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Electron transport and shot noise in ultrashort single-barrier semiconductor heterostructures
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We present a theoretical study of electron transport and shot noise in ultrashort single barrier semiconductor
structures. Calculations are applied to a simple GaAs semiconductor model in the presence of ballistic and
thermalized carriers. The coupling between space charge and the dependence of the transmission coefficient on
energy is found to provide the positive feedback that enhances shot noise and ultimately leads to a current
instability of S type. When the strength of this feedback is weak, shot-noise suppression is observed. The
occurrence of enhanced shot noise is explained in terms of a negative lifetime related to carrier escape through
the collector contact. The model also predicts shot-noise enhancement in single barrier structures with constant
transparency in the region of current saturation. Theoretical results are in qualitative agreement with existing
current-voltage experiments and confirm recent Monte Carlo simulations evidencing shot-noise enhancement
in GaAs/AlGaAs semiconductor heterostructures. Shot-noise enhancement is found to be a precursor indicator
that the device is approaching an instability regime in analogy with the case of phase transitions.
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[. INTRODUCTION nient analysis of shot noise is usually performed by introduc-
ing the dimensionless Fano factoy=0 defined asy

Semiconductor heterostructures are very interesting non=S;(0)/(2ql), S;(0) being the spectral density of current
linear devices showing several kind of electrical instabilitiesfluctuations at low frequencyl, the current flowing in the
if a sufficiently high bias is applied. In particular they exhibit device, andj the elementary quantum of charge determining
Sshaped current voltagel V) characteristics that can be I. In the absence of correlation between current pulses it is
conveniently used for fast switching, microwave generatorsy=1, and this case corresponds to full shot noise. Devia-
and amplifying device$? The single barrier heterostructure tions from this ideal case is a signature of existing correla-
is the prototype of these devices, and as such received gretins between different pulses and the two possibilities of
interest since it appeared in as heterostructure hot electr@suppressed.e., y<1) and enhanced.e., y>1) shot noise
diode®*° The microscopic mechanisms responsible for theare in principle possible.
I-V characteristics have been associated with the tunneling Shot-noise suppression is associated with a negative cor-
and thermionic regimes that control the transport at differentelation between current pulses as due to Coulomb interac-
applied voltages. Accordingly, several theoretical modelingstion and Pauli principle, and has been theoretically predicted
mostly based on detailed Monte Carlo simulations, haveand experimentally evidenced in a variety of electron
been applied to understand and predict the salient features dévices® and mesoscopic structur€s?® Shot-noise en-
the transport properties of these devices''°Despite this hancement is associated with a positive correlation between
interest in thd -V characteristics, the study of the noise prop-current pulses and has been experimentally evidenced in
erty of these structures has received some attention only relouble barrier resonant diod&s>° Theoretical models
cently in the context of the problem of shot-noise suppresbased on the existence of a negative differential conductivity
sion and/or enhancemel™® It is very interesting and (NDC) region in thel-V characteristic has been also pro-
useful to study noise in switching devices, because noise igsosed for its explanatiof?:*! Recently, shot-noise enhance-
the same tool, which indicates how far the system is from thenent has been observed in Monte Carlo calculations of a
instability region. Since the transport properties of these desingle barrier GaAs/AlGaAs structure when the distance be-
vices are controlled by carrier number, shot noise is the pritween the emitter and the barrier is comparable with the scat-
mary noise source of interest. tering length'® The positive feedback between tunneling and

Shot noise is the electrical fluctuation due to discretenesspace charge has been proposed as the mechanism respon-
of the charge that provides direct information on the corresible for the positive correlation between current pulses.
lation of different current pulses and as such is receivingHowever, a quantitative theoretical basis supporting this in-
increased attention from the scientific community. A conve-dication is still lacking.
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space and a three-dimensional momentum space, it is as-
U sumed the presence of an applied voltage high enough so
eu that carrier injection from the collector is negligible. To de-
scribe the electron transport through this structure we use the
following analytical model that is supported by Monte Carlo
eV calculationst® First we suppose that the distribution function
of the patrticles injected into the structure from the left con-
tact, taken as an ideal thermal reservoir, and acting as an
emitter, is of Maxwell type with the concentration and tem-
perature independent of applied voltage, i.e., in the emitter
contact

fo(p,x=0)=exp(—pZ2mT)n, /N, for p>0,
. ” ’ (1)

1

FIG. 1. Sketch of the band diagram of the single barrier StrUCWherem is the electron effective mas'g,is the temperature
ture considered here. Contact resistance at the terminals is neglectgtbasured in energy unitg,is the electron momentum, is
for simplicity. the injected carrier concentration, amt, is the effective
density-of-states in the conduction band. Second we assume

The aim of this paper is to provide a theoretical basis forthat in the region between the emitter and the barrier there

. . -~ . ~are two groups of particles. One group contdaslistic par-
tsr:r? Lljen%‘Zﬁ:pi'gr%g();“;i%?dg;tg;ﬁgfiﬁggggﬁ;ﬁgcs mu icles, which do not perform any scattering with the lattice.
g Y Uhe other group containshermalized particles that per-

trashort distances between the emitter and the barrier. Um.j%rmed at least one scattering. The assumption of a distribu-

these conditions, ballistic transport plays a dominant role "Mion function composed by ballistic and thermalized particles

determining the current flowing in the structure. Further—.s a reasonable one. Indeed, after a single optical-phonon

ggﬁ]’ gfet%aeuza(?ln%fstsrﬂi?u?e;er\:\?r:ihcr? ;a;lee ;Efagt?r:”cfngsrlnti:‘str: ﬁwission, a ballistic electron is converted into a thermalized
' 9 Bne because it cannot return to the emitting contact, and thus

att§rrr1]t(le0?ﬁégrdaéi,vgoresgar:z?eainsd;belgleggpér)l(elr:{n both Subi_'[ spends a relatively long time in the well when the trans-
y P P arency of the barrier is much smaller than unity. This means

and super-Poissonian shot-noise behaviors in terms of t Rat most part of electrons that emit at least one phonon are

interplay among tunne'llng, space charge,':?md ballistic trans(fonverted to thermalized electrons. Accordingly, the distri-
port. In particular we investigate the positive feedback be-b

tween tunneling and space charge due to the dependence b@t}gtion function of thermalized particles in any point is given
the transmission coefficient on the energy of ballistic moving
electrons. If this feedback is negligible, then long-range Cou-

Iomb r_:orrelations betweep current pglses dominate and shot fin(P.X)=n; exd (qe—&,)/T]/Ng, 2
noise is suppressed. If this feedback is strong enough then an

Stypel-V characteristic appears. In this case the region with . o .
NDC is unstabldi.e., here fluctuations grow instead of being Where n¢ is a normalization constanty the local electric

damped. Remarkably, enhanced shot noise is found to act aBotential, anc the particle kinetic energy. The value of
a precursory indicator that the device is approaching an in¢an be calculated from the balance equation for thermalized

stability regime. particles as follows. The incoming rate to the thermalized
particle group is the sum of two tern$,; +S;,: the first
belonging to ballistic particles moving from the emitter to
the barrier and the second to ballistic particles moving from

The physical system we analyze is a single barrier structhe barrier to the emitter after reflection from the barrier. The
ture, as depicted in Fig. 1. By taking a one-dimensianal distribution function of ballistic particles is

Il. THE MODEL

n 2 (X) .
Rex] —oret M g0, it p> BmaR0,
fo(p,x)=14 0, if —V2Zmage(X)<px<v2mde(x), 3
2
%exr{—ZpTrerp—(X))Bz(x){l—D(erqu,E)}, if  py<—+v2mage(x),
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where 0= 34(x)<1 is the probability of nonscattering asso- % P
ciated with the motion of ballistic particles from the emitter (1—,3){1'+ ﬁJ exr{ —?)[1— D(e+qu,E)]de
to the pointx, B»(x) is the analogous probability when the ne=n, 0
particle moves from the emitter to the barrier and back to T+ fmex;(qu_s)D(a E)de
pointx, D(g,E) is the barrier transparency for ballistic par- 0 T '
ticles depending upon kinetic energy and the modulus of 9)
the electric fieldE both at the barrier edge, is the particle
momentum in poink, andu= ¢(X;) is the electric potential
at the barrier border nearest to the emiftigre first barrier
edge, s=p§/2m—qgo. We have chosen the coordinate of
contact with the emittex=0 and¢(0)=0. The first line on
the right-hand side of Eq3) is the distribution function of 4\2m(U—g)3?
ballistic particles moving to the barrier and the third line that ;{ —_——
of ballistic particles moving towards the emitter after reflec- D(e,E)= 3hqE
tion from the barrier. 1, if e>U,
The termS,; is given by

The dependence dd(e) is taken within the quasiclassical
approximation for a triangle barrier, as

), if e<U,

(10

S61=Jb1 7 Jb2=Jp1(1—B), (4 whereU is the barrier height.

where the first equality represents the difference between

ballistic particle flows from the emitter to the barrier in point lIl. CURRENT-VOLTAGE CHARACTERISTIC
x=0 (Jp1) and in point x=x; (Jy), and B=pB1(X1)
=/B,(0) is the probability that the particle crosses the re-
gion between the emitter and the barrier without makin
scattering. Analogoush&,, is given by

Thel-V characteristic is determined as follows. The total
current through barrier is the sum of the ballistid,,, and
Sthermalized particle current, given by

Sp2=Ip3— Ipa=Jdps(1=B), 5 I=lp+ 1= —a(rpatre2), (13)
where the first equality represents the difference between . - . .
ballistic particle flows from the barrier to the emitter in point wherer, is the flow of ballistic particles through the barrier

X=X1 (Jp3) and in pointx=0 (J,,), respectively. By using given by
Eq. (3) we can write the following expressions fd,; (i

=1,3: 1 e
rb2=Anbvtﬁff exp —el/T)D(e+qu,E)de. (12
0
Jp1=Anpuy,
By neglecting the charge density in the region between
=Anbvtﬂjwexq—8/1—) the first barrier border and the collector and denoting this
b3 T 0 region length byL (see Fig. ], the total voltageV is related
tou as
X[1-D(e+qu,E)]de, (6)
where A is the cross section of the device ang V=u+EL. (13)

=(T/2mm)Y2 the thermal velocity .

The escaping rate from the group of thermalized particles ] . .
is also the sum of two termss; +r,: the first being the rate 10 determineE as function ofu we solve the Poisson equa-
through the emitter and the second the rate through the cofion in the region between the emitter and the barrier. Ac-

lector. By using the distribution function for thermalized par- cordingly, we assume that the fixed donor concentration in
ticles, ., I take the forms the structure is negligible with respect to the concentration of

the injected particle and, therefore, the space charge in this
region is caused by injected carriers. From Bj.it is clear
My =Anuy, (7)  that the ballistic particle concentration drops with the rise of
¢ (for a monochromatic flow the concentration goes in-
versely with velocity and therefore the ballistic particle
rtzzAntvtf“’eXp(qu—s) D(e.E)de. (8  charge takes the maximum value near to the emitter contact.
T Jo T On the contrary, the charge density of thermalized particles
takes the minimum value near to the emitter contact and the
From Egs.(5) to (8) n, becomes maximum value near to the barrier border, where they are
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accumulated. To calculate the charge density of ballistic pareharge of the ballistic particle in the region near to the emit-

ticles we need to know the spatial profilg®, (x), in Eq.  ter, where this charge is important. Thus, in the region be-
(3). To this purpose we tak@;(x)=81(0)=1 and B,(x) tween the emitter and the barrier, the Poisson equation is
=3,(0)=? . This choice is a good approximation for the well approximated as

d2¢ 4mq| np, (= exp—e/T)[1+B%1-D(s+qu,E)}]
— = d IT)|. 14
dx@ k[ 2yaTJo 2(s+Qqe) e+ e expqelT) 19

By integrating Eq(14) we find thatE is given implicitly by ~ Hereg;, is the injected particle flow from the emittére., the
generation rate of particle in the devjce,, r, are the par-
8 ticle flows to the emitter and to the collector respectively
E= \/T{F(U,EH nT[expquT)—11}+EZ, (15  (i.e., the recombination rates through the emitter and the col-
lector, respectively and the overline denotes time average.
where Furthermore, v 1=(v,+v,) ! is the lifetime associated
with the rate equation for carrier number fluctuatiofis
with v; * and v, * being the lifetimes related to the damping

n oo
F(u,BE)= —bf exp—e/T)[Ve+qu— \/E] of 6N due to the corresponding current fluctuation through
vaTJo the emitter and the collector, respectively. The inverse life-
X[1+ B2{1—D(s+qu,E)}]de, (16) times v, , are given by
andE, is electric field in the emitter contact. dr, dog; dr,
For high enough voltagesE is defined by the space TN aN’ Y2 dNe (19

charge between the emitter and the barrier, tBesE, and

E in Eq. (15) can be neglected. We note, thiats a function | the apove equations the values of the derivatives must be

of E [see Eq(10)] and, therefore, by solving E¢L5) we can taken atN=N. We note also that the i e is in-

find the dependencg(u). Thus, Egs.(11), (13), and (15) . © generation rate 1s in

provide the parametric dependence of the total current on th(gependent oN and, therefored gl(d!\l—Q. The recom_bma—

total voltagel (u), V(u). tion rates are t_he sums of a balllst_lc with a thermalized part
asri=rp+ry (i=1,2. The expressions fat,;, andry, are

given in Egs.(7), (8), and(12), respectively. By using Eg.

(3), rp; takes the form

In the present model electron transport is controlled by

the voltage drop between the emitter and the barrier, or by Angu, B2 [

the electric field in the barridthese values are connected by rbl:TJ exp(—&/T)[1-D(e+qu,E)]de.

Eq. (15)]. Since the electric field in the barrier is proportional 0 (20)

to the total number of particles between the emitter and the

barrierN, the electron transport is ultimately governedNhy

An analogous situation takes place in the resonant tunnelin

diode?® and we will take advantage of the corresponding

results. Accordingly, for the spectral density of current fluc-

tuations we use Eq45) of Ref.[29], which pertains to the

same condition of an applied voltage high enough to neglect 4mqN

the electron flow from the collector into the device. In the E= Ax (22)

Appendix we present an alternative derivation of Eth) of

Ref.[29]. Thus, the Fano factor is conveniently written as Under constant voltage conditions there is no voltage fluc-
tuations, i.e.,sV=0, and by using Eqg13) and(21) it is

IV. NOISE

Since the value of the electric field at contact with the
8mitter is small when compared with that on the first barrier
border,E is defined byN as

[P}
y=1—2a+2a2r:, (17) du py—y
? N A (22)
where K
To calculatev; , we must first find the follow derivative
a= 2 (18 ~ dn/dN. By using Eqgs(21) and (15 we arrive at the fol-
vty lowing expression fodn, /dN:
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{g%E/A—qn, exp(qu/T)dw/dN— JF (u,E)/oudu/dN— dF (u, E)/INAmqN/AK}

dN

We note thatv, ,, being expressed through ,, are sum of

Tlexpqu/T)—1]

(23

The second term provides a negative contribution and is due

two terms, one corresponding to ballistic particles and theo the cross correlation between the Poissonian current and

other to thermalized particles as= vy;+ vy, (i=1,2). The
different termswy, vy, and vy, vy, take the following ex-
pressions:

dD(s+qu E)
Vo1= — Anpu 82 f ex —F——de,

(24)
dD s+qu E)
=AnyuB= f ex ———de,
(25)
dn;
va=Avi gy (26
gn; du dn qu—e
”tz:AvtT( Tth dl\:)j p( ) D(e)de,
(27)
where
dD(s+qu,E)_ gdD(e+qu,E) du
dN - au dN
dD(e+qu,E) 47rqN
+ E A | (28

The set of Eqs(10) and(16)—(19) provide the analytical

representation of the Fano factor as a function of the applleg
voltage corresponding to thieV characteristic reported in

the previous section.

A. Remarks on noise formula

the number fluctuation current. Being in the present case
v1+v,=0, the sign of the contribution itself is determined
by the sign ofv,. Forv,>0, when the change of the current
flow to the collector due téN promotes the enhancement of
the damping rate for this fluctuation, the sign of this contri-
bution is positive, thus leading to suppress full shot noise. In
this case we speak of a negative feedback between tunneling
and space charge. Foy<0, when the change of the current
flow to the collector due t@&N promotes the suppression of
the damping rate for this fluctuation, the sign of this contri-
bution is negative, thus leading to enhanced shot noise. In
this case we speak of a positive feedback between tunneling
and space charge. The third term is always positive and is
due to the autocorrelation of the current connected \ith
This contribution always yields enhanced shot noise.
Remarkably, we note that full shot noisee., y=1) is
recovered in two cases. The former case corresponds to the
conditionv,=0, when the current contains only the Poisso-
nian contribution andy=1. The latter case corresponds to
the conditionr, ,=Nv; ,, when particles cross the device
independently andy=1. Indeed, in this latter case,,
=Nw, , since the flows of independent crossing particles is
proportional toN and therefore the sum of the second and the
third contributions in the right-hand side of EA.7) equals
zero. ltis also clear from Eq17) that for (r3/g7) >0, shot
noise is suppressed, while outside this region it is enhanced.
At the borders of the suppressed region, whereO and «
=T,/0; there is full Poissonian noise and=1. The whole
cenario for the possible values of the Fano factor is shown
in Fig. 2. Here, one region of suppressed shot noise, two
regions of enhanced shot noise, and the region of electrical
instability are shown in the plane,, v, for a given value of
(r3/g7)<1. The maximum value of the Fano factor tends to

Before applying the theory developed above to concreténfinity and takes place at the boundary of the instability
cases of electron transport in single barrier structures, let u€gion, wherev; +v,=0 anda— . The minimum value of
analyze the general properties associated with the Fano fathe Fano factor equalg= yy,i,=1—T7/(20;) and takes places
tor expressed by Eq17) as applied to the present structure. when v,=v,7,/(2g7—T7). We note thatr,/g;=1/1, is the
From the electrical point of view, the single barrier structurepart of the current injected from the emitlgy;, which passes
is a two terminal device with an emitter contact, an activeto the collector. In the instability region, whetg+ v,<0,
region, and a collector contact. Because of the high-voltagee assist to the growth of current fluctuations instead of its
conditions here considered, the active region is comprisedamping and the Fano factor loses of physical meaning.
between the emitter and the first edge of the barrier. Within As was mentioned above in the first enhanced noise re-

this scheme, the instantaneous total current can be decorgion, wherev;>0 and —

posed into two contributionésee Appendix the first gives

v1<v,<0, the change of flow to
the collectorér, due to SN promotes the decrease of fluc-

the average total current and its fluctuations are Poissoniatyation damping. In the second enhanced noise region, where

the second is null in average and is connected with the flucy,>0,

— o< 1< wy(T7/T3), if T7#0, then there are re-

tuations of the total number of carriers inside the active regions wherev, ,>0. Here the noise enhancement is con-
gion 6N. As it is shown in Appendix A the three terms on nected with the prevailing of the third term in Ed.7) over

the right-hand side of Eq17) for the Fano factor are under- the second one. Below, we shall show that this situation can
stood as follows. The first term is equal to unity and is due tdake place in a single barrier structure with a constant barrier
the autocorrelation of the Poissonian current contributiontransparency. In the remaining part of this regigr<0 and
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FIG. 2. Lifetime plane of different transport regimes and shot- 0.00
noise behaviors of a two terminal device with current controlled by 0
number of particles in it under high voltages whgn=0.

Voltage (V)

. L . . . FIG. 3. Current-voltage characteristics and Fano factors for the
the situation is similar to the first enhanced noise region. Iy, rier structure in Fig. 1 for different, (a) and differentU (b).

this region the change of flow to the emittér,; due toSN

promotes the decrease of the fluctuation damping.

1. Current-voltage characteristics
V. RESULTS AND DISCUSSION

The current-voltage characteristics of triangle barrier
structures for different values of the parametgys U, 8, T,

Here we report numerical calculations with the objectiveandL are presented in Figs. 3—5. We note that in the present

of providing a complete analysis of the electrical and noisenodel the distance between the emitter and the barrier is not

properties of semiconductor single barrier heterostructuresonsidered explicitly but it influences the current through the
The theory developed so far is concerned with a model mavalue of 8. Accordingly, 3—1 is associated with ballistic

terial of static dielectric constamt and parabolic conduction particles and corresponds to short emitter-barrier distances.

band with effective mass. In calculation, we use every- By contrast,3—0 is associated with scattered particles, and

where, values form and « corresponding to GaAsm

corresponds to long distances. From these figures one can
=0.06Tn,, k=12.9, andm, is the free electron mass, as see the role that is individually played by all the parameters.
this is a material appropriate for an experimental validatiorAs a general trend, the current increases monotonically at
of the present results. The theory is based on the five externiicreasing voltages to finally saturate at sufficiently high
parameters, respectively,, U, 8, T, andL with the mean- Voltages. We note, that if we account for the contact resis-
ing given previously. In Sec. V A theV characteristics and tance, then there is no current saturation due to the voltage
the associated Fano factor are analyzed systematically for tiffop on the contact resistance. However, since we are inter-
case of a triangular barrier structure. Then, for the sake ogsted in the operation mode of the active region of the de-
completeness, Sec. V B will consider also the case of a banice, contact resistance will be neglected here. In the increas-
rier with constant transparency. The results so presented aieg region, the current exhibits a strong super-Ohmic
intended to predict general trends and should be of interest teehavior due to tunneling processes. In the saturation region
address an experimental verification. In some cases, they ete value of the current equals that of the current injected

able a direct interpretation of Monte Carlo simulations to befrom the emitter. The reason for such a value of current
carried out.

saturation is the absence of any current flow to the emitter
coming from both(i) the reflection of ballistic particles by
) . the barrier, andii) the thermalized particle. Indeed, because
A. Triangle barrier transparency of the high voltages ballistic particles pass over the barrier,
According to the general model developed here, in thisand thermalized particles remain confined in the potential
section we consider the case of a tunneling described by well just before the barrier.
quasiclassical triangular barrier. First we will discussIthé

characteristics and then the noise behavior.

The value of the voltage corresponding to the onset for
current saturation rises with the increasengf U, 8, andL,
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FIG. 6. Stype current-voltage characteristics for for the barrier
structure in Fig. 1.
0.75-
e % barrier thus reducing the incoming flow to the thermalized
= 0.501 S group; from another hand it increases the thermionic current
Lcl_% from the thermalized group. Both processes reduce the num-
0.25. ber of particles in the device and, theref&eand V.
‘ In the current saturation region, the ratio of the ballistic
current to the total current is independentrgf and it is
0.00 determined only byB. From Figs. 3-5 it is clear that the

increase ofn,, U, B, L or the decrease of leads to the
Voltage (V) increase of the maximum value of the differential conduc-

FIG. 4. Current-voltage characteristics and Fano factors for thetancedl/thowards current-voltage characteristics3type

. I ; . as reported in Figs. 4 and 6. This last figure showS#ype
barrier structure in Fig. 1 for differen (&) and for differentT (b). characteristic that is obtained by a slight increase of the bar-

) - rier height with respect to the cases presented in Fig. 4.
and with the decrease dfas shown in Figs. 3—5. To under-

stand these behaviors we note that the current starts saturat-
ing always when the voltage drop between the emitter and
the barrieru is a little bit greater than the barrier height. For ~ The dependence of the Fano factor on voltage is reported
a given value ol, the increase ofi, and 8 leads to the rise  together with thd -V characteristics in Figs. 3—5. Figures 7
of the number of particles accumulated in front of the barrierand 8 report the relevant inverse lifetimes as a function of
and, therefore, to an increase of b&randV. For a given voltages. From Figs. 3—5 one can see tlatlepends on
value of E the increase ot leads to the rise o and the  voltage for a large variety of parameters and exhibits minima
increase olJ leads to an increase afultimately responsible and maxima. In all cases, at the lowest and highest voltages
for current saturation. The increase of temperature leads t@bove current saturatipry=1. At the lowest applied volt-
the decrease of the value of the voltage corresponding to theges, wherqu<U, the damping ofdN is provided by the
onset of current saturation. Indeed, on one hand it decreasg@g&luced increase of the flow of thermalized particles to the
the part of ballistic particles, which are reflected from theemitter. Since the back flow to the emitter is much more
important than the flow to the collector, itig> v, (see Fig.

2. Noise

T v T T 7) and y=1. At the highest applied voltages, in the satura-
1000 ¢ . L=300A { d1¢° tion current region, the damping @N is provided by the
——L=600A corresponding change of the flow of thermalized particles to
0754 ¢ | U L=2000A ;i  410* the collector. Accordinglyy,> v, and{(g,)=(r,), because
U=0.2 eV , 5 the flow to the emitter is absent, and therefore again it is
= nesio"em®; 1 1108 =1. Inthe intermediate region of voltages for the considered
= 0501 To300K ¢ 1 ]2 2 values of injection concentration 18 n,<2x 10" cm™3
p=05 ~— | __ 10 i v exhibits both a maximum, corresponding to shot-noise en-
0.25- SE ] 10" hancement, followed by a minimum corresponding to shot-
noise suppression. The maximum value of the Fano factor
0.00 T 110° exhibits a dramatic increase with increasing while the

0 o 4 & minima remain practically the same with a value around 0.5.
Deviations from full shot noise are interpreted in terms of the
voltage dependence of the lifetimes, which in turn control
FIG. 5. Current-voltage characteristics and Fano factors for théhe value ofa in Eq. (17) (see Figs 7 and)8To understand
barrier structure in Fig. 1 for different. the reason for the enhanced shot noise we note that such an

Voltage (V)
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tion. Of course, if the sunw; + v, is positive then the damp-
ing of 6N is provided by the corresponding enhancement of
the particle flow to the emitter. As a consequence, the depen-
denceu(N) together with the dependence of the barrier

(%] =

% 10 VitVe 5 transparency on the energy of ballistic particles yield a de-
> | 7T Ve \\ kil crease of the damping rate féolN. This interrelation plays

S e I : 12 the role of a positive feedback between tunneling and space
§ \_ w charge, which ultimately decreases the electrical stability of
c O ML the structure. We note, that if in Eq&l5) and (16) we set

dD(e+qu,E)/dN=0, then for any value of the parameters
the Fano factor does not exceed unity. We remark that the

0.5 Lo ' 20 details of the band structuf@onparabolicity and upper val-
(b) leys) are not important for bias drop between the emitter and
0.0{ == - the barrier less than the valley energy separation as consid-
— TN, — ered here.
R ; 110 o When |v,,| <y, it follows that v,>0 and this positive
2 1.0 zbz = feedback becomes rather weak. As a consequence, the maxi-
=y 2 N oF mum of the Fano factor is absent, as seen in Fig). By the
# 45 T " Vi PR F curve for 8=0.2. In the presence of high enough voltages,
"""""" Vi “ just before current saturation, ballistic particles pass over the
207 il lo barrier and this positive feedback is washed out. Thus, shot
0 1 2 noise is suppressed as evidenced by the minimaiofFigs.

3-5. From Figs. 3-5 one can see that the increasa, of

U, B, andL or the decrease of leads to a remarkable
increase of the maximum value of and also of the maxi-
mum of the differential conductivity, i.e., to an increase of
the positive feedback. The general trends are that an increase
of n, and U increases the particle accumulation near the
barrier and thus Coulomb correlation. The increase ai-
creases the role of ballistic particles in the current and thus
<0. The reason for the negativity o6 when determined by enforces the effect of shot-noise enhancement. The increase
vy, is as follows. The appearance 6N>0, according to of L rises the value ofu for a givensN, the decrease of

Eq. (22) is accompanied witlbu<0, i.e., an increase of the rises the sensitivity of the ballistic particle flow .

barrier height for ballistic particles, and, in turn, a corre-
sponding decrease of the flow of ballistic particles to the
collector. Thus, the change of the barrier transparency, which
is caused bypN, prevents the damping of the same fluctua-

FIG. 7. Inverse lifetimes ¥;+v,), v, (&), and relevant rates
vpi» vy (i=1,2) (b) for the barrier structure in Fig. 1 with,=5
X107 ecm 2, U=0.2 eV,L=600 A , T=300 K, andg=0.5.

enhancement is related 13 <0 [see Fig. 6a)], and, from
Fig. 6b), one can see that,<0 implies v,,>0 and vy,

3. Instability

When the strength of the positive feedback between tun-
neling and space charge is sufficiently strong, ithé char-
acteristics become o&type [see curve corresponding
=150 K in Fig. 4b) and Fig. §. It is known, that a region

1073

1078 - dVidu

Fano factor

00 0.1 0.2
u (V)

FIG. 8. Fano factory, inverse lifetime ¢,+ v,), and differen-

03 0.4

(v,+v)*10™ (s

dV/du

where the differential conductance is negative is unstable
under a constant applied voltage and therefore, instead of
being damped, fluctuations grow being only limited by
boundary conditions. In this region three values of the total
voltage are present for a single value wfand dV/du<0

(but the current is a rising function of). From Fig. 8, where

the dependencies of/(+ v,) anddV/du onu are reported,
one can see thaty(+v,)<0 whendV/du<O0. This is a
relevant condition for the noise description. In the unstable
region, the Fano factor loses of physical meaning. However,
at voltages near to the instability the Fano factor increases
dramatically and tends to infinity wherv{+»,)=0. We
conclude that shot noise is a sensitive indicator of the fact
that the system is moving towards an instability region, this

tial voltage dropdV/du as a function of the voltage drop between Situation resembling that of phase transitions.

the emitter and the barrierfor the barrier structure in Fig. 1 in the S
presence ostype current instability. The structure parameters are| vt V2| ~10% s~

the same of those in Fig. 6.

From Fig. 8 one can see that most of the instability region
1 corresponds to a very short current
switching time 10 12 s).
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1.8 and/or ofD. The change of or L changes only the values of
1.00+ lis the applied voltage at whicly is minimum and the onset of
. ' the current saturation region is observed, but it has a little
0.751 [ 114 influence on the minimum value taken ky We note that, at
— i D20.01 5 low applied voltagesy=1 due to the same reason given for
o | . ‘ p-oos]!-2 g the case of the triangle barrier structure.
s A AR s D-05 1,5 2
e, 1 T=300K w VI. CONCLUSIONS
0.251 , {L=600A ~ Jog
in=510"cm® We have presented a theoretical analysis of electron trans-
=05 10-6 port and shot noise in ultrashort single barrier semiconductor
0'000'" P 4 5 structures. By using a simple GaAs model, we have studied
Voltage (V) in detail the influence of the relevant parameters of the de-

vice on current transport and shot noise at voltages suffi-

FIG. 9. Current-voltage characteristics and Fano factors for th&iently high to neglect carrier injection' from the collector.
single barrier structure in Fig. 1 with a constant barrier transparencfresults evidence the presence of a positive feedback between

for different values of the transmission coefficidnt long-range Coulomb interactions and the dependence of the
barrier transparency on energy for ballistic particles, which
B. Constant barrier transparency weakens significantly the damping of carrier number fluctua-

tions. Accordingly, this positive feedback is responsible for

shot-noise enhancement in triangular barrier structure, and if
its strength is high enough we observe the onset &-tpe

|-V instability. We remark that the physical mechanism re-

sponsible for enhanced shot noise found here differs from

In the framework of the present model, it is interesting to
analyze the situation, when the barrier transparency is ind
pendent of energyit corresponds to the practical case of
very high and thin barriejs To this purpose, in Fig. 9 we

report thel-V characteristic and for the structure witm

=g><1017 em 2 L=600 A Td; 300 K, B=0.5 andp  that analyzed for the case of a double resonant diddfe,

—0.01. 0.05 a’nd 05 Her,e one can’see tﬁa’t under higWhiCh is associated with Coulomb effects in electron trans-
R, T rt through the resonant state unde-&ype |-V character-

enough voltages the current saturates, but at values Smallg%cs. By contrast, when the strength of the feedback is

than those of the injected current. The reason for such K shot-noi ion is ob d Th del al
saturation is the absence of the flow of thermalized particle¥vea.' SNoL-NoISe suppression 1S observed. The model also
to the emitter. predicts shot-noise enhancement in single barrier structures

In particular, the value of the current of ballistic particles with constant transparency in the region of current satura-

: S tion. The general trends of the model developed here repro-
reflected from the barrier to the emitteris given b o e
Bis g y duces the qualitative features of th& characteristics found

l.=Aqnod1— 41— D)} (299  in experiment¥>® and agrees with numerical simulations
performed with Monte Carlo techniques, which predict shot-

Thus I is increasing with both the increase of the barriernoise enhancemefit.Quantitative agreement is limited by
transparencyD and/or the decrease @. It is important to  the simplicity of the model, which does not account for de-
remark, that contrary to the case of the triangle barrier structails of scattering mechanisms and conduction-band structure
tures, in the saturation regia@n/r>=1[1—B%(1-D)]>1 . to the advantage of a more direct physical insight of calcu-
On the other hand, in structures with constant barrier transiations. Remarkably, shot-noise enhancement is found to be
parency v,; =vp,=0 and in the current saturation region a precursor indicator that the device is approaching an insta-
Vo= 1> v =1y, because the flow of thermalized particles bility regime, in strict analogy with the general case of a
to the emitter is negligible. As a consequence, ketel. By  phase transition.
using Eq.(17), in the current saturation region, takes the
form
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y=1+ 1—,32(1—[))21- B0 fairs through the Volta Landau Centéthe fellowship of

V.Ya.A.) and the NATO collaborative-linkage Grant No.
For these kind of barriers the current saturation region iST.CLG.976340, is gratefully acknowledged.
placed in the second region of enhanced noise of Fig. 2,

Where v1=0. The reason for noise enh_ancement he_re is the APPENDIX: NOISE FORMULA
dominant role played in the current noise by the third term
on the right-hand side of Eq17), which is connected with Below we present a derivation of the noise formula in Eqg.

number fluctuations. From Eq30) one can see that the (17), which is an alternative to that of Ref. 29. The present
value ofy increases in this region with the increaseggoénd  structure has two contacts, with the emitter and with the
with the decrease oD as shown in Fig. 9. In the region collector, respectively. Thus, under steady-state conditions
before current saturatiory exhibits a minimum, and this two instantaneous currents can be considered: the erhjtter
value decreases with the increasengfor the decrease g8  and the collector current, defined as
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The correlator for Poissonian current is well knd%mand
|1=—q§ [9:(N) =T 3(N)]P(N), (A1) given by

Ip(0)1p(t)=ql8(t)=q%r,(N) 8(t) =g?rz8(t). (A9)

1= —Q% [r2(N)—=g2(N)]P(N), (A2) By using Eq.(A5) we can obtain the following expressions
for the second, third, and fourth terms in E&8)
where g1(N), r{(N) are the probability per unit time for
electron transitions from the emitter to the device and from
the device to the emitter, respectively. Analogoughy r,
are those from the collector to the device and from the device
to the collector, respectively. The quant®yN) is the prob- _ N _
ability to find N electrons in the device at tinte For high B v2r2(N)% AMP(M)=0, (A10)
enough voltages, as in this cagg=0
Under stationary conditions the curremisandl, are re-

Lan(0)p(D)=0w, 21 AMP(M)ro(N)P(N,{M—1,0

lated by 1p(0)Lan()=0%vr5(N) 2, P(M)ANP(N,t{M~10),
— — (A11)
I,=15, (A3)
where their correlators satisfy the following relations: 1an(0)an(D=02p2>, AMP(M)ANP(N,t|M—1,0).
M,N
11(0)11(1)=12(0)11(1) =11(0)15(t) =12(0) I (). (A12)
(A4)

To calculate EqstA10) and (A11) we note that the term
Equation (A4) has been obtained by direct calculations in>ANP(N, t|M 1,0) depends oAN(t), and it iSAN(O)
Ref. 29. We can also use the Ramo-Shockiéjtheorem for  —\—1-N=AM—1. ForAN(t) we can use the Langevin
the full currentl =41, +N,l5, where), ; are some coeffi-  equation

cients satisfying\;+\,=1. However, from Eq(A4) it is

1(0)I(t)=1,(0)1(t) —gr =~ ANwHH(), (A13)

_qzz E(M)P(M)F(N)P(N{M—=1,0), whereH(t) is the stochastic force. Thus, we have

t
(A5) AN(t)=(AM—1)exp(—|t|v)+fOH(y)dy. (A14)

where P(N,t|M,0) is the conditional probability to find in

. . . B ing Eq.(A13) w tain
the deviceN electrons at time, given thatM electrons were y using Eq.(AL3) we obta

in the device at the previous time=0. To(OV an() = — 02var - exnl — |t v A15
To calculate the correlator of EGA5) we assume that P(Oan(®) Qvaro exp—ltl), (AL5)
E)ENgnl:isﬁfgfgSently peaked so that one can use the following Ian(0)] an(D) = qzngNZ exp(—|t]v).
p ‘ (Al16)
ro(N)=r»(N)+ANv,, AN=N-N, (A6)  Now we can write the expression for the total current cor-
relator as

whereN is the average number of electrons in the device. In o o
this case the instantaneous current can be decomposed into 1(0)1(t)=ql8(t)—qu,l exp(—|t|»)+ +q?r5AN?
two contributions as

xexp(—|t|v). (A17)

| =1p+1an=02 12(N)P(N)+qv; % ANP(N) By using(see Ref. 15
(A7)

the first current contributiorp is of Poissonian type since
the transition probability is constant. The second current conand making the Fourier transform, we obtain the formula for
tribution is connected with the fluctuations Nf From Eqg. the spectral density of current fluctuatio§w)

(A7) it is I_=E and mzo. Thus, by using Eq(A7) we

(A18)

obtain v, 1 gy 1
=2ql{1-2————+2—- =———
) q<( v 1+ w?v? V2 T2 1+ w??
HO)(D)=Tp(0)Ip(t) +1an(0)I () +1p(0) I An(E) (A19)
+1an(0) I an(1). (A8)  From Eq.(A19) the Fano factoty is given by
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S(0) » 2 o term is connected with the correlator of the Poissonian cur-
=2 _1-92 2_2 2 (A20)  rent contribution . The second term is connected with the
2ql 4 v I cross correlator betwedn and the current contributioly

connected with fluctuations ®f. The third term is connected
which coincides with the formula obtained in a different way with the correlator of 5. We finally note, that the formula
in Ref. 29. The physical meaning of the three terms in thefor the Fano factor in the general situation, whgs: 0 [for-
right-hand side of Eq(A20) are given as follows. The first mula(35) Ref. 35, can be obtained analogously.
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