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Magnetic-field-induced recovery of resonant tunneling into a disordered quantum well subband
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We investigate how the disorder produced by a layer of self-assembled InAs quantum dots affects the
electronic states of a GaAs quantum well incorporated in a double barrier resonant tunneling diode. The
disorder strongly suppresses the resonant peak in the current due to electron tunneling into the lowest energy
subband of the quantum well. However, the peak is recovered by the application of an in-plane magnetic field,
which provides a means of tuning the in-plane momentum of the tunneling electrons. Analysis of these data
and of Landau level formation when the field is applied perpendicular to the quantum well plane provides
information about the length-scale of disorder potential in the well.
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Self-assembled semiconductor quantum d@B’s) pro- QW breaks the momentum conservation condition and tends
duced by the Stranskii-Krastanov growth mode are of fundato smear out the peak i{V). We find that a layer of QD’s
mental interest and have great potential for novel optoelecin the center of the QW produces sufficient disorder to de-
tronic devices.QD’s have been incorporated in a wide rangestroy the resonance associated with the lowest energy sub-
of semiconductor structures. Several groups have investband of the QW. However, the resonant peak and the NDC
gated devices in which a layer of QD’s is placed in closeassociated with the lowest QW subband are restored by the
proximity to a modulation-doped two-dimensional electronapplication of a sufficiently strong in-plane magnetic field.
gas(2DEG).2°The dots act as a store of electron charge and\Ve explain this behavior in terms of the effect of the mag-
create a controllable disordered potential, which modifies thaetic field and applied bias on the dynamics of electron tun-
conductivity and the electron mobility of the 2DEG. The dotsneling into the states of the disordered QW. In addition, we
were either incorporated in a singl@AlGa)As tunnel study the effect of the QD’s on the formation of Landau
barrief” or else in, or close to, a GaAs quantum well sur-levels in the QW. By measuring the dependence of the cur-
rounded by two(AlGa)As barriers® Tunneling spectros- rent on a magnetic fiel8, applied perpendicular to the QW
copy has been used in this type of structures to study tranglane, we show that Landau levels form when the cyclotron
port through the highly localized zero-dimensional electronicorbits extend over lengths smaller than the average spatial
states of a ddt. Devices of this type show promise for separation between the QD’s.
memory and single photon applicatiofs? However, to The technique used in our experiment, termed magneto-
date little information exists about the extended states of &inneling spectroscop§MTS), has been previously used to
GaAs quantum wellQW) incorporating a layer of QD’s, a study the electronic properties of a number of different semi-
heterostructure design that has been employed for a numbeonductor heterostructure systems including donors in
of device applications, such as QD laskts* QW's*® quantum wires® and quantum dot$®*’ It has also

In this paper we use resonant magnetotunneling to invesielped to identify many of the interesting features, e.g.,
tigate the effect of the disordered potential produced by aegative hole effective mass, anisotropy, and band-mixing
layer of QD’s on electrons tunneling through a QW, which iseffects, predicted theoretically for valerit€® and conduc-
incorporated in a double barrier resonant tunneling diodeion band QW's?®® Here we show that MTS can provide us
(RTD). By measuring the tunnel current as a function of thewith a useful means of probing the electronic states of a
bias voltage and of magnetic fie) applied parallel to the strongly disordered QW, in which the dots act as the source
plane of the QW, we can study the effect of disorder on theof disorder.
electronic states of the QW subband over a wide range of The device used in our experiment is a double barrier
energy €) and in-plane momenturk(). In the absence of electron RTD grown by molecular beam epita®yBE) on a
disorder, both the electron energy and the in-plane compa:00)-orientedn* GaAs substrate. A layer of InAs QD’s was
nent of the electron momentum are conserved when an eleembedded in the center of a 12-nm GaAs QW, sandwiched
tron tunnels through a barrier. As a result, resonant peaks atetween two 8.3-nm Al,Ga ¢As tunnel barriers, as shown
observed in the current-voltage characteridtf/) of the  schematically in Fig. (). The QD’s were grown by depos-
RTD. Due to the steplike character of the density of states oiting 2.3 InAs monolayer§ML's) on a 6-nm GaAs layer,

a QW, the momentum conservation condition is essential foannealing for 90 sec at 620°C, and then capping with a
observing a peak and the associated negative differentizlecond 6-nm GaAs layer to complete the QW. On each side
conductivity (NDC) in the I (V) curves. The destruction of of the two Al .Ga, As barriers the layer structure is as fol-

translational symmetry due to the presence of disorder in thipws: a 50-nm GaAs undoped spacer layer, a 50-nm GaAs
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Fermi energy in the emitter. Hence, this subband should
come into resonance with the emitter Fermi energy when a
bias is applied, thus producing a resonant peak inl (Ng.
However, as discussed in detail below, this resonant peak is
not observed aB|=0.

As shown in Fig. 1), the low temperatureT=4.2 K)
I (V) characteristic at zero magnetic field reveals a clear peak
— (E2) at a bias voltage of 0.95 V due to electron tunneling into
emitter ODs collector the second electron subband of the QW. The resonant peak
associated with electron tunneling into the first QW subband
(E1) is absent, whereas it is observed, around 0.2 V, in con-
trol samples with similar layer composition except that the
ODs (b) 1 QD layer is abserf® For the sample containing QD’s, the
current increases with bias showing a change in the slope of
thel (V) at biases smaller than 0.4 V. This is attributed to the
formation of an electron accumulation layer adjacent to the
first barrier. Also, at very low bias<£0.1 V), we observe
additional resonant features, due to tunneling of electrons
into the QD stateginset of Fig. 1b)]. These modulation of
current also reflects fluctuations of the density of states in the
emitter?

Figure 2a) shows that a clear and well-defined resonant
peak inl(V) at a bias of~0.2 V appears when a strong
_ _ _ magnetic field Bj=5 T) is applied parallel to the plane of

FIG. 1. (@) Schematic conduction-band profile of a double bar-the QW. By further increasing the magnetic field to 6.5 T, the
rier resonant tunneling diod®TD) incorporating InAs .QP’S in the I (V) shows NDC. The two steps present in the region where
center of a GaAs/AlGa.eAs QW. (b) 1(V) characteristic at zero — \ye ohserve NDQ(indicated by the stars for thBj=11 T
magnetic field. Insett(V) at low bias, showing peaks due to tun- ;g are associated with high frequency oscillations in the
neling through localized states of the QD’s. current, which can be suppressed by placing a capacitor

across the device or by decreasing the lateral size of the

layern doped to 2< 10*” cm™3, and 0.4um GaAs layers* device[as shown in the inset of Fig(l)]. Figure Zb) shows
doped to 3<10'® cm™3, which form the outer electrical con- the I(V) curves forB up to 12 T. The emergence of the
tacts of the device. Atomic force microscopy images of aresonance is shown in the differential conductan€g (
structure with QD’s grown under the same conditions reveak=dl/dV) greyscale plot depicted in Fig(@. With increas-
a distribution of dot sizes consisting of two components:ing B, the resonance shifts to higher bias with a parabolic
small dots of typical in-plane diametdr~50 nm and density trend[white line in Fig. Zb)], and both the resonance width
p~10° cm 2, and larger anisotropic dots with typical in- and magnitude of the current increase. The parabolic depen-
plane sizes of 70 and 250 nm, and densjty-2.0 dence strongly suggests that the resonance is due to electron
x10° ecm 2.2 tunneling into the extended states of an energy amdich

The confinement in the growth direction generates twowe ascribe to the lowest QW subbaid. In contrast, for
two-dimensional electronic subbanBd4 andE2, in which  tunneling into the localized states of quantum dots, the ap-
the electrons are free to move in the QW plane. Figueg 1 plied magnetic field has very little effect on the peak position
shows schematically how the presence of the InAs layer afof the resonant peaks, while the amplitude of the peaks de-
fects the conduction band profile and energy levels in th&€reases strongfy?
QW. The states of the lowest energy subb&id for which The emergence of thEl resonance with increasing in-
the wave function has a maximum in the center of the Qwplane magnetic field indicates that the disorder has a decreas-
are shifted markedly to lower energy. A simple quantum caling effect on the tunneling electrons. The disorder arises
culation indicates that thE1 subband moves below the con- partly from electron charging of some of the dots and partly
duction band edge of GaAs in the QW. In the limit of a very from the morphological and strain disorder of the InAs layer.
wide QW, theE1 subband would correspond to the InAs Let us assume that the disordered potential in the QW plane
wetting layer level that forms beneath the QD’s. In contrastjs spatially modulated over a characteristic length stale
the energy of th€2 subband, for which the wave function For Bj=0, electrons tunnel into the QW with in-plane ki-
as a node near the QD layer, has an energy similar to that inetic energysH=ﬁ2kﬁ/2m*, wherek is the electron in-plane
a control sample in which the QD layer is absent. At zerok vector andm* is the electron effective mass. For<kg,
bias, equilibrium is established by charging of the QD’s duewhereky=2#/l4, the electron is strongly scattered by the
to diffusion of electrons from the doped contact lay@rs. disorder. As a result, at low , the in-plane momentum is
This leads to the electrostatic band bending effect showmot conserved in the tunneling process and the expected reso-
schematically in Fig. (&), which raises the energy of all nant peak is smeared out to give a broadened steplike feature
states in the quantum well, includingl, relative to the in I(V). This smearing effect is particularly pronounced for

I (nA)
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FIG. 3. Schematic representation of the effect of an in-plane
magnetic fieldB and biasV on the tunneling of electrons from the

200 emitter to the QW subband statd;. provides the tunneling elec-
_ ] 12T . .
< L < trons with an in-plane momentum componerk=eBjAs/#. The
E? f application ofV provides the electrons in the emitter with an extra
i = energyeV/f.
// 120 i
—> g QD's. Hence the effect of disorder is much weaker for elec-

trons tunneling into this subband with the result that electron
tunneling intoE2 produces a clear and intense peak in the
I (V) curve[see Fig. 1)].

Figure 3 illustrates the mechanism that we propose to ex-
plain the magnetic field-induced emergence of reson&ice
As outlined above, fok<<ky the in-plane momentum is not
conserved in the tunneling process because of disorder. We
represent this effect in Fig.(8 by showing the energy dis-
persion band of the QW at lok values by a dashed line. In
terms of this model, the resonant peak expected (M)
when the bias brings the emitter energy in alignment with the
QW band is smeared out by the disorder. An in-plane mag-
netic field causes an electron tunneling into Eiesubband
to acquire an additional in-plane momentum componekt
=eByAs/#, due to the action of the Lorentz forgsee Figs.

0.0

()

B|| (T)

8
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2(c), 3(b), 3(c)].1>*® HereAs (~26 nm) is the effective tun-
neling length between the quasibound electron state in the
accumulation layer and the center of the QW. The resonant
condition is restored at magnetic fields large enough to sup-
ply the momentunfi Ak=%k, [Fig. 3(c)].

As can be seen from Fig(@, the E1 feature emerges as
a clear resonance ir{V) at a field of about 5 T, correspond-
evident the emergence of a resonancdpt5 T measured on a jng to Ak~2x10® m~ 1. Above 5 T, the bias position of the
mesa with 40um diameter(b) (V) curves forBy in the range O resonance shifts parabolically wity, according to the re-
to 12 T. .The inset shows(V) curves measured on a mesa With |ation eAV = f42Ak2/2m* . Heref is the electrostatic lever-
50 um diameter, where the two steps in the NDC region observed,yq factor {=5), which determines the fraction of the total
in the larger mesésee text are not presentc) Greyscale plot of applied bias dropped acroas, m* =0.067n,, wheremy is
the differential conductance as a function\ofind B . The maxi- . ' o 0 0
mum of the conductance is represented by the black color Thghe electron mass in vacuum and/ is the variation of the

P Y : oltage position of the resonance relative to its value at zero

white color represents negative differential conductance. The whitd tic field. This indicates that elect ¢ | i
solid line shows the parabolic increase of the voltage position of thén_agne ICTield. This indicates that electrons tunnel resonantly

resonance peak. The series of white dots in the greyscale plot (W'th both energy and momentum Conservat'o_nl'mo states of
G(V) observed forB>5 T andV>0.2 VV comes from the sharp the parabolid&1 subband withk=kq~2X 10° m™*. TheEl
downward steps in(V) in the NDC region and from the finite step f€SOnance is smeared out at low bias and low magnetic field
in By (0.5 ). Inset: sketch of the deflection of the electron trajec- by potential fluctuatlon.s with a Cha"ac_te“St'C Ien'gth sg:ale
tory in the presence (BH_ |d:27T/kd’~‘“30 nm, which compares with the typlCﬂ' Size
and separation of the higher density QD’s present in our
electrons tunneling into the lowest energy subbdal  sample. Further investigation with different orientations of
which has an antinode in its wave function close to the poB) in the QW plane, aimed to search for any anisotropy of
sition of the QD layeffsee Fig. 18)]. In contrast, the upper the disorder potential, show no dependence of ()
QW subbandE2 has a node in its wave function close to the curves on the orientation &;. This suggests that the effects

FIG. 2. (& 1(V) curves forB<7 T (every 0.5 7 to make
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analysis shows that a two-dimensional accumulation layer
starts to form av~0.1 V [see arrow in Fig. db)].

The higher frequency serie$Z) arises from scattering-
assisted electron tunneling from the emitter into discrete
Landau levels of theel QW subband accompanied by a
change of the Landau level indé&We can estimate the
diameter of the cyclotron orbit associated with a Landau
level using the relation

d.=2lg\2p+1, (1)

wherelg= J#A/eB, is the magnetic length arglis the Lan-

mau " dau level index. We find that the largest Landau level orbits

extend over characteristic lengths in the range 65—100 nm.
T These are comparable to, but do not exceed, the average
spatial dot separation~{100 nm), thus suggesting that in
this sample Landau levels cannot form when the cyclotron
0.8} » orbit is larger than the average dot separation. The observa-
l ) 1 tion of the series of oscillation§2 in the I(B,) for V

/

dI/dB, (LA/T)

1.6 |

s

n (10°m?)
-,
S
E_(meV)

; =0.2 Vs likely to be related to the effect of screening of the
0.0 N SR S PN disordered QW potential by the 2DEG which forms in the
0.0 0.2 0.4 0.6 emitter accumulation layer when the applied bias is
V (V) increased’ This screening effect may also enhance the re-
covery of theEl resonance im(V) induced byB;, shown in
FIG. 4. (a) dI/dB, vsB] ' at a bias voltage of 0.5 \61 andS2 Fig. 2.
indicate two different series of magneto-oscillatiofis) Voltage In conclusion, we have carried out magnetotunneling
dependence of the electron dengityand Fermi energf in the  spectroscopy measurements on a RTD in which the active
emitter layer. The dotted line is a guide for the eye. The arromayer is a QW incorporating a layer of QD’s at its center.
indicates the voltage at which the emitter accumulation layer formsThese measurements indicate that the QD’s affect strongly
the potential in the QW on a characteristic lendth
observed in the tunneling current are due to the disorder30 nm, of the same order of the QD size and separation.
induced by the smaller dots and not by the strongly anisoAs a result, the resonance in thg/) curve associated with
tropic low density QD’s. the lowest QW subband is suppressed. However, when a
The disorder due to the QD's also affects the Landau levstrong magnetic field is applied in the plane of the QW, so
els in the QW that form when a magnetic fi&dd is applied  that electrons tunnel from the emitter into QW state with a
perpendicular to the QW plane. We have measuredie)  large component of in-plank vector kj>2/l4, the reso-
curves for several values of applied bias. For0.2 V, we nant peak inl (V) is recovered. The states which electrons
observe two distinct series of Shubnikov—de Haas—like 0sOCCUPY at these large in-plane kinetic energies are extended
cillations, both periodic in inverse magnetic fidg 1. Fig- ~ Pandlike states with well-defined momentum. Finally,
ure 4a) shows the derivative of thé(B,) curve for V magneto-oscillations in the tunnel current indicate the forma-

—0.5 V. The serie$1 is related to the Landau levels in the tion Of Landau levels in the QW when the cyclotron orbit

two-dimensional emitter accumulation layer. The oscillationsdiameter is smaller than the average dot separation.

in the current arise from the passage of the Landau levels This work was supported by the Engineering and Physical
through the accumulation layer Fermi energyBasis in-  Sciences Research CoundiUnited Kingdom, the NA-
creased. From the period of the oscillatidis’, and using NOMAT project of the EC Growth program Contract No.
the relationng=2eB, ;/h, we calculate the electron sheet G5RD-CT-2001-0054, INTASGrants Nos. 00-0744 and 01-
density ng in the accumulation layefsee Fig. 4b)]. This 2362 and the Russian Foundation for Basic Research.
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