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Current oscillations in semiconductor-insulator multiple quantum wells
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We examine theoretically the dc current-voltage characteristics of semiconductor-insulator multiple quantum
wells with localized states in insulator barriers. The current exhibits periodic oscillating behavior for relatively
high electric fields due to the resonant tunneling of electrons via these localized states. The time development
of such current oscillations is also estimated.@S0163-1829~99!06847-2#
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I. INTRODUCTION

Among attractive peculiarities of quantum wells there
the possibility to form a device with a negative different
resistance~NDR! based on resonant tunneling of the char
carriers.1 The research interest in quantum wells historica
focused on lattice-matched systems ofAIIIBV compound
semiconductors.2 Moreover, within the last decade
AIIIBV-based multiple quantum wells~MQWs! have received
special attention from both experimental3–11 and
theoretical12–19points of view, which focused on understan
ing the nature of the NDR. Extensive research has clari
the dominant mechanism of current transport in such syst
to be sequential resonant tunneling.6,20 In particular, the pe-
riodic current oscillations observed in MQW structures a
due to the formation of a propagating high-field domain. T
voltage drop across this domain aligns the first energy le
of one well with the second energy level of the neighbor
well, allowing resonant tunneling to occur. Additional vo
age expands the high-field domain to include more and m
quantum wells, with each added quantum well resulting i
current peak.

Presently there is a growing interest in the fabrication a
the study of silicon-insulator MQW’s related to their pro
pects in nanoelectronics and optoelectronics.21,22 In Refs. 21
and 22, respectively, silicon dioxide (SiO2) and calcium
fluoride (CaF2) were used as insulating materials. The ele
tronic properties of these MQW’s are quite different fro
those based onAIIIBV structures. In particular, the barrie
are much higher because of the larger band offsets in
silicon-insulator MQW’s. Another relevant issue is the like
existence of localized states in the insulator barrier. The
rier transport behavior in such silicon-insulator MQW’s
yet to receive extensive theoretical consideration, with o
few studies reported to date.23,24

In this work we have attempted to extend the problem
the carrier transport in semiconductor-insulator MQW’s
include a new effect. We suggest that in addition to dir
tunneling through a barrier between two adjacent quan
wells electrons can also resonantly tunnel via localized e
tron states in the insulator. Thus additional periodic curr
oscillations may be observable in the current-voltage (I -V)
PRB 600163-1829/99/60~23!/15975~5!/$15.00
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characteristics of the structures. In the following, we fi
describe the model, which is then applied to Si/SiO2MQW’s
and discussed.

II. FORMULATION OF THE PROBLEM AND THE
MODEL

The structure we analyze here is a semiconduc
insulator MQW represented by the potential diagram in F
1~a! for zero applied bias. It consists ofN semiconductor
quantum wells confined byN11 insulator potential barriers
We suppose that our MQW structure is undoped and sa
wiched betweenn-type electrode regions that are dopedND
51018cm23. Because of coupling between the quantu
wells, a miniband is formed, but because of the high insu
tor barriers, this miniband is narrow. When an electric fie
is applied across the structure, the miniband breaks up
ladder of localized ground states centered in the wells.
principle, due to energy and in-plane momentum conser
tion, charge transfer is possible only when the energy lev
in adjacent wells coincide~resonant tunneling!.25 However,
the existence of scattering mechanisms, such as inter
roughness expected at a semiconductor-insulator interf
relaxes the in-plane momentum conservation rule.26 The cou-
pling to interface roughness is a rather complex problem,
its quantitative evaluation is beyond the goal of this pap
Therefore in the following we will evaluate direct tunnelin
between adjacent wells in the Wentzel-Kramers-Brillou
~WKB! approximation. For this we also assume that t
characteristic relaxation time in the quantum wells due
phonon emission and interface scattering is faster than
charge transfer between wells due to tunneling~we will re-
turn to this point later in the paper!. Thus it becomes possibl
to consider that the electrons relax down to the ground s
of the semiconductor well before tunneling to the next on

The new feature of our model is the presence of localiz
electron states within the barriers~Fig. 1!. In silicon-
insulator systems there can be different reasons for the
pearance of such electron states in the insulator energy g27

Namely, they can be related to~1! defects due to the sto
ichiometric distortion at the interface between silicon a
insulator,~2! structural defects due to strained bond bridg
15 975 ©1999 The American Physical Society
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accommodating silicon and insulator layers, and~3! fixed
charges in the insulator. We will treat these defects as tr
with a Coulomb capture cross section. However, the qua
tive features of the phenomenon are independent of the
ticular nature of these eigenstates. We assume, to sim
the model, that these states have the same energy pos
throughout the all barriers of the MQW’s. However, th
main predictions given by our model essentially hold if the
is a distribution in energy of the localized states in the b
rier. Since such states are usually found near the inter
~;1 nm!, the effective thickness of the insulating barri
covered by the model is not larger than 1.5–2 nm, which
in fact in agreement with the sizes dealt with in the expe
ments on silicon-insulator MQW’s.21,22

As it has been shown in a number of papers,15–19 charge
transport in MQW structures can be described with r
equations for the carrier densities in the different quant
wells combined with the discrete Poisson equation; for
ample, see the work of Wackeret al.18 The rate of change o

FIG. 1. Potential diagram of semiconductor-insulator MQW
with localized electron states within the barriers~a! in the absence
~b!–~e! and under an applied external bias.
ps
-

ar-
ify
ion

-
ce

s
-

e

-

the electron concentration in thei th well is described in the
following manner:

dni

dt
5gi 21~ni 21 ,ni ,FW i !2gi~ni ,ni 11 ,FW i 11!. ~1!

Here the first term defines the tunneling flow bringing t
electrons from the (i 21!th well to the i th one, while the
second term is the tunneling flow withdrawing the electro
from the i th well to the (i 11!th one. Each term in Eq.~1!
includes direct and reverse tunneling and as a function
carrier concentrationni and electric fieldFW i is given by28

gn
i 5

AmymzkBT

2p2\3dsem,i
E

0

U

@Fi 21~E!2Fi~E!#dEE
0

E

Ti~E

2E' ,mx ,FW i !dE' , ~2!

whereFi 21(E) and Fi(E) are the Fermi-Dirac distribution
functions in the two wells;Ti is the tunneling probability;
mx ,my ,mz are the electron effective masses inx,y,zdirec-
tions; dsem,i is the thickness of thei th semiconductor layer
E' andE are the transverse and total kinetic energy of el
trons in the semiconductor;Ui is the barrier height for an
electron in theith layer;kB is Boltzmann’s constant;T is the
absolute temperature~calculations assumeT5300 K!; \ is
Planck’s constant.

Charge carriers are provided and removed from the MQ
system through contacts to the left and right. Within t
model we assume that the applied bias and current thro
the system do not alter the properties of the emitter, wh
acts as a three-dimensional electron reservoir with a dis
bution density of 1018cm23. For the collector layer, given
the appearance of a significant depletion region at large
plied bias,29 the electron density can be taken as zero n
the barrier. Therefore, it becomes possible to model the c
tact layers by additional wells labeled 0 andN11 with con-
stant electron densities:

n05ND , nN1150. ~3!

In order to describe a charge buildup at thei th well30 we
use the discrete Poisson equation connecting the fields at
adjacent wellsFW i andFW i 11 and the electric charge in thei th
well:

FW i 1 l2FW i5
edins,ini

«
~4!

Heree is the electron charge;dins,i is the thickness of thei th
insulating barrier;e is the barrier permittivity. Note that in
Eq. ~4! we assume the voltage across one period of MQW
to drop mainly over the insulating barrier. This is reasonab
as the dielectric constant of an insulator is usually seve
times lower than that of a semiconductor~for instance,
«SiO2

53.9, «Si511.9!.

In the 2N equations~1! and~4! there are 2N11 unknown
variables ni ,FW i ( i 51,2,...,N), and FW N11 . One additional
equation is the bias condition
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(
i 5 l

N1 l

FW idins,i5V, ~5!

whereV is the voltage applied to the structure.
Tunneling through a one-dimensional barrier contain

available electron states has been analyzed already.31,32 It
was shown that the probability of tunneling is larger for t
fields corresponding to resonant tunneling~RT! via localized
electron states and was also proposed as one of the pos
breakdown mechanisms of thin SiO2 films. Therefore, these
states can be modeled to exist in narrow wells inside
insulator barriers~see inset of Fig. 2!. This implies that the
functionTi(FW i) has a peak at an electric fieldFW RT that aligns
the localized state in the barrier with the electron energy
the well. We modeled such a peak by the Gaussian cent
at FW RT:

G5
A

A2ps
expF2

1

2s2 ~FW 2FW RT!2G ~6!

and added it to the transmission coefficient defined by
WKB approximation~Fig. 2!. The valuesFW RT ands serve as
model parameters and depend, respectively, on the ener
the electron state in the barrier and the dispersion of its
calization. If there are a number of localized electron sta
they should be modeled by additional peaks in theTi(FW i)
function. In Eq. ~6! A is the scale factor representing th
intensity of electron tunneling through the states in the b
rier.

The I -V curve of the MQW structure is then calculate
for a steady state by numerical integration of Eqs.~1! and~4!
taking into account the bias condition~5!. For simplicity we
assume the barrier height for tunneling of electrons and
thickness of the insulating and semiconducting layers to
identical throughout the MQW structure.

FIG. 2. Schematic transmission coefficient as a function of e
tric field for the barrier with a localized electron state.
g

ible

e

n
ed

e

of
-
s

r-

e
e

III. RESULTS AND DISCUSSION

Two different types of the steady-state solutions ha
been studied. The first assumes that a uniform electric fi
exists across the MQW periods, i.e.,

FW i5FW 5
V

~N1 l !dins
. ~7!

Such a distribution makes physical sense only if the curr
through the MQW is negligible. The second case, which
closer to the real situation observed in experiments, co
sponds to the nonuniform distribution, i.e., when differe
charge buildup in the wells results in different electric fiel
across the barriers. Solutions for both cases were consid
for the MQW’s consisting of 50 periods (N550) of
Si~1.4 nm!/SiO2~1.5 nm!. The conduction-band offset wa
chosen to be 3.0 eV.33 The effective electron masses with
silicon layermy ,mz were estimated from our previous ban
structure calculations34,35 to be 0.35m0 . The electron effec-
tive mass in the tunneling directionmx was assumed to be
0.42m0 as it was used in the calculations of Svensson a
Lundström.36 The energy of the ground state in the well w
estimated using the numerical formalism proposed by V
sell, Lee, and Lockwood.37 Simple estimations give that fo
the localized state positioned at 2.6 eV below the conduc
band of the barrier,38 the ground-state carrier energy in th
well matches that of the eigenstate when the electric fi
across the insulating barrier reaches the valueFW RT58
3107 V/m.

In the case of the uniform electric field distribution, th
initial tunneling current is small and increases with the a
plied voltage. However, when the voltage reaches the va
of FW RTdins (N11) all the ground states in the QW’s are
resonant conditions with the localized electron states in
insulating barriers. Thus, it gives rise to a sharp current
crease. Once the voltage exceedsFW RTdins (N11) the current
decreases again, being limited by the WKB barrier tunnel
transparency. The resulting staticI -V characteristic is shown
in Fig. 3~a!. It has one current peak, whose amplitude a
width are determined by the density of localized states in
barriers and their energy dispersion.

Now we proceed to the more realistic case when the e
tric field is distributed nonuniformly over the structure. Fi
ures 1~b!–1~e! show the band scheme when a bias is appl
to the device. When the applied voltage is increased fr
zero the electrons start to tunnel from one well to anoth
thereby producing a current that is defined by the WKB tu
neling probability through an insulating barrier. The carr
tunneling leads to a space-charge buildup at the well31

Thus, for a certain value of the bias voltage the electric fi
distribution over the structure becomes nonuniform as
shown in Fig. 1~b!. The changing slope of the barriers is du
to the different screening effect of the space-cha
buildup.31 The situation with the current changes radica
when the voltage drops across the barrier closest to the
lector DV5FW RTdins,N @Fig. 3~b!#, i.e., when the ground stat
in the last well (Nth)E1 is aligned with the eigenstate in th
barrier Es . Under these conditions a current shot is effe
tively created between the well and electrode, thus produc

-
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the first current peak. Further increase in the bias will ca
breaking of this resonant condition, thereby decreasing
current @Fig. 1~c!#. Then the eigenstate in the next barri
approaches the level of the ground state in the (N21!th sili-
con well and the oscillation repeats@Fig. 1~d!#. The electrons
from the ground state of the well tunnel via the localiz
state in the barrier to the adjacent well, followed by rela
ation at the interface to the ground state of this well. As
result, one would expectN11 current peaks for a devic
havingN periods. The physical picture is quite similar to th
domain formation in theAIIIBV MQW structures studied
previously.18

Figure 3~b! shows the staticI -V curve calculated for non
uniform electric field distribution over the periods of th
structure studied. There are indeed current oscillations
pearing at an applied bias of 5.1 V and disappearing at 7.
Another interesting point about the results presented in

FIG. 3. Current-voltage characteristics of 50 periods
Si~1.4 nm!/SiO2(1.5 nm! MQW’s for ~a! uniform and~b! nonuni-
form electric field distribution over the periods. In case~b! the field
distribution is calculated self-consistently as described in the te
e
e

-
a

p-
V.
g.

3~b! is the period of the current oscillations. The formatio
of resonant conditions starts at the collector and propag
towards the emitter. However, due to the nonuniform elec
field distribution over the structure, the voltage drop acro
the barrier~which is required to create the resonance! is not
the same for the different barriers. Indeed it is smaller n
the collector and greater near the emitter. Thus, the osc
tion period increases with increasing bias.

As a final comment to the results, let us discuss the ti
development of the predicted current oscillations. This is
important point as far as the time-independent situation
considered within the model. However, it was pointed o
elsewhere29 for the high-conductivity state at the resonan
to be fully established a certain amount of charge must
present on the resonant state. As in our case all local
eigenstates in the barrier are initially above the energy of
injected electrons; a transient timet is required to accumu-
late this charge. This transient process can be estimated
simple consideration ofRC delay of the ‘‘quantum capaci
tor’’ proposed by Luryi:25

t5«a21~l/c!e4pdins /l, ~8!

where l5h/A2mxU is the de Broglie wavelength of th
tunneling electron;a is the fine-structure constant;c is the
speed of light. For the eigenstate located in the middle of
SiO2 barrier 1.5 nm of thickness numerical estimations us
Eq. ~8! give t to be of order of 10 ps. In contrast, the sca
tering times for Si/SiO2 systems lie in the range of 0.1–10
depending on the mechanism and electron energy.39,40There-
fore, the previously made assumption that electrons h
time to relax to the ground state after tunneling into the n
quantum well seems to be reasonable, as the scattering t
are shorter than the effective charge-transfer time betw
adjacent wells.

IV. CONCLUSION

We have considered an added feature in charge-ca
transport across semiconductor-insulator MQW’s: reson
tunneling between adjacent wells via localized electron sta
existing in the barriers. Single and multiple periodic curre
oscillations are predicted in the current-voltage characte
tics of the structures for uniform and nonuniform potent
distributions, respectively.

However, the experimental observation of such curr
oscillations can be difficult. Rather thin insulating barrie
~,2 nm!, as well as a high concentration of localized ele
tron states, are required to provide the current at a reson
significantly higher than the current produced by interfa
roughness-assisted tunneling of electrons through a se
insulating barriers.

The transport mechanism we analyze can be further
veloped to account for different localized states that
spread both in energy and space. Moreover, dynamic eff
also seem to be interesting for further analysis.
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