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Capacitance in open gquantum structures
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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 giatieis localized in the space between the probe and the isolated
guantum system(ii) its energy lies in the classically allowed regime, aid) its line shape is strongly
asymmetric. Excellent quantitative agreement shows that this transition is seen in capacitance experiments on
MIS (metal-insulator-semiconducetype semiconductor heterostructures in which a field-induced two-
dimensional electron gas is formed.
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The rapid progress in semiconductor technology has ledannot exist any longer. Because of the excellent quantitative
to a great variety of different semiconductor quantum strucagreement with our theory we can demonstrate that the tran-
tures in which a wide spectrum of interesting effects havesition between QBS and IR is directly seen in capacitance
been observeliin recent research on the Kondo efféan  €xperiments by Dolgopoloet al:° In this structure the QS is
fluctuations of the local density of states in the emitend @ field-induced two-dimensional electron g&DEG). The
on Luttinger liquid behavior in ballistic transport through step in theC-V characterlstlc associated with its formation
quantum wire$, the importance of the interaction of the (see upper part of Fig.)2s broadened because of the ener-

Lantum svstem with the contacts has been established. H etic overlapping of the channel of allowed classical motion
q y . . S ) : fid the IR. In our calculations the classically allowed chan-
we perform a microscopic study of this interaction empha-

ina the i fh i  the isolated nel in which the IR exists only results when the Coulomb
sizing the Importance of the coupling of the isolated quantumy;eaction between the electrons is taken into account, at

system(QS) to contacts through particle exchange. Generjeast in the self-consistent mean-field approximation. There-
ally, the character of the resulting electronic states dependgre, in the absence of similar self-consistent calculations for
on the number of channels in the probes to which the resamake a statement as to whether in these systems a IR is
nances couple, and on the strength of this coupling. Using formed. The considered AlAs/GaAs MIi8netal-insulator-
statistical approach, very successful and well-known worksemiconductdrtype heterostructurésee Fig. 1, consists of
has been devoted to the case of many resonances whiehsequence of layers grown orGaAs bulk material given
couple to a number of channélsit weak coupling of the QS by, (i) n-GaAs as a back contadtij) intrinsic GaAs as a
to the probes, the resulting narrow Coulomb blockade peakspacer(iii) a short period AlGa, _,As/GaAs superlattice as
show a statistical behavior of the peak height. At strong coua blocking barrier(iv) a GaAs cap layer, and finally a met-
pling the levels widen, and their superposition leads to allization as a top gate. Also shown in Fig. 1 is the band
conductance with statistical fluctuations. structure taken from a self-consistent calculation according
Here we consider a structure in which the entire transitiorfo Egs. (1)—(3). These calculations show that, with an in-
from weak to strong coupling can be examined experimencreasing positive gate voltagg; , a triangular-shaped poten-
tally and theoretically. This transition, however, occurs in thefial quantum well is progressively formed at the interface
opposite limit, i.e., there is only a single relevant resonancéZ= o) between the GaAs spacer and the blocking barrier, in
and there is no channel mixing. As expected, in the weakWhich 'ghe electrons accumulate..At large enough voltages a
coupling regime the bound state of the QS turns into a nar2PEG s formed when the coupling to the contacts become
row quasibound stat€BS) with nearly identical location in negligible.

space. We find that with increasing coupling the QBS turns[heBle;tféLr’;e (;frggtei}otnrgnStlr?élOsntglnljngr?jnaer;f/eelg:)gl:‘lrj r?(i/t?éer}]mag]
into an “intermediate resonance(lR). In contrast to the o ’ . . ) )
QBS the IR has the following properties: First, it is located proximation, for a conduction electron with the total energy

in the space between the probes and the isolated QS. SeconEd,erIdS the Schrdinger equation in the growth direction,

in difference to the case of the QBS which is coupled to the r2 g2
probes only via the tunneling effect the IR occurs in the open i —2+V(z)— ey (e,z)=0, (1)
system where there is a channel of classically allowed mo- 2m* dz

tion (see the shaded area in the lower part of Fig.Third,  with e=E—#?(k{+kZ)/(2m*). For the one-dimensional
since the decay of the IR into the probe is classically allowedcattering potentiaV(z) we assumeV(z<-d)=V, and
it has the character of a Fabry-Perot resonance. Fourth, thg(z>d)=V,. For total energies larger thaf, andV, there
IR is strongly asymmetric, and can well be described by aare two linearly independent solutions, so teatl and 2.
Fano distribution with a complex asymmetry parameter. Fi-We choose/(!) as a left-incident scattering function with the

nally, if the coupling becomes too strong a resonant statasymptotic #*(e,z<—d)=exp(k,2)+r,exp(—ik,;z2) and
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Sis the area of the sample, ardis the dielectric permittiv-

ity. The top gate of the structure acts as the right plate of the
capacitor and the charge on it@x= — Q, . The capacitance

is then readily found a€=(dQgr/dVy).

The upper part of Fig. 2 shows in comparison the experi-
mental dat&and the results of our numerical calculations for
the step in theC-V curve associated with the formation of
the 2DEG. This step is broadened and located between a
low-voltage plateauy<V_, and a high-voltage plateaV,
>V, , both with a weak positive slope. We define the gate

-------- B voltage V. at the center of the step through the condition
_/’ dZC/dV§=O, andV_ andV, correspond to the gate volt-
‘ | ages whergdC/dV,| takes half of its maximum value. We
B ‘ZM growth direction ‘Zh ) z emphasize the excellent quantitative agreement between

theory and experiment, which shows that the Hartree ap-

FIG. 1. The AlAs/GaAs MIS-type heterostructure. Band dia- Proximation provides a very good mean-field description of

gram taken from a self-consistent calculation with parameters cothe electron-electron interaction for this system.
responding to the experiments in Ref. 6:d—zyg=20 nm, z, From Fig. 2 it can be seen that the step in @&/ char-

—zyg=100 nm, a width of the cap layer of 9 nm, a width of the acteristic is located in a regime of gate voltages where the
blocking barrier of 32 nm, an effective mass* =0.066n,, maximumV ., Of the potential barrier which separates the
KGaas= Kalgaas= 12.59, Np—Np=4X10® cm 3 for z<zyq, probe from the potential quantum well &t z,, is below the
andN,—Np=10" cm™2 for zy4<z<d, whereNp andN, are the  chemical potentialx; in the back contact. Consequently
concentrations of the ionized donors and acceptors, respectively. there is an open channel of classically allowed motion:
Vimax< €< 1. This finding resulted in a number of calcula-
¢ V(e,z>d)=t,explk,2), where ke=+2m*(e—VJ)/#2.  tions with varying distance of the back gate to the barrier,
Likewise, y/? is selected as a right-incident scattering func-and varying background doping concentrations in the GaAs-
tion. The total potentiaM(z) is the sum of(i) the fixed spacer layer.
potential of the band offsets in the heterostructig(z), To analyze the physical process that underlies the step in
and (i) the potential of the ionized impurities; together with the C-V curve, in Fig. 3 we plot the energy and space de-
(i) the potential of the electron-electron interaction whichpendences of the probability distribution densi®y(z)
we take in the Hartree approximation, yielding the total Cou-=|#*(¢,2)|?, to find an electron in the staig'!)(e,z) in a
lomb potentialV(z). For the donordNp(z) in then-GaAs  volume element at the givencoordinate. In the low-voltage
and the natural acceptolé,(z) in the spacer layer we as-
sume complete ionization and homogeneous distribution. .
V.(2) then satisfies the equation

d®Vy(z) ¢€?
TZE[ND(Z)_NA(Z)_p(Z)]l (2)

—— Hartree

/// * exp.

with the boundary conditions determined by the external °
electric field, V(—d)=0 and V.(d)=pu;—eVg+edg,. 0707
edg, is the barrier height oflgate metal-semiconductor
contact and/ is the applied bias between back contact and
top gate. To findp(z) we apply the Landauer-Biiker
picture in which the occupation of each scattering state is %
given by the Fermi functiorfrp(E— us). Here ug is the @
chemical potential in the back gate<1) or in the top gate
(s=2). It results that
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P 3:21,2 4% FP uoly | FIG. 2. Upper part: Th€-V curve, experimental datdef. 6

. . o (filled circles, and theory(solid line). Because the work function of
whereD (E) is the 3D density of incident states. The block- ihe metal contact is not known precisely, we shift the theoretical

ing barrier is now assumed to suppress charge transfer COMpgjtage scalev,, with respect to the experimental ovg, so that
pletely, and we consider the limit of small frequencies. Thenpe centers of the steps coincide. Lower part: As the result of the
the tunnel capacitor in Fig. 1 becomes equivalent to a simpl@omplete numerical calculation the resonance enetgy, (solid
plate capacitof.The charge corresponding to the left plate iSline), and the energies. (dotted lines; see the téxtThe corre-
distributed in the region-d<z<z, (see Fig. 1 and can be sponding valuesF, ,, (filled triangle) and €". (triangle) in the Fano
evaluated using Gauss’ la®, = — Sk(dV/dz)(z=z,). Here  approximation Eq. (8)]. Shaded area: energies why,,,< €< ;.
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FIG. 3. The electron probability distribution densRy(z)/P 4y
with [V (V) €max (V); Zmax (NM); 5 (nmM)], wherez, is the
position of V.« (8 Low voltage plateau(-0.005,-,-,-). (b) Center
of the capacitance ste(®.0105, 0.1405, 7:-2). (c) High voltage
plateau(0.06, 0.138, 27.5;-3.8). P, it depends on the applied
voltage V. Note that zyy=—60.5 nm, z,=39.5 nm, andd
=80.5 nm.
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3(b)] there is a pronounced maximuid,,, of P at €
= €may and z=2z,,,, Which defines the IR. The resonance
energy lies in the classically allowed range and the IR thus
has a Fabry-Perot character. The spatial center of the IR,
Zmax, IS close to the place=z; of the potential maximum
i.e., the IR is located in the space between the probe and the
potential quantum well in which the isolated 2DEG is
formed at higher voltages. Finally, in the high-voltage pla-
teau[Fig. 3(c)] the resonance corresponds to a QBS. Because
of the weak penetration of the wave functions into the back
contact, the lifetime of this resonance becomes large and its
width narrows considerably. Furthermomg,,, is located in
the middle of the potential quantum well of the 2DEG.

In the lower part of Fig. 2 we show, 5, and the energies
€. at which the probability distribution density takes half its
maximum vaIue,PemaX(zma)a, at constanz=z,,, (see Fig.

3). It is seen that the center of the step in f@eV trace
nearly coincides with the gate voltage at whiel,,= x1-
Furthermore, the voltag€_ occurs roughly at_ = u,, and
the onset of the high-voltage plate®y can be associated
with e, = u4. This confirms the view that the capacitance
step is dominated by the IR: At no coupling to the probes one
would expect a jump in the capacitance which occurs if the
chemical potential in the back contact reaches a new energy
level of the QS. Instead, in the open system one sees a
gradual increase of the capacitance in the voltage regime
betweenV_ andV, whose width is determined to a great
extent by the energetic width of the IR.

To demonstrate further that the step in ¢/ character-
istic and the subsequent high-voltage plateau are dominated
by a single resonance which changes its character from a IR
to a QBS, we apply our resonance theory in Ref. 9 which is
basically equivalent to the effective non-Hermitian Hamil-
tonian method for open system&’ As an advantage, our
reformulation permits a convenient separation of the singular
part in theS matrix, thus allowing for a systematic lineariza-
tion of the problem for quasi-isolated resonances: in the en-
ergy interval in which a given resonance with the lahel
extends, the scattering functions can be written as

Z0(€,2)

e—e,—&Ele)

Py (e,2)= 4

The functionsZ® and &, are directly related to the wave
vector matrix,Ksy =Kksds¢ , and to theR matrix whose ele-
ments are defined as
Bi(z,2')
€E— €

n Br\(z,2")

=R\ (z,2") e

R(z,z’)=§|: )
with B,(z,2") = x,(2) x,(z"). The real Wigner-Eisenbud func-
tions x, and energies, are the solutions of the 1D Schro
dinger equation(1) with the homogeneous von Neumann

boundary conditions at= *=d. We define further the 2

plateau[Fig. 3(a)] the wave functions are confined in the matrix Q=KY2RKY2 where Ryg =R[(—1)%d,(—1)%d],
back contact(apart from an exponential decay outside and split it, similar to theR matrix, into two partsQQ=Q,
There is no particular energy structure of the scattering func+ w, /(e—¢€,) [see Eq.(5)]. With these notations the func-

tions. In contrast, in the center of the step, arovhd Fig.

tions in Eqg.(4) can be written as
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single pole becomes separated from all other resonances. For

E simplicity we denote it withh=0 and the associated com-
= 3 plex energy withego=€o—iI'/2. For gate voltages larger
'&10-4 i . ] thanV, this pole corresponds to a narrow resonance, so that
= T, in its vicinity the functionsZ®(¢e,z) and &, (€) can be lin-
10° ¢ T, 1 earized and one obtains for the wave functions at a fixad
. T Fano distribution,
10 : ‘ : : ‘ 01
03t : ) 1
N ¢ o) )e+l
TFozt AN ) (e 2)=i ay
o N |2 e =19 e, 20— ®
E W
Zoir 's with a complex asymmetry parameter
Voo | TTERRSs. 5
%002 0 0.02 0.04 0.06 0.08 o1 1 r/2z d 20 ) ©
= — €,2)|c=c.,
° q9(z) Z¥(eg,2) de o

FIG. 4. Upper part: The imaginary part ef, (see the tedtvs  \yheree=2(e— e,)/T". We plot in the lower part of Fig. 2 the
the gate voltagyg . Lower part: real partsolid line) and imaginary energye,';ax of the maximum 0‘ ¢(1)(szma><) |2 calculated in
part (dotted ling of the complex asymmetry parameter yoo jinaarized theoryEq. (8)]. Furthermore, we include the

® iati i istri-
1/q. (Zmay, and the deviation of the maximum of the Fano distr energiese’. at which the absolute of the Fano function takes
bution from the pole energy, (dashed ling at gate voltage¥/ =

>V,. half its maximum value at constamt=z,,,,. For voltages
larger thanV, there is an excellent agreement betwegn,
= . . 1 and €7 and their counterparts,,,,, €. resulting from the
Ee)=—1Te(1+i1Q,) 7] © complete numerical calculation. In the lower part of Fig. 4
and inside the scattering regiofe|<d) as we plot the real and the imaginary part ofq® at z
=Zmax- FOr gate voltages in the step region both quantities
ZM(e,2) 210 [1+i1Q7](e—€,) are large and cause a distinct separatiogydfeal part of the
Z@(e,z)] 27 def1+iQ, ] pole) and eﬁm. With increasing voltage the asymmetry de-
creases to become negligible in the high-voltage plateau, and
R(—d,z) Eq. (8) provides a Breit-Wigner distribution with the symme-
12 R(+d z))' (7)  try center given by, for P (2).

To summarize, we find and characterize a resonance
where® g = 0(e—V,) 5s¢ andQ~ =0 1detQ. From gen- which we call the intermediate resonance and which results
eral theory! it follows that the resonance corresponds to a from a quasibound state when the coupling to external con-

pole eg, Of the Smatrix in the complex energy plane. Using {acts is increased.
Eq. (4) we find the conditioreg, — €, — &, (€g,) =0. The up-
per part of Fig. 4 shows the imaginary part of the poles We thank W. Hansen and J. Kema for highly valued

closest to the real axis in dependence on the gate voltage. discussions. We also thank V.T. Dolgopolov for providing the
is clearly seen that at the end of the low-voltage plateau ariginal experimental data.
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