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Capacitance in open quantum structures
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~Received 18 March 2002; published 10 May 2002!

Opposite to the well-known statistical limit, we study a semiconductor quantum system with only one
relevant resonance which is in contact with a probe acting as a particle reservoir. We find that the quasibound
state that exists in the nearly closed system develops at a transition to the open system into a separate type of
resonance. In contrast to the quasibound state~i! it is localized in the space between the probe and the isolated
quantum system,~ii ! its energy lies in the classically allowed regime, and~iii ! its line shape is strongly
asymmetric. Excellent quantitative agreement shows that this transition is seen in capacitance experiments on
MIS ~metal-insulator-semiconductor!-type semiconductor heterostructures in which a field-induced two-
dimensional electron gas is formed.
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The rapid progress in semiconductor technology has
to a great variety of different semiconductor quantum str
tures in which a wide spectrum of interesting effects ha
been observed.1 In recent research on the Kondo effect,2 on
fluctuations of the local density of states in the emitter3 and
on Luttinger liquid behavior in ballistic transport throug
quantum wires,4 the importance of the interaction of th
quantum system with the contacts has been established.
we perform a microscopic study of this interaction emph
sizing the importance of the coupling of the isolated quant
system~QS! to contacts through particle exchange. Gen
ally, the character of the resulting electronic states depe
critically on the number of the relevant resonances in the
on the number of channels in the probes to which the re
nances couple, and on the strength of this coupling. Usin
statistical approach, very successful and well-known w
has been devoted to the case of many resonances w
couple to a number of channels:5 at weak coupling of the QS
to the probes, the resulting narrow Coulomb blockade pe
show a statistical behavior of the peak height. At strong c
pling the levels widen, and their superposition leads to
conductance with statistical fluctuations.

Here we consider a structure in which the entire transit
from weak to strong coupling can be examined experim
tally and theoretically. This transition, however, occurs in t
opposite limit, i.e., there is only a single relevant resona
and there is no channel mixing. As expected, in the we
coupling regime the bound state of the QS turns into a n
row quasibound state~QBS! with nearly identical location in
space. We find that with increasing coupling the QBS tu
into an ‘‘intermediate resonance’’~IR!. In contrast to the
QBS the IR has the following properties: First, it is locat
in the space between the probes and the isolated QS. Se
in difference to the case of the QBS which is coupled to
probes only via the tunneling effect the IR occurs in the op
system where there is a channel of classically allowed m
tion ~see the shaded area in the lower part of Fig. 2!. Third,
since the decay of the IR into the probe is classically allow
it has the character of a Fabry-Perot resonance. Fourth
IR is strongly asymmetric, and can well be described b
Fano distribution with a complex asymmetry parameter.
nally, if the coupling becomes too strong a resonant s
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cannot exist any longer. Because of the excellent quantita
agreement with our theory we can demonstrate that the t
sition between QBS and IR is directly seen in capacita
experiments by Dolgopolovet al.:6 In this structure the QS is
a field-induced two-dimensional electron gas~2DEG!. The
step in theC-V characteristic associated with its formatio
~see upper part of Fig. 2! is broadened because of the ene
getic overlapping of the channel of allowed classical mot
and the IR. In our calculations the classically allowed cha
nel in which the IR exists only results when the Coulom
interaction between the electrons is taken into account
least in the self-consistent mean-field approximation. The
fore, in the absence of similar self-consistent calculations
open systems with many pertinent resonances, we ca
make a statement as to whether in these systems a I
formed. The considered AlAs/GaAs MIS~metal-insulator-
semiconductor!-type heterostructure~see Fig. 1!, consists of
a sequence of layers grown on aGaAs bulk material given
by, ~i! n-GaAs as a back contact,~ii ! intrinsic GaAs as a
spacer,~iii ! a short period AlxGa12xAs/GaAs superlattice as
a blocking barrier,~iv! a GaAs cap layer, and finally a me
allization as a top gate. Also shown in Fig. 1 is the ba
structure taken from a self-consistent calculation accord
to Eqs. ~1!–~3!. These calculations show that, with an i
creasing positive gate voltageVG , a triangular-shaped poten
tial quantum well is progressively formed at the interfa
(z5zb) between the GaAs spacer and the blocking barrier
which the electrons accumulate. At large enough voltage
2DEG is formed when the coupling to the contacts beco
negligible.

Because of the translational invariance of our system
the lateral directions, the standard envelope-function
proximation, for a conduction electron with the total ener
E, yields the Schro¨dinger equation in the growth direction,

F2
\2

2m*

d2

dz2
1V~z!2eGc (s)~e,z!50, ~1!

with e5E2\2(kx
21ky

2)/(2m* ). For the one-dimensiona
scattering potentialV(z) we assumeV(z,2d)5V1 and
V(z.d)5V2. For total energies larger thanV1 andV2 there
are two linearly independent solutions, so thats51 and 2.
We choosec (1) as a left-incident scattering function with th
asymptotic c (1)(e,z,2d)5exp(ik1z)1r1exp(2ik1z) and
©2002 The American Physical Society14-1
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c (1)(e,z.d)5t1exp(ik2z), where ks5A2m* (e2Vs)/\
2.

Likewise,c (2) is selected as a right-incident scattering fun
tion. The total potentialV(z) is the sum of~i! the fixed
potential of the band offsets in the heterostructure,Vh(z),
and~ii ! the potential of the ionized impurities; together wi
~iii ! the potential of the electron-electron interaction whi
we take in the Hartree approximation, yielding the total Co
lomb potentialVc(z). For the donorsND(z) in the n-GaAs
and the natural acceptorsNA(z) in the spacer layer we as
sume complete ionization and homogeneous distribut
Vc(z) then satisfies the equation

d2Vc~z!

dz2 5
e2

e0e r
@ND~z!2NA~z!2r~z!#, ~2!

with the boundary conditions determined by the exter
electric field, Vc(2d)50 and Vc(d)5m12eVG1eFBn .
eFBn is the barrier height of~gate! metal-semiconducto
contact andVG is the applied bias between back contact a
top gate. To findr(z) we apply the Landauer-Bu¨ttiker
picture7 in which the occupation of each scattering state
given by the Fermi functionf FD(E2ms). Here ms is the
chemical potential in the back gate (s51) or in the top gate
(s52). It results that

r~z!5 (
s51,2

E dE
D~E!

4p2 f FD~E2ms!uc (s)~e,z!u2, ~3!

whereD(E) is the 3D density of incident states. The bloc
ing barrier is now assumed to suppress charge transfer c
pletely, and we consider the limit of small frequencies. Th
the tunnel capacitor in Fig. 1 becomes equivalent to a sim
plate capacitor.8 The charge corresponding to the left plate
distributed in the region2d,z,zb ~see Fig. 1! and can be
evaluated using Gauss’ law,QL52Sk(]V/]z)(z5zb). Here

FIG. 1. The AlAs/GaAs MIS-type heterostructure. Band d
gram taken from a self-consistent calculation with parameters
responding to the experiments in Ref. 6:2d2zNd520 nm, zb

2zNd5100 nm, a width of the cap layer of 9 nm, a width of th
blocking barrier of 32 nm, an effective massm* 50.066m0 ,
kGaAs5kAlGaAs512.5«0 , ND2NA5431018 cm23 for z,zNd ,
andNA2ND51015 cm23 for zNd,z,d, whereND andNA are the
concentrations of the ionized donors and acceptors, respective
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S is the area of the sample, andk is the dielectric permittiv-
ity. The top gate of the structure acts as the right plate of
capacitor and the charge on it isQR52QL . The capacitance
is then readily found asC5(]QR /]Vg).

The upper part of Fig. 2 shows in comparison the expe
mental data6 and the results of our numerical calculations f
the step in theC-V curve associated with the formation o
the 2DEG. This step is broadened and located betwee
low-voltage plateau,V,V2 , and a high-voltage plateau,V
.V1 , both with a weak positive slope. We define the ga
voltage Vc at the center of the step through the conditi
d2C/dVg

250, andV2 and V1 correspond to the gate volt
ages whereudC/dVgu takes half of its maximum value. We
emphasize the excellent quantitative agreement betw
theory and experiment, which shows that the Hartree
proximation provides a very good mean-field description
the electron-electron interaction for this system.

From Fig. 2 it can be seen that the step in theC-V char-
acteristic is located in a regime of gate voltages where
maximumVmax of the potential barrier which separates t
probe from the potential quantum well atz5zb is below the
chemical potentialm1 in the back contact. Consequent
there is an open channel of classically allowed motio
Vmax,e,m1. This finding resulted in a number of calcula
tions with varying distance of the back gate to the barr
and varying background doping concentrations in the Ga
spacer layer.

To analyze the physical process that underlies the ste
the C-V curve, in Fig. 3 we plot the energy and space d
pendences of the probability distribution density,Pe(z)
5uc (1)(e,z)u2, to find an electron in the statec (1)(e,z) in a
volume element at the givenz coordinate. In the low-voltage

r-

.

FIG. 2. Upper part: TheC-V curve, experimental data~Ref. 6!
~filled circles!, and theory~solid line!. Because the work function o
the metal contact is not known precisely, we shift the theoret
voltage scaleVg with respect to the experimental oneVG , so that
the centers of the steps coincide. Lower part: As the result of
complete numerical calculation the resonance energyemax ~solid
line!, and the energiese6 ~dotted lines; see the text!. The corre-
sponding valuesemax

F ~filled triangle! ande6
F ~triangle! in the Fano

approximation@Eq. ~8!#. Shaded area: energies withVmax,e,m1.
4-2
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BRIEF REPORTS PHYSICAL REVIEW B 65 193314
plateau@Fig. 3~a!# the wave functions are confined in th
back contact~apart from an exponential decay outside!.
There is no particular energy structure of the scattering fu
tions. In contrast, in the center of the step, aroundVc @Fig.

FIG. 3. The electron probability distribution densityPe(z)/Pmax

with @Vg (V); emax (eV); zmax (nm); z0 (nm)], wherez0 is the
position ofVmax ~a! Low voltage plateau,~-0.005,-,-,-,!. ~b! Center
of the capacitance step~0.0105, 0.1405, 7,22!. ~c! High voltage
plateau~0.06, 0.138, 27.5,23.8!. Pmax it depends on the applied
voltage Vg . Note that zNd5260.5 nm, zb539.5 nm, andd
580.5 nm.
19331
c-

3~b!# there is a pronounced maximumPmax of P at e
5emax and z5zmax which defines the IR. The resonanc
energy lies in the classically allowed range and the IR th
has a Fabry-Perot character. The spatial center of the
zmax, is close to the placez5z0 of the potential maximum
i.e., the IR is located in the space between the probe and
potential quantum well in which the isolated 2DEG
formed at higher voltages. Finally, in the high-voltage p
teau@Fig. 3~c!# the resonance corresponds to a QBS. Beca
of the weak penetration of the wave functions into the ba
contact, the lifetime of this resonance becomes large and
width narrows considerably. Furthermore,zmax is located in
the middle of the potential quantum well of the 2DEG.

In the lower part of Fig. 2 we showemax and the energies
e6 at which the probability distribution density takes half i
maximum value,Pemax

(zmax), at constantz5zmax ~see Fig.

3!. It is seen that the center of the step in theC-V trace
nearly coincides with the gate voltage at whichemax5m1.
Furthermore, the voltageV2 occurs roughly ate25m1, and
the onset of the high-voltage plateauV1 can be associated
with e15m1. This confirms the view that the capacitan
step is dominated by the IR: At no coupling to the probes o
would expect a jump in the capacitance which occurs if
chemical potential in the back contact reaches a new en
level of the QS. Instead, in the open system one see
gradual increase of the capacitance in the voltage reg
betweenV2 and V1 whose width is determined to a gre
extent by the energetic width of the IR.

To demonstrate further that the step in theC-V character-
istic and the subsequent high-voltage plateau are domin
by a single resonance which changes its character from
to a QBS, we apply our resonance theory in Ref. 9 which
basically equivalent to the effective non-Hermitian Ham
tonian method for open systems.5,10 As an advantage, ou
reformulation permits a convenient separation of the singu
part in theSmatrix, thus allowing for a systematic lineariza
tion of the problem for quasi-isolated resonances: in the
ergy interval in which a given resonance with the labell
extends, the scattering functions can be written as

c (s)~e,z!5
Z(s)~e,z!

e2el2 Ēl~e!
. ~4!

The functionsZ(s) and Ēl are directly related to the wav
vector matrix,K ss85ksdss8 , and to theR matrix whose ele-
ments are defined as

R~z,z8!5(
l

`
b l~z,z8!

e2e l
5Rl~z,z8!1

bl~z,z8!

e2el
, ~5!

with b l(z,z8)5x l(z)x l(z8). The real Wigner-Eisenbud func
tions x l and energiese l are the solutions of the 1D Schro¨-
dinger equation~1! with the homogeneous von Neuman
boundary conditions atz56d. We define further the 232
matrix V5K1/2RK1/2, where Rss85R@(21)sd,(21)s8d#,
and split it, similar to theR matrix, into two parts:V5Vl

1vl /(e2el) @see Eq.~5!#. With these notations the func
tions in Eq.~4! can be written as
4-3



g

es
e.

. For
-
r
that

e
es

4

ies

e-
and

e-

nce
ults
on-

he

r
i-

BRIEF REPORTS PHYSICAL REVIEW B 65 193314
Ēl~e!52 i Tr@vl~11 i Vl!21# ~6!

and inside the scattering region (uzu,d) as

S Z(1)~e,z!

Z(2)~e,z!
D 5

2iQ

A2p
K1/2

@11 i V2#~e2el!

det@11 i Vl#

K1/2S R~2d,z!

R~1d,z!
D , ~7!

whereQss85u(e2Vs)dss8 andV25V21detV. From gen-
eral theory11 it follows that the resonancel corresponds to a
pole ē0l of theS matrix in the complex energy plane. Usin
Eq. ~4! we find the conditionē0l2el2 Ēl( ē0l)50. The up-
per part of Fig. 4 shows the imaginary part of the pol
closest to the real axis in dependence on the gate voltag
is clearly seen that at the end of the low-voltage plateau

FIG. 4. Upper part: The imaginary part ofē0l ~see the text! vs
the gate voltageVg . Lower part: real part~solid line! and imaginary
part ~dotted line! of the complex asymmetry paramete
1/q(1)(zmax), and the deviation of the maximum of the Fano distr
bution from the pole energye0 ~dashed line! at gate voltagesVg

.Vc .
,

,

,

19331
It
a

single pole becomes separated from all other resonances
simplicity we denote it withl50 and the associated com
plex energy with ē005e02 iG/2. For gate voltages large
thanVc this pole corresponds to a narrow resonance, so
in its vicinity the functionsZ(s)(e,z) and Ēl(e) can be lin-
earized and one obtains for the wave functions at a fixedz a
Fano distribution,

c (s)~e,z!. ic (s)~e0 ,z!

1

q(s)~z!
e11

e1 i
~8!

with a complex asymmetry parameter

1

q(s)~z!
5

G/2

Z(s)~e0 ,z!

d

de
Z(s)~e,z!ue5e0

, ~9!

wheree52(e2e0)/G. We plot in the lower part of Fig. 2 the
energyemax

F of the maximum ofuc (1)(e,zmax)u2 calculated in
the linearized theory@Eq. ~8!#. Furthermore, we include th
energiese6

F at which the absolute of the Fano function tak
half its maximum value at constantz5zmax. For voltages
larger thanVc there is an excellent agreement betweenemax

F

and e6
F and their counterpartsemax, e6 resulting from the

complete numerical calculation. In the lower part of Fig.
we plot the real and the imaginary part of 1/q(1) at z
5zmax. For gate voltages in the step region both quantit
are large and cause a distinct separation ofe0 ~real part of the
pole! and emax

F . With increasing voltage the asymmetry d
creases to become negligible in the high-voltage plateau,
Eq. ~8! provides a Breit-Wigner distribution with the symm
try center given bye0 for Pe(z).

To summarize, we find and characterize a resona
which we call the intermediate resonance and which res
from a quasibound state when the coupling to external c
tacts is increased.

We thank W. Hansen and J. Kucˇera for highly valued
discussions. We also thank V.T. Dolgopolov for providing t
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