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Mapping the electronic wave functions by determining current-voltage curves

A. Nogueira and A. Latge
Instituto de Fsica, Universidade Federal Fluminense, Avenida Lit@a sn, 24210-340 Niter®io de Janeiro, Brazil
(Received 25 June 1997

Resonant tunneling in double-barrier heterostructures in the presence of impurity planes is studied within the
Green-function formalism following the diagram technique for nonequilibrium processes proposed by Keldysh
[Sov. Phys. JETRO0, 1018(1965]. A simple one-band tight-binding Hamiltonian is adopted in the theoretical
framework. The effects of an isoelectronic impurity plane, localized in the well region of a GaAsAgAs
double-barrier heterostructure, on the resonant curves of the current are analyzed as a function of the impurity
plane position. The theoretical results show that the evolution of the resonant bias, corresponding to the
resonant peaks due to transport through quantum-well quasibound states, reflects the behavior of the spatial
variation of the associated electronic wave function. This indicates unambiguously that transport measurements
can be performed for a mapping of wave functions in quantum-well sys{&0463-18208)08103-X]

. INTRODUCTION the tunneling current through a GaAs-GgAl,As double-

Double-barrier heterostructures have been studied extefp@Tier heterostructure taking into account a quite localized

sively due to the resonant tunneling phenomenon exhibite&erturbatlon generated by the Insertion of a monolghtir)
. . L lanar probe, located at the well region. We have followed
in these systems, which presents numerous applications

ultrahigh-speed electronic devices. On the other hand, inte e nonequilibrium Green-function formalism proposed by

. ; . . : rkeldysﬁ9 and described the system by a single-band tight-
tional impurity profiles on semiconductor nanostructures Cari)inding Hamiltoniart®! The choice of this simple Hamil-

be used to monitor a great number of their physical propergynian”can be justified by the fact that the charge carriers
ties. Resonant tunneling through charged |mpur|t|eslhas be§Ryolved in the electronic transport have energies close to the
reported in many experimental works' Dellow et al* re-  pang edges. The planar probe is taken to be isoelectronic to
ported current curves exhibiting resonant peaks at voltagege system and we analyze the possibility of mapping the
below the calculated resonant threshold. These features ha¥gatial density of the electronic wave functions from reso-
been attributed to the presence of a favorable carrier path dugant tunneling calculations. Since the study of electronic
to an ionized donor in the well region. Also resonant tunnel-properties is also suitable for the present discussion, we also
ing through two impurities in short lateral barriers of a GaAspresent some results concerning the density of electronic
metal-semiconductor transistor has been observed bstates in the well region of the double-barrier system.
Savchenkeet al® It manifests itself as a peak in the current

curve rather than the steplike feature observed in the reso- Il. THEORY

nant tunneling through one single impurity.

Concerning neutral impurity layers, the effects of a defect Double-barrier heterostructures can be described by a
layer located in the barrier regions of double-barriersimple one-band tight-binding Hamiltonian with only
quantum-well diodes, on the tunneling currents have beenearest-neighbor interactions. The matrix elements are given
analyzed theoretically An enhancement of the peak current by H{}B=<ai|H|,6’j>, where the indicesx and 8 denote the
intensity and the peak to valley ratio were found for certainplanes and andj the localization of the sites in the planes.
positions of the defect layer. From the experimental point ofAssuming that the system can be described by a simple cubic
view, a series of samples has been prepared by Marzin andttice and taking into account the translational symmetry of
Gerard each with an isoeletronic impurity plane located atthe planes in the interface direction, a Fourier transform is
the well regions of a Gg/As-GaAl ,As multiple-well sys-  done, reducing the three-dimensiof2D) problem to a one-
tem. They were able to measure the spatial variation of thelimensional one with renormalized energies that depend on
probability densities in the first few electron states of a quanthe in-plane wave vectok(;k,) by
tum well from an optical determination of the energies of the
bound states as a function of the position of the highly local- 5}<=5j +2Vj[cogk,a) +cogk,a)], 1)
ized perturbation. They doped the reference system with In
and Al monolayers and the optical transition energies weravith & being the site energy&(, and &, for the well and
determined from photoluminescence excitation spectroscopyarrier sites, respectivglyandV; the hopping elements that
They were thus able to present an experimental probe of thassume the valueg,,, V,, andV,,, depending upon the
guantum-well electronic eigenstates. A similar experimentahtomic enviroment. The height of the barrier potential is
approach was reported by Hsieh, Miller, and Chfarmgde-  given by AE=(&,— &) +2(V,,—V,,). The electronic den-
termine the envelope function corresponding to the surfacsity of states corresponding to the 3D double-barrier system
state of Ag in the(111) direction. can be derived by performing a convolution between one-

In the present work we are concerned with the study ofand two-dimensional electronic densities of states in a stan-
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dard way. The effect of an applied electric field is considered o ]
in the diagonal energies of the Hamiltonian making a linear p ' V=0 go0p
interpolation between the two barriers. This implies a neglect 0.4F y T
of the heterostructure band bending due to charge accumula- e W
tion that is present in real quantum-well structures. By as- et St
suming a single plane with a different energy value in our s, Aa,, VY
theoretical microscopic description we are able to generate a ~ 03F  aa P et T
very thin localized well or barrier potential, with intensity 2 AE= 500 meV
given by AE;, in a particular position of the quantum well. o N,=31 Ny=15
In addition to the usual advanced and retarded Green §
functions of the usual theories, two other correlation func- g 02 : q
tions are defined in the Keldysh formalim s it Mg R
u l\-~;_.’.,l 1
iy (=i [ (e]meo)eat N v
G ()= f (ci(0)cf(n))e'tdt, ) OIS e
0.0 tn-8-1 Lo, e |

where the statistical mean values are taken on a nonequilib- 1.5 10 15 20 25 30

rium stationary state of the system, which corresponds to a impurity plane

situation where there is a current flowing in the heterostruc- ) . , ,

ture due to the external potential. By following the standard, 'C: 1f Energufes assomatetlj W'ﬂ;‘ the peaks of thi electronic

procedure usually adopted in the Keldysh scheme, the fuffenSity of states of GaAs-GaAl,As heterostructure as functions

system is decoupled in two equilibrium oneight (R) and of the |mpur|ty-layer_ position. The peak energies are related to _the
. h . uantum-well quasibound states. Full circles are for zero bias,

left (L)] a_md the associated Green_functlons are Obta'r_‘? hereas full squares and triangles are the results fer 0.1 and

Renormalized dressed Green functions for the nonequiliby 5 o\ respectively.

rium case can be derived, via a Dyson equation, by linking ’

the two subsystems with the perturbed Hamiltonian. The av- :
; . o was chosen so as to generate a bafoea well) correspond-
erage current induced in the system is given by

ing to the same potential height of the GaAs;GgAl,As
2eT (= double-barrier heterostructure, i.AE;=AE. The substitu-

(9= Tf do[Ggq (@)= Gyg ()], (3)  tion of this isoelectronic defect plane defines a localized per-

o turbation on the reference system. In that sense, it can be
which can be written in terms of the density of states of therepresented by a function at a particulag; position of the

two equilibrium subsystemsg | (A w) as quantum well; following a first-order perturbation theory, it

is easy to show that the first-order dependence of the en-
] _47reV2JuLp,_(hw)pR(ﬁw) dih L is given byAe, =AE;|#(z)|?, with [¢/(z)| being the
(9= h e |A(hw)|? (hw), “ probability density envelope function of the unperturbed sys-

tem.

where

|A12=(1-gl gRrV) (1—gF gRpV?), (5) Ill. RESULTS AND CONCLUSIONS
with gfﬁ'?)RR) corresponding to the advanc@etarded Green A simple and illustrative way of getting information about

function of the left(right) subsystem. We have considered the main physical properties of an electron in a quantum-well
mr<pm_, M. andug being the chemical potentials of the system is the determination of the density of electronic
injector and collector located on the left- and right-handstates. By deriving the density of states of distinct hetero-
sides of the system, respectively. In the following we will structures, each one with an impurity-plane probe located at
refer to the left chemical potential uniquely as the Fermia different position, it is possible to determine the electronic
energy. distribution inside the well region. This is illustrated in Fig.
In the present description, the well and barrier lengdis 1, where we have plotted the energies corresponding to the
and N, defining a particular double-barrier heterostructurefirst peaks of the density of states of distinct “doped” het-
are determined by the number of iterative steps considered ierostructures as functions of the impurity-plane position.
a continued-fraction scheme adopted to solve the Dysoifhese peaks are associated with the quantum-well quasi-
equations. In following this microscopic model we have usedbound electronic states. Results concerning the equilibrium
the GaAs electronic effective mass =0.061,, mybe-  situation(zero applied bigsare represented by full circles in
ing the free electron mass, and a lattice constant the figure. They clearly exhibit the expected symmetry of the
=2.82 A. The electronic concentration at the injector is de-related states since the density of states of the whole junction
termined by assuming a three-dimensional free-electron gabas a mirror symmetry with respect to the center of the
In the present discussion, we consider small doping of thguantum-well region. It is worth noting, however, the lack of
order of 1.0 10*¥/cm™2 considering Fermi energies equal to symmetry as a finite bias is applied, since in that case the
50, 65, and 75 meV. The value of the impurity-plane energyelectronic cloud is shifted towards one of the barriers as a
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FIG. 2. Characteristic curves of current versus voltage for a FIG. 3. () Peak voltage anth) peak energy as functions of the
GaAs-Ga_,Al,As double-barrier heterostructure composedNgf ~ impurity-plane position for a double-barrier GaAs.GgAl,As sys-
=Np=15 atoms(42 A), with a barrier potential ofa) 224 meV and tem with N,=31 and Np=15 atoms and for AE=AE;

(b) 500 meV for different values of the Fermi level. =300 meV. Results for different Fermi energy values are pre-
sented in(a). Both results are obtained via a one-dimensional de-

consequence of the triangular potential shape generated ygription of the heterostructure.

the applied electric field. The localized potential defined by

the impurity plane acts as a small perturbation and can béected by local perturbations, we have calculated the current

used to provide information concerning the spatial electroni@s a function of the applied voltage, taking into account sub-

distribution in the quantum-well region. stituted impurity monolayers in different positions of the ref-

In regard to transport properties, let us consider a simplerence double-barrier system. The results clearly show a de-
double-barrier heterostructure. Characteristic curves of cupendence of the resonant voltage on the position of the
rent versus voltage are presented in Fig. 2 corresponding toimpurity plane, indicating the possibility of monitoring the
one-dimensional modeled GaAs-GaAl,As heterostructure resonant voltage and the performance of a tunneling diode. A
with N,,= N, =15 planes, barrier potentials AfE=224 and detailed study of the dependence of the resonant voltage on
500 meV, and for three Fermi energy values. As the emittethe position of the impurity plane is required to understand
electronic concentration is reduced the resonant peak igroperly the role played by the defect monolayer on the reso-
shifted to higher energies and the resonant tunneling voltageant tunneling. Results for the resonant voltageak volt-
range is also reduced. On the other hand, as the barrier page as functions of the defect-layer position are shown in
tential increases the tunneling takes place at higher voltageig. 3@ for a one-dimensional modeled GaAs-GgAl,As
values due to an increase of the electronic confinement andbuble-barrier heterostructure witl, =31 andN,=15 at-
the current intensity is clearly reduced, as expected. In ams, barrier potentialAE=300 meV, and for three values
three-dimensional description of the GaAs;GgAl,As het-  of the Fermi energy. We assume that the impurity creates a
erostructure, different shapes for the current curves are execalized potential barrier also equal to 300 meV. The two
pected due to the additional requirement of momentum conresonant peaks are related to the groiitdt peak and the
servation. In fact, the 3D resonant curves exhibit thefirst excited statésecond peakof the quantum well. Notice
qualitative features of characteristic experimental curves. Ithat for Er=50 eV we have displayed only the results re-
is worth noticing, however, that as impurity and phononslated to the second resonant peak. It is worth noticing that
scattering effects are not taken into account in the model, ththe evolution of the resonance voltages exhibits a spatial
theoretical results cannot present a perfect quantitative agredependence behavior related to the wave function describing
ment with measurements. However, the main electroni¢he electron motion inside the quantum well and moreover,
(quasibound statesnd transportresonant tunnelingprop-  as expected, it presents deviations from the symmetry behav-
erties manifest themselves in both 1D and 3D models. ior of the quantum-well states, which is characteristic of the

As the formation of the qguantum-well bound states is af-effects of an applied voltage on the electron wave function of
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FIG. 4. (a) Evolution of the resonant voltage associated with thefrom the normal tun_nellng dev'_CA| f9r the Same_hetero'

second quasibound state afiwl shift of the peak voltage related to Structure as a function of the impurity layer position. The
the reference system, as functions of the impurity-plane position foféSults are shown in Fig. 5. Notice that for this particular
a double-barrier GaAs-Ga,Al,As system withN,, andN, equal ~ choice of geometry an increase of the peak current is ob-
to 31 and 15 planes, respectively. The barriers of the heterostructuf@ined for a large range of impurity plane positions, mainly
and the localized defect potential are considered to be equal to 300Xt to the central well region. This fact indicates unambigu-
meV. Both results are obtained via a three-dimensional descriptio@usly that the tunneling performance of a diode can be arti-

of the heterostructure. ficially monitored by adding an impurity plane during the
growth process of the nanostructure.
double-barrier systems. Figuréb3 shows the results for the In summary, we have presented a study of resonant tun-

energy of the quasibound quantum-well states for the sameeling in double-barrier heterostructures in the presence of
system, obtained from the electronic density of states, whicksoelectronic monolayers at different positions inside the
are related to the probability density of the envelope wavavell. We have followed a theoretical description based on
functions. Keldysh's nonequilibrium Green functions, which are ad-

Figure 4a) illustrates the same behavior of the resonantequate to describe transport properties. We have neglected
tunneling as a function of the position of the impurity layer, effect suchs as band bendings due to charge accumulation
following a three-dimensional description for the and have considered a linear interpolation to describe the
GaAs-Ga_,Al,As heterostructure and taking into accountpotential profile induced by the applied voltage. The real-
only the results for the second resonant pescond excited space microscopic description of the system can be under-
statg. A comparison between the resonant voltages obtainestood as an appropriate formalism in which, for instance,
for the doped systems and the reference dng,is shown in  substituted impurity planes are easily incorporated in the the-
Fig. 4(b) for the same case. For the case where the positiooretical treatment. Moreover, we have shown that transport
of the impurity plane coincides with a node of the electronicmeasurements can also be used to allow a mapping of the
wave function, we know from the density of states that noelectronic wave functions inside different heterostructures.
shifts in energy are expected for the position of the corre-
sponding quasibound quantum-well state when compared to
the situation in which there is no impurity plane. However,
one must not forget that in the calculation we are dealing We are grateful to P. Shultz and S. S. Makler for helpful
with, there is an applied electric field that distorts the heterodiscussions. This work was partially supported by Conselho
structure and reflects itself in the electron motion inside theNacional de Desenvolvimento Cientifico e Telgico, Bra-
wells. For this reason again we note a lack of symmetry irzil.
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