8 and 9 are excited and can be monitored by far-ir radia-
tion.

However, our effect is based on resonant tunneling
through the barrier separating the two individual wells in
a double-well structure, which strongly depends on the

quantum-level alignment. Distinct from this, the mecha-
nisms of neither Ref. 8 nor Ref. 9 incorporate the reso-
nant tunneling. In fact, the electron transfer occurs in
Ref. 9 via a level lying above the top of the barrier, with
no resonant effects associated with such a transfer. In
Ref. 8, the transfer occurs via a dipole transition across
the barrier. Such transitions, even though not exactly
forbidden, are weak because of the small overlap of the
wave functions in the two wells.

The above differences are the principal differences be-
cause in our case the resonant dependence of the tunnel-
ing rate on the relative positions of the upper levels in the
two wells is the major source of the positive feedback,
necessary to obtain the bistability. Figure 1, which will
be discussed in detail in Sec. II, is an illustration of the
changes in the alignment of the upper levels in the two
wells in the process of the bistable switching. Another
important contribution to the positive feedback in our
effect, also caused by the resonant tunneling, is due to the
formation of the split-doublet levels that changes the
optical-absorption contour (see Sec. II).

As a result of the differences in the mechanism, the in-
tensity (power density) of the radiation required for the
bistable switching in our case is estimated to be on the or-
der or less than 50 W/cm?. This is many orders of mag-
nitude less than the intensity of 4 MW/cm? required in
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FIG. 1. Potential profile ¥ (x) of the double well (conduction-band offset) and the energies €; (i =1-4) of the lowest levels in the
individual wells at low radiation intensity (a) and for a critical intensity of the exciting radiation before the bistable switching (b) and
after the switching (c). The wide (W) well is the left and the narrow (W) well is the right one in the double-well structure. The coor-
dinate perpendicular to the well structure is x (other notations are in the text).
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Ref. 8 in the double-well and 80 kW/cm? in the triple-.
well geometry and the intensities of 200—-800 kW/cm? ex-
pected in Ref. 9. Thus, not only the mechanisms but also
the properties of our type of the bistability and of the
effects of Ref. 8 and 9 differ principally.

Because both the resonant tunneling and nonlinear op-
tical excitation are known to be sensitive to the polariza-
tion relaxation (dephasing), we have chosen the density-
matrix approach that allows one fully to incorporate de-
phasing described by nondiagonal elements of the density
matrix. In contrast, the rate equations employed in Refs.
8 and 9 do not adequately take into account the dephas-
ing and polarization-saturation effects. One may expect
such effects to be important, especially for high light in-
tensities.

To provide the conditions for the present type of the
bistability, one should necessarily employ the four-level
scheme of the levels in the presence of a constant bias
shown in Fig. 1 (see Sec. II). This scheme has been previ-
ously considered in our papers,'"!? where the
counterfield electron-transfer (CET) effect has been pre-
dicted. The CET is an important process in the mecha-
nism of the present bistability. Distinct from this, Ref. 8
relies on two- and three-level schemes, and Ref. 9 on a
three-level scheme.

In Sec. II we introduce and qualitatively describe the
present bistability, and in Sec. III we present a quantita-
tive theory. The obtained numerical results are presented
in Sec. IV, and the discussion is contained in Sec. V.

II. QUALITATIVE DESCRIPTION OF EFFECT

To introduce the proposed effect, let us consider an
asymmetric quantum well where the electron population
of the conduction band is created either by modulation
doping or by incoherent near-ir radiation causing inter-
band excitation. We will take into account the space
charge of electrons and the electric field associated with
it. This field is changed by light-induced transfer of elec-
trons that, in turn, effects this transfer providing a posi-
tive feedback necessary for bistability to occur. The elec-
tric field found self-consistently takes into account the
average Coulomb interaction between the electrons (but,
of course, not correlations between them). No other in-
teraction will be considered.

Examples of self-consistent potentials and'the two
lowest-lying energy levels (which are, of course, offsets of
the conduction subbands) in each of the individual wells
are shown in Fig. 1. The corresponding states in the nar-
row (N) well are denoted as |1) and |3) and in the wide
(W) well as |2) and |4). We note that Fig. 1 actually
represents a realistic quantum-well system that will be de-
scribed below along with the method of computation.
The double well is externally electrically biased to make
the ground state |1) in the N well the overall ground
state of the system and the levels |2) and |4) to lie within
the pair of levels |1) and |3). Such a sequence of levels
shown in Fig. 1(a) is achievable for an asymmetric double
quantum well and is necessary for the proposed bistabili-
ty. An optical (far-ir) radiation driving the effect is as-
sumed to have frequency @ close to but somewhat less
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(within the linewidth) than the frequency!® &5, of the
transition between the levels in the N well. The excited
levels |3) in the N well and |4) in the W well are as-
sumed to be detuned as shown in Fig. 1(a), but not too
much, so that there can exist some probability of the elec-
tron tunneling |3 )<>|4).

The origin of the bistability can be described as the fol-
lowing. We start with low-intensity radiation [see Fig.
1(a)]. While optically excited to the |3) state, electrons
tunnel to the [4) state and then undergo a relaxation
transition and accumulate in the |2) state in the W well.
This state is comparatively long-lived due to the probabil-
ity of tunneling between the ground levels |2 )«>1) being
small enough. This is the case because the |1) and |2)
levels are misaligned, and also the tunneling amplitude
for lower-lying states is small. As a net result of these
excitation/tunneling/relaxation processes, electrons are
transferred from the N to W well, i.e., against the force
exerted by the bias field. This is the essence of the
counterfield electron transfer (CET) effect, which we have
suggested in Refs. 11 and 12. We note that a change of
the bias field produced by the transferred charges and
consequent changes of the level energies ¢; (i =1-4) have
not been taken into account in Refs. 11 and 12. As we
see below, these changes may result in a strong positive
feedback bringing about bistability. Mathematically,
such a feedback results in a nonlinear system of master
equations, instead of a linear system as in Refs. 11 and 12
(see below).

With an increase of the radiation intensity, the elec-
tronic charge accumulated in the W well causes an in-
crease of the bias field inside the double well, which
reduces the detuning g,; of the excited states |3) and [4),
as shown in Fig. 1(b). This brings about two factors
which both further enhance the electron transfer and the
bias field, thus providing the necessary positive feedback.
The first is a higher rate of tunneling due to the smaller
detuning €45. The second factor is mixing of the states
[3) and |4) and formation of split-doublet levels |+ ).
The exciting radiation becomes more resonant with the
lowest level | — ) of this doublet, which also increases the
excitation rate.

At this point, the positive feedback described above
brings about a rapid increase of the electron-transfer
probability (i.e., population n, of the |2) level), the
current state of the system [Fig. 1(b)] becomes unstable,
and it hops to a state with higher n, which is illustrated
by Fig. 1(c). In this state, the level |4) is already slightly
higher than |3). Therefore, any additional electron
transfer would result in an increased detuning |es,|. This
brings about stabilization of the system. Now, the inten-
sity of the radiation may be decreased, but efficient reso-
nant excitation and transfer will sustain the resonant
state of the system shown in Fig. 1(c), which means hys-
teresis as usual for bistability.

To avoid any confusion, we note that the energy levels
presented in Fig. 1 belong to electronic states found for
two uncoupled wells. These states form a basis in which
we consider the interwell tunneling and different relaxa-
tion processes. As already mentioned above, tunneling
brings about the mixing of states of the individual wells
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and formation of the split-doublet levels. The polariza-
tion relaxation, on the other hand, suppresses the
coherent tunneling and its manifestations. These effects
along with radiation excitation are taken into account
within the density-matrix technique.

III. QUANTITATIVE THEORY

Elementary processes to be taken into account
comprise radiative excitation in both of the wells, the
electron tunneling between the wells, and the relaxation
of populations and polarizations. As emphasized above
in Sec. II, the electric field induced by the electron
charges and its influence on one-electron states, tunneling
amplitude, and the optical excitation rate are of principal
importance and will also be included.

We shall consider the problem quantitatively employ-
ing the density-matrix technique in the basis of the four
states |i ) (i =1—4) in the individual wells. We note that
distances in energy to the next states in the wells are large
(approximately proportional to the quantum number),
which justifies this truncated scheme of levels. Because
subbands are parallel and photon momentum is negligibly
small, electron momentum (which is parallel to the het-
erostructure plane) vanishes from the equation of motion
for the density matrix p. This equation has the familiar
form!?

p=ilp,H]—R , (1)

where p=0p/dt, H is the Hamiltonian, [,] denotes a
commutator, and R is a relaxation matrix (collision in-
tegral). For R we adopt the model of relaxation con-
stants similar to Ref. 12. The Hamiltonian is the sum of
the energy in the well, interaction with the electromag-
netic field, and a tunneling part, H=H,+H_, +H,,
where (H,);=¢;8;;. Considering an exciting optical
wave with (electrical) amplitude & and frequency w, we
have (H.p,);=—d;[6e ''+c.c.], where d;; are dipole
matrix elements and i,j =1,3 or i,j =2,4. As discussed
above (see also Ref. 12), tunneling between only the excit-
ed states is taken into account, which implies that
(H,);3=(H,)},=7, where 7=const is a tunneling ampli-
tude.

For simplicity, we shall consider the temperature T to
be sufficiently low, T <<¢,,, 7, so that T vanishes from the
equations. Realistically, assuming that & is not too large,
which implies that field broadening of the levels is much
less than the transition frequencies, i.e., |6d| <<g;, we
can use the rotating-wave approximation (RWA), also
known as the resonant approximation. -In the RWA, the
temporal dependencies of the population numbers n; =p;
and nondiagonal matrix elements have the forms
pu=pN1=Pue'”, pu=ph=pue'”, pn=pn=pne'
P2u=Pi=Pue'", p12=p31=P12 and p3;=pi3=p3,, Where
p;; are slowly varying amplitudes. Substituting these ex-
pressions into Eq. (1) and retaining only resonantly
enhanced terms, we obtain a system of equations in the
RWA, containing no terms oscillating with the optical
frequency o,
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A1 =21Im(p3G3, ) +y,n,+ysns ,
Ay, =2Im(py4G ) —yon,+vany ,
n3=—21Im(p3G3 +p37)—v3ns3
fg=—21Im(pyGy —P3T) —Vans

Prat(—iey+T )P = —ip1uGa +iG3p3; 2
pistlilo—ey)+T;3lp13=—in;3G3 +ipy,r,

Prtlilo—en)+T 1P =ipim™ +iG31p3—ip1,G; »
Putlilo—en)+ Tyl =ipur+iGHp5—ip1,GY
Prutlilw—eyn)+T4lp=—inyuyGh +ipyr

Paat(—iey+ T3 )psa=iny v +iGy1 P14 —ip5Gl, -

Here, n;;=n;—n;, ¢;;=¢;—¢;, v, is a decay constant of
the |i) state, T';; is a polarization-relaxation constant for
the transition |i)<|j), I",-j=%(7/,~+yj)+l_“,-j, where f,-j
is the corresponding pure-depolarization constant, and
G;;=6d,; is the Rabi frequency for the corresponding
transition.

Equations (2) are complemented with self-consistency
equations,

1d 1 d _
i TR ACOL TR DA T 3)
Vix)=U(x)—eE(x —x;)
477. x ’ x’ n n
—Te [Tax' [T v(x"dx", 4)
€ *1 *o
4
v(ix)=eN 3 n;|¥;(x)]?—ev,(x) . (5)

i=1

Here, the Schrodinger equation (3), where m* is the
effective electron mass, is to be solved for two uncoupled
wells (N and W) to obtain the one-electron wave func-
tions ¥;, energies of the levels €;, and dipole moments d;
and d,,. The potential profile of the structure V(x) is
given by Eq. (4), where U(x) is the conduction-band
offset in the heterostructure forming two quantum wells.
The last two terms in Eq. (4) yield the electrostatic poten-
tial obtained as a solution of the one-dimensional Laplace
equation, where e is the electron charge, € is an average
dielectric constant of the heterostructure material, v(x) is
the space-charge density of electrons and counterions, E
is the external bias field, x, is any point positioned out-
side the charge-containing region, and x, is an arbitrary
point where the electric potential is set as zero (in the cal-
culations, x, is positioned at the left edge of the well
structure and x, in its center). The density v(x) is deter-
mined by Eq. (5), where v, is a density of counterions
(ionized dopants) which we assume to be distributed in
the barrier regions (modulation doping), and N is the
average two-dimensional density of conduction-band
electrons, with the electrical neutrality condition implied,
N=fvc,~(x)dx.

Mathematically, Egs. (2)-(5) form a nonlinear system
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of equations. Examination of Egs. (3)-(5) shows that
feedback described by these equations is characterized by
a dimensionless coupling constant g=e’m*L3N /#’€
(here we indicate #), where L is the total thickness of the
coupled wells, and the feedback is strong for g >> 1.

We have solved Egs. (2)—(5) numerically for the sta-
tionary case (7; =0 and p;;=0). Because any numerical
procedure of finding the solution for a given optical field
& becomes unstable for & approaching the region of the
bistability, we have alternatively chosen n,, which is the
probability of transfer of electrons into the W well, to be
an independent variable. This yields a stable numerical
procedure since the solution is a single-valued function of
n,.

A solution of Egs. (2)—(5) has been found by means of
an iterative procedure (see below), changing n, by small
steps. For each n, we use the solution of the previous
step as an initial set. Doing so, from Eq. (2) using the
Newton-Raphson method we find & and also ny, nj, ny,,
and p;;. Substituting those into Egs. (5) and (4), we find
V(x). With this and using the sixth-order Runge-Kutta
method and the shooting algorithm, we solve Eq. (3) to
obtain new ¥; and ¢;. Finally, calculating new G,; and
G4, we complete the iteration. Not more than three such
iterations have been needed to converge.

IV. NUMERICAL RESULTS

Below we present results as obtained from the numeri-
cal procedure (see above). One series of the results is con-
cerned with the dependence between the electron transfer
probability n, and the optical field amplitude &. Note
that experimentally n, can be monitored electrically as
discussed below in Sec. V. Another observable quantity
whose behavior is examined below is the optical absorp-
tion P, which we calculate as the absorption rate (photons
of the exciting radiation per unit time) per one electron
per double well,

1 d
P=g<6’(t)ETr(dp(t))>=y3n3+y4n4 . (6)

Here, the first equality is a definition, and the second
represents the final result obtained using Eq. (2).

As a realistic example, we consider GaAs quantum
wells (330 and 190 A) formed by Al ;sGa, gsAs barriers
(900, 30, and 900 A). The dependence of the band offsets
U (x) and effective mass m * on the chemical composition
of the wells is adopted from Ref. 14. Counterions are
placed adjacent to the wells in the external barriers, uni-
formly distributed in 100-A layers. The total concentra-
tion of electrons (equal to this of counterions) is con-
sidered to be in the range N =2X10'°-10!! cm™2. For
such concentrations, the system under consideration is
characterized by the range of the coupling parameter
g =3-15 and, consequently, belongs to the cases of
moderate to strong positive feedback. We note that Fig.
1 is a numerically accurate illustration of the described
double-well system and the solutions (for N =10!! cm™?).
We point out that the interlevel separation ¢,; is greater
than 11 meV, while the Fermi energy for electrons in the
[1) subband is less than 3.5 meV. Thus, only the N well
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is initially populated, as assumed in the theory.

We set for the optical frequency =30 meV, so that w
is somewhat less than the optical transition frequency,
€3; =31 meV, which is favorable for the bistability effect,
as discussed above in Sec. II. We emphasize that o is less
than the (longitudinal) optical-phonon frequency wy=~36
meV. Thus, emission of optical phonons is suppressed,
which dramatically diminishes the polarization relaxation
and brings about narrower spectral contours of intersub-
band absorption, as studied in Ref. 15. This allows us to
choose realistically the decay, dephasing, and tunneling
constants similarly to Ref. 12 as y;=y,=0.1 meV,
T,=T;=T,=T,;=T,,=1 meV, T;,=1.4 meV, and
to calculate 7=2.5 meV.

The data for the case of the highest electron density
considered, N =10"! cm 2, which corresponds to strong
coupling, are presented in Fig. 2 for three values of the
bias field E. We can see a pronounced bistability and
hysteresis for all three values of E. For E =11.5 kV/cm
we indicate by arrows the contour of the hysteresis and
by asterisks the points of bistable switching, where both
n, and P are changed several-fold. The point of a bist-
able switching upward [for E =11.5 kV/cm, labeled by b
in Fig. 2(a)] quantitatively corresponds to Fig. 1(b), where
the |4) level is already close but still somewhat lower
than |3). The bistable switching brings the system to the
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FIG. 2. Bistability in the double quantum well: transfer
probability n, (a) and absorption rate P (b) plotted against the
exciting wave amplitude & for different bias fields E and for an
electron concentration of N =10!' cm ™2, as indicated. The as-
terisks indicate points of bistable switching and the vertical ar-
rows their directions.
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point ¢ [Fig. 2(a)], which corresponds to Fig. 1(c), where
we can see some “overshooting”: the level |4) becomes
slightly higher than |3). This implies that the positive
feedback changes to negative and the system is stabilized.
As usual, the states of the system corresponding to the
backward-bending portion of the curve [between the as-
terisks in Fig. 1(a)] are unstable, as confirmed numerical-
ly. With a change of E within 1 kV/cm, the curves in
Fig. 2(a) shift and somewhat change in the amplitude, but
are not principally modified. The bistability occurs at the
optical field amplitude & =0.1 kV/cm corresponding to a
light intensity of 50 W/cm?, which is comparatively low
and easily achievable.

The optical absorption [Fig. 2(b)] behaves very similar
to the transfer probability [Fig. 2(a)]. In particular, with
an increase of light intensity in the transition region, ab-
sorption is increased. In some known systems, intensify-
ing the optical excitation depopulates the initial state and
decreases the absorption (as is the case in, e.g., Ref. 1).
However, in Ref. 9 the absorption increases, and this in-
crease is the single source of the positive feedback. In the
proposed bistable system, such a behavior is due to quan-
tum delocalization of the states over both the wells
brought about the resonant tunneling. Specifically, in the
transition region, the lower component |— ) of the split-
level doublet formed by |3) and |4) becomes resonant
with the exciting radiation and acquires a considerable
oscillator strength causing an additional absorption.

With the electron concentration N down to 5X10°

cm ™ ? (corresponding to g ~7), as illustrated by Fig. 3,
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% N = 5x10" ecm™?
2
 0.002 1
o
2
o,
o
o
n
g
=
0.000 . )
0.0 0.2 0.4

181 (kV/cm)

FIG. 3. The same as in Fig. 2, but for N =5X10'""cm 2.
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FIG. 4. The same as in Fig. 2, but for N =2X 10" cm 2.

the region of bistability is shifted toward larger biases, as
expected (the field created by the electrons acts in the
same direction as the bias field). At the same time, nei-
ther the shapes nor amplitudes of the hysteresis loops are
changed. We note that relative to the field &, the bista-
bility is less pronounced, as we can expect for smaller g.

A qualitative change occurs at N =2X10° cm™
(g=~3), as seen in Fig. 4. In this case, the bistability ex-
ists in only a rather narrow range of 6. We note that in
all three cases presented above (Figs. 2—4), the shapes of
the dependences of both n, and P in the region of bista-
bility are very similar. Upon further decrease of the elec-
tron concentration to the critical one, N*=1.8X10'°
cm 2, the hysteresis loop completely degenerates to a line
and the bistability disappears. Thus, the described bista-
bility effect is of the threshold nature and exists only in a
certain range of parameters. This is simply a matter of
fact that this parameter range is realistic for the
GaAs/Al,Ga,_,As system considered with the light in-
tensity as low as <50 W/cm?.

2

V. DISCUSSION

Above in Secs. III and IV, we have presented a theory
of nonlinear optical excitation in a double quantum well
with account taken of the effects of the electric field gen-
erated by spatial charge of electrons. This field, changing
the positions of quantum levels and, consequently, the
rates of the resonant tunneling and optical excitation,
brings about a strong positive feedback resulting in an
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optical bistability. This bistability occurs at the intensi-
ties of the exciting radiation in the range below 100
W/cm?, which is three to four orders of magnitude lower
than in the two other proposed intersubband bistabili-
ties.®® This makes the present effect promising for appli-
cations.

The present bistability is a threshold effect and exists
only in a certain region of parameters. The actual pa-
rameters of GaAs/Al,Ga;_,As heterostructures allow
the effect to exist. For the double quantum well con-
sidered above, the bistability is predicted for an electron
concentration N higher than the threshold value
N*=~1.8X10'° cm™2. For the values of N~10!! cm ™2,
for which the employed model of the electron gas in a
self-consistent electric potential is a reasonable approxi-
mation, the bistability is strongly pronounced, accom-
panied by severalfold changes of electron charges and ab-
sorption. Instead of further discussing the effect, we will
concentrate below on its expected experimental manifes-
tations and some prospective applications.

The considered bistability manifests itself in sudden
changes of the intersubband absorption at the switching
points, as illustrated by Figs. 2(b), 3(b), and 4(b), and can
be observed on the basis of these changes. Also, as fol-
lows from these figures, in a vicinity of the bistability, a
double quantum well is a strongly nonlinear optical ab-
sorber. As discussed above, an unusual feature of this bi-
stability is that with the switching induced by an increas-
ing light intensity, the absorption also increases. This im-
plies that the absorption nonlinearity is positive. One of
the possible applications of this effect may be stabiliza-
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tion of the intensity of far-ir radiation, including lasers.
We note that such a system at the threshold of the bista-
bility possesses certain advantages for this application.

A sudden transfer of electrons between two coupled
wells at the points of transitions between the two stable
states brings about also a transient current (pulse) in an
external circuit due to capacitive coupling. The total
charge Q transferred externally per switching is given by

Q =eSNAn,Ax /L , (7
where

Ax= [ (1%, = %00 P]x dx

Ax has the meaning of an effective distance over which
the charge is transferred, An, is the change of n, resulted
from switching, L is the size of the quantum-well struc-
ture (conductive regions are supposed to surround this
structure, Ohmically coupled to external leads), and S is
the illuminated area. For the example of Fig. 1, L =1100
A, and we have calculated Ax=—77 A. Thus,
|Ax|/L =0.07, which means that Q may realistically
constitute =~7% of the internally transferred charge and
is readily measurable.
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