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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 estimatg80163-182@09)06847-3

[. INTRODUCTION characteristics of the structures. In the following, we first
describe the model, which is then applied to Si/SIQW’s

Among attractive peculiarities of quantum wells there isand discussed.
the possibility to form a device with a negative differential
resistancéNDR) based on resonant tunneling of the charge
carrierst The research interest in quantum wells historically
focused on lattice-matched systems Af'BY compound
semiconductor8. Moreover, within the last decades The structure we analyze here is a semiconductor-
A'"BV-based multiple quantum weliMQWs) have received insulator MQW represented by the potential diagram in Fig.
special attention from both experimeritdf and 1(a) for zero applied bias. It consists &f semiconductor
theoretica?~*°points of view, which focused on understand- quantum wells confined b+ 1 insulator potential barriers.
ing the nature of the NDR. Extensive research has clarifie@Ve suppose that our MQW structure is undoped and sand-
the dominant mechanism of current transport in such systemsiched betweem-type electrode regions that are dopégd
to be sequential resonant tunnelftfg.In particular, the pe- =10®cm 3. Because of coupling between the quantum
riodic current oscillations observed in MQW structures arewells, a miniband is formed, but because of the high insula-
due to the formation of a propagating high-field domain. Thetor barriers, this miniband is narrow. When an electric field
voltage drop across this domain aligns the first energy levek applied across the structure, the miniband breaks up in a
of one well with the second energy level of the neighboringladder of localized ground states centered in the wells. In
well, allowing resonant tunneling to occur. Additional volt- principle, due to energy and in-plane momentum conserva-
age expands the high-field domain to include more and morgon, charge transfer is possible only when the energy levels
quantum wells, with each added quantum well resulting in @n adjacent wells coincidéresonant tunneling® However,
current peak. the existence of scattering mechanisms, such as interface

Presently there is a growing interest in the fabrication andoughness expected at a semiconductor-insulator interface,
the study of silicon-insulator MQW's related to their pros- relaxes the in-plane momentum conservation ffilEhe cou-
pects in nanoelectronics and optoelectroAfc€.In Refs. 21 pling to interface roughness is a rather complex problem, and
and 22, respectively, silicon dioxide (SiOand calcium its quantitative evaluation is beyond the goal of this paper.
fluoride (Cak) were used as insulating materials. The elec-Therefore in the following we will evaluate direct tunneling
tronic properties of these MQW'’s are quite different from between adjacent wells in the Wentzel-Kramers-Brillouin
those based oA"BV structures. In particular, the barriers (WKB) approximation. For this we also assume that the
are much higher because of the larger band offsets in theharacteristic relaxation time in the quantum wells due to
silicon-insulator MQW'’s. Another relevant issue is the likely phonon emission and interface scattering is faster than the
existence of localized states in the insulator barrier. The carcharge transfer between wells due to tunneling will re-
rier transport behavior in such silicon-insulator MQW's is turn to this point later in the papefThus it becomes possible
yet to receive extensive theoretical consideration, with onlyto consider that the electrons relax down to the ground state
few studies reported to daté?* of the semiconductor well before tunneling to the next one.

In this work we have attempted to extend the problem of The new feature of our model is the presence of localized
the carrier transport in semiconductor-insulator MQW'’s toelectron states within the barrier@=ig. 1). In silicon-
include a new effect. We suggest that in addition to directinsulator systems there can be different reasons for the ap-
tunneling through a barrier between two adjacent quanturpearance of such electron states in the insulator energ§’gap.
wells electrons can also resonantly tunnel via localized elecNamely, they can be related {4) defects due to the sto-
tron states in the insulator. Thus additional periodic currentchiometric distortion at the interface between silicon and
oscillations may be observable in the current-voltab&/} insulator,(2) structural defects due to strained bond bridges

IIl. FORMULATION OF THE PROBLEM AND THE
MODEL
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the electron concentration in thth well is described in the
following manner:

emitter | & 3 " collector dan,

E:gifl(niflrniaﬁi)_gi(ni:nwlyﬁHl)- (]

Here the first term defines the tunneling flow bringing the
electrons from thei(-1)th well to theith one, while the
second term is the tunneling flow withdrawing the electrons
from theith well to the (+1)th one. Each term in Eql)
includes direct and reverse tunneling and as a function of

carrier concentration; and electric fieldfi is given by®

. VmymKkgT
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whereF;_,(E) andF;(E) are the Fermi-Dirac distribution
functions in the two wellsT, is the tunneling probability;
m,,my,m, are the electron effective massesxjyy,z direc-
tions; dsem, is the thickness of theth semiconductor layer;
E, andE are the transverse and total kinetic energy of elec-
trons in the semiconductot); is the barrier height for an
electron in thdath layer;kg is Boltzmann'’s constant is the
absolute temperaturecalculations assum&=300K); # is
Planck’s constant.

Charge carriers are provided and removed from the MQW
system through contacts to the left and right. Within the
model we assume that the applied bias and current through
the system do not alter the properties of the emitter, which
acts as a three-dimensional electron reservoir with a distri-
bution density of 18cm 3. For the collector layer, given
the appearance of a significant depletion region at large ap-
plied bias?® the electron density can be taken as zero near
the barrier. Therefore, it becomes possible to model the con-

tact layers by additional wells labeled 0 aNd-1 with con-
FIG. 1. Potential diagram of semiconductor-insulator MQW'’s stant electron densities:

with localized electron states within the barriéas in the absence
(b)—(e) and under an applied external bias.

No=Np, Nyn;1=0. €)

accommodating silicon and insulator layers, &8y fixed In order to describe a charge buildup at thie well*® we
charges in the insulator. We will treat these defects as trapgse the discrete Poisson equation connecting the fields at two
with a Coulomb capture cross section. However, the qualitaggjacent wells; andF;, ; and the electric charge in theh

tive features of the phenomenon are independent of the paygg||:

ticular nature of these eigenstates. We assume, to simplify

the model, that these states have the same energy position ) _edin
throughout the all barriers of the MQW's. However, the Fiy—F=—
main predictions given by our model essentially hold if there &
is a distribution in energy of the localized states in the bar-

rier. Since such states are usually found near the interfac:'é'eree'S the electron charg@,; Is the thickness of theth

(~1 nm), the effective thickness of the insulating barrier Insulating barrier;e is the barrier permittivity. Note that in ,
covered by the model is not larger than 1.5—2 nm, which i g. (4) we assume the yoltagg across one pler.lod of MQW's
in fact in agreement with the sizes dealt with in the experi- o drop ”.‘a'”'-‘/ over the msulatlng'barner. T.h's is reasonable,
ments on silicon-insulator MQW2&:22 as the dielectric constant of an m_sulator is us_ually several
As it has been shown in a number of pap’ér‘é?charge times lower than that of a semiconductfor instance,
transport in MQW structures can be described with rate®si%,~ -9 #si=11.9.
equations for the carrier densities in the different quantum I the 2N equationg1) and(4) there are X+ 1 unknown
wells combined with the discrete Poisson equation; for exvariablesn;,F; (i=1,2,...N), and Fy.;. One additional
ample, see the work of Wacket al!® The rate of change of equation is the bias condition
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IIl. RESULTS AND DISCUSSION

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

Resonant Tunneling
via Localized State v
PP N e "
Such a distribution makes physical sense only if the current
through the MQW is negligible. The second case, which is
closer to the real situation observed in experiments, corre-
WKB sponds to the nonuniform distribution, i.e., when different
charge buildup in the wells results in different electric fields
across the barriers. Solutions for both cases were considered
for the MQW’s consisting of 50 periodsNE=50) of
Si(1.4 nm/SiO,(1.5 nm. The conduction-band offset was

FL. chosen to be 3.0 e¥ The effective electron masses within

o silicon layerm, ,m, were estimated from our previous band-
Electric Field structure calculatiort$®®to be 0.3Bn,. The electron effec-

FIG. 2. Schematic transmission coefficient as a function of elecliV€ mass in the tunneling directiam, was assumed to be
tric field for the barrier with a localized electron state. 0.42m, as it was used in the calculations of Svensson and

Lundstran.®® The energy of the ground state in the well was
N+l estimated using the numerical formalism proposed by Vas-
S Eidipe=V, (5)  sell, Lee, and Lockwoodl. Simple estimations give that for
i=l ’ the localized state positioned at 2.6 eV below the conduction
band of the barriet® the ground-state carrier energy in the
whereV is the voltage applied to the structure. well matches that of the eigenstate when the electric field

Tunneling through a one-dimensional barrier containingacross the insulating barrier reaches the vaig=8
available electron states has been analyzed aldadyit w107 v/m.
was shown that the probability of tunneling is larger for the | the case of the uniform electric field distribution, the
fields corresponding to resonant tunneliiRyr) via localized  injtial tunneling current is small and increases with the ap-
electron states and was also proposed as one of the possibifed voltage. However, when the voltage reaches the value
breakdown mechanisms of thin Si@ms. Therefore, these of IgRTde (N+1) all the ground states in the QW's are in

isrfgltﬁztocragat)r?err?(ggskiandset? Oixllzsit ')g _rllﬁirgoi\?vn V;/izlést#;??r?e th(?esonan'[ conditions with the localized electron states in the
9- P insulating barriers. Thus, it gives rise to a sharp current in-

functionT;(F;) has a peak at an electric fidit that aligns crease. Once the voltage exce&gsd, . (N+ 1) the current

the localized state in the barrier with the electron energy ir}j creases again, being limited by the WKB barrier tunneling
the well. We modeled such a peak by the Gaussian centeret nsparency. The resulting stakid/ characteristic is shown

atFgr: in Fig. 3(a). It has one current peak, whose amplitude and
width are determined by the density of localized states in the
barriers and their energy dispersion.

(6) Now we proceed to the more realistic case when the elec-
tric field is distributed nonuniformly over the structure. Fig-
ures 1b)—1(e) show the band scheme when a bias is applied

and added it to the transmission coefficient defined by theéo the device. When the applied voltage is increased from

WKB approximation(Fig. 2). The values gy ando serve as ~ zero the electrons start to tunnel from one well to another,

model parameters and depend, respectively, on the energy tifereby producing a current that is defined by the WKB tun-

the electron state in the barrier and the dispersion of its loneling probability through an insulating barrier. The carrier
calization. If there are a number of localized electron statesunneling leads to a space-charge buildup at the wells.

they should be modeled by additional peaks in TheF;)  Thus, for a certain value of the bias voltage the electric field
function. In Eq.(6) A is the scale factor representing the distribution over the structure becomes nonuniform as is

intensity of electron tunneling through the states in the barshown in Fig. 1b). The changing slope of the barriers is due
rier. to the different screening effect of the space-charge
The 1-V curve of the MQW structure is then calculated buildup.31 The situation with the current changes radically
for a steady state by numerical integration of Ed$.and(4) when the vthage drops across the barrier closest to the col-
taking into account the bias conditi¢s). For simplicity we  lector AV=Fgdi,sn [Fig. 3)], i.e., when the ground state
assume the barrier height for tunneling of electrons and th& the last well Nth)E, is aligned with the eigenstate in the
thickness of the insulating and semiconducting layers to b&arrier Eg. Under these conditions a current shot is effec-
identical throughout the MQW structure. tively created between the well and electrode, thus producing

Transparency

A 1. .,
G=———exj — 52(F~Fgy)
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3(b) is the period of the current oscillations. The formation
of resonant conditions starts at the collector and propagates
towards the emitter. However, due to the nonuniform electric
field distribution over the structure, the voltage drop across
the barrier(which is required to create the resonanisenot

the same for the different barriers. Indeed it is smaller near
the collector and greater near the emitter. Thus, the oscilla-
tion period increases with increasing bias.

As a final comment to the results, let us discuss the time
development of the predicted current oscillations. This is an
important point as far as the time-independent situation is
considered within the model. However, it was pointed out
elsewher® for the high-conductivity state at the resonance
to be fully established a certain amount of charge must be
present on the resonant state. As in our case all localized
45} 1 eigenstates in the barrier are initially above the energy of the

2 3 4 s 6 7 8 9 injected electrons; a transient times required to accumu-

Voltage (V) late this charge. This transient process can be estimated from
simple consideration oRC delay of the “quantum capaci-
tor” proposed by Luryi?®

(@

Ig | (arb. units)

42} 4

. r=ea Y(\/c)e*dins/N (8

where A=h/y2m,U is the de Broglie wavelength of the
tunneling electrony is the fine-structure constart;is the
speed of light. For the eigenstate located in the middle of the
SiO, barrier 1.5 nm of thickness numerical estimations using
Eq. (8) give 7 to be of order of 10 ps. In contrast, the scat-

T tering times for Si/SiQsystems lie in the range of 0.1-10 fs
depending on the mechanism and electron en&iThere-
fore, the previously made assumption that electrons have
. time to relax to the ground state after tunneling into the next
quantum well seems to be reasonable, as the scattering times
are shorter than the effective charge-transfer time between
J adjacent wells.

4.4
®)

lg | (arb. units)

6:2 6j4 6:6 6t8 7.0
) TR IV. CONCLUSION

5 6 7 8 9
Voltage (V) We have considered an added feature in charge-carrier

transport across semiconductor-insulator MQW'’s: resonant
FIG. 3. Current-voltage characteristics of 50 periods oftunneling between adjacent wells via localized electron states
Si(1.4 nm/SiO,(1.5nm MQW's for (a) uniform and(b) nonuni-  existing in the barriers. Single and multiple periodic current
form electric field distribution over the periods. In cdb¢the field oscillations are predicted in the Current_vonage characteris-
distribution is calculated self-consistently as described in the text.tics of the structures for uniform and nonuniform potential
distributions, respectively.

However, the experimental observation of such current
scillations can be difficult. Rather thin insulating barriers
<2 nm), as well as a high concentration of localized elec-
tron states, are required to provide the current at a resonance
significantly higher than the current produced by interface-
droughness—assisted tunneling of electrons through a set of

1 " 1 " 1

1 2 3 4

the first current peak. Further increase in the bias will cause
breaking of this resonant condition, thereby decreasing th
current[Fig. 1(c)]. Then the eigenstate in the next barrier
approaches the level of the ground state in the-()th sili-
con well and the oscillation repedfsig. 1(d)]. The electrons
from the ground state of the well tunnel via the localize

state in the barrier to the adjacent well, followed by relax—'ns_llflr?t":g barrletrs. hani | be further d
ation at the interface to the ground state of this well. As a € transport mechanism we analyze can be further de-
result, one would expedi+1 current peaks for a device veloped to account for different localized states that are

havingN periods. The physical picture is quite similar to the spread both in energy and space. Moreover, Qynamlc effects
domain formation in theA"BY MQW structures studied also seem to be interesting for further analysis.
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