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Abstract : An analytical expression for tunnel current density across a double bamer has
been obtained under non-resonant conditions. The denivation is based on the 1deas of quantum
measurement Therc is a good agreement with observd results 1n the nature of current-voltage
and differential conductivity-voltage characteristics.
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1. Introduction

Tunnelling across a double barrier was studied experimentally by Chang er al [1] in
which they had observed resonant tunnelling under suitable condiuions. Esaki and his
coworkers [2-4] later applied the conventional theoretical models to explain their
observations in such devices which find their application in superlattices. In recent

times, Roy et al [5,6] have applied the ideas of quantum measurement model to study
this problem.

Double barrier tunnelling continues to evince interest in workers even now.
Vanhoof and his coworkers [7] have studied spatially indirect transitions due to coupling
between hole accumulation layer and a quantum well in resonant tunnelling diodes.
Kuznesov et al [8] have studied the effect of electron-electron interactions on the resonant
tunnelling spectroscopy of the localised states in a barrier. Silvestrini et al [9] have
studied resonant macroscopic quantum tunnelling in SQUID system. Alonzo and his
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coworkers [10] have prescnted a tunnelling spectroscopy of resonant interband tunnelling
structures. Song [11] has presented a transition layer model and applied it to resonant

tunnelling in hetero-structures.

In the present study, the quantum measurement model of Roy and his
coworkers [5.6] has been used to derive an analytical expression for tunnel current
density across a double barrier. Since the carlier workers had observed negative
differential conductivity (n.d.c.) under non-resonant conditions in such systems, the
main purposc of this work was to find a theoretical expression which could lead to

n.d.c. effect.

The quantum mcasurcment model differs from the conventional model
fundamentally. The conventional model scems to rest upon the idea that the electron
cnergy must remain unalicred throughout the tunnelling process. But tunnelling of particles
15 not & continually observable process. The tunnelling particle can be reckoned on\ly after
a definite tme 7 measured from the instant of incidence of the particle upon the! barrier
hecause of a finite ime becoming necessary for potential energy estimation as required by
Heisenberg's uncertainty relation. The electron is then able to reeover its wave or particle
shape that 1t once lost while making tunnelling transition. In other words, we may regard
tunnclling as a process ot quantum measurement being carricd out by the barrier. Both
energy and time being conjugate variables, simultaneous and accurate estimation of them is
not possible because of Heisenberg's uncertainty relations. So, if a time 7 elapscs in
reckoning the tunnelling process, the clectron cnergy at the conclusion of the process must
be uncertain by #1/ . The electron energy is expected to undergo a fluctdation of (V; - E)
cnergy around its original value E where V; represents the height of the barrier. This idea of
quantum measurement has been successfully applied by Roy and other workers [12,13] to
dilferent tunnel devices.

2. Tunnelling across a double barrier

The electronic wave functions in various regions of a double barrier system (Figure 1)
can be written as
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Herc m" is the effective mass of the electron in the double barrier system and Vj 1s the
harrier height.
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Figure 1. Double barmer system

Matching the wave functions and their first denvatives at different boundanes. one
finally obtains an expressicn for the tunnelling probability [14,15] as
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It 1 found that a resonance is obtained i.e. Z= 1 when the following conditions are satisfied
simultaneously

Q) k,=12=k]=14=k5,
n
which leadsto ¢, = ¢, = ¢, = ¢ = T
(i) Y,0, =X,0,

and (1) k,w,:(n+%)7r wheren=0,1,2....

3. Tunnel current density

Regions 2 and 4 of Figure | are barriers whereas region 3 is a potential well. The curre"n in
this system flows by the quantum measurement mechanism through regions 2 and 4 and by
convenaonal mechamism through region 3. The principle of continuity suggests that the

\

current densities through all these regions must be the same. |
\

The one-electron tunnel current density through region 4, generated by quantum
measurement process, 18 given by [13]

sin w,, T

Jy=Jdy +J, s (a)lr1.'+9). an

.2ﬁ ” L
where Jo = q—,x‘— la, |* e2x:@4, (12)
m

which on {urther simphfication leads to

gh
Joy = —— (k2 +22)Z|a, |% 13
ol 2”1‘ 4 ( ’ x.‘) lal I ( )
E -E *
w,=—+—"r 1= 2m_ the tunnelling time.
h hy

When a group of electrons having a random phase difference amongst themselves is
incident upon the double barrier system, the differenual tunnel current density is given by
[12,13]

smwh‘r

dJ(E) = p,(E)f,(E)dEZ [lm —— +Jg, sin (wh T+ 9)}. (14)

where p; (E) f; (E) dE 1s the density of the wave group at the incident end.
The mimmum phase differcnce at the transmitted end 1s
€1

d(w,1) = ——. (15)
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where €, is the difference in consecutive energy levels at that end. Thus, the summation of
(14) can be converted into integration as

oo

_ nh sinw, T
dI(E) -p,(E)f,(E)dE(-Er—T) Jo | W(l(wh 7)
+Jg Jsin(a),rr+9)d(wh 7)
which finally leads to [12,13]
- Th :
dI(E) 5 (—E—;Jlm p,(EVf,(E)dE. (16)

But €, can be expressed in terms of the density of states p, as
!
— =p (B[ -f,(E)]Q, (17
’
where €2 is the volume of the electrode at the transmtied end. Substituting (17) in (16),

we get

dJ(E) = 5';—910,1,(&')[1 -/ B)]p,(E)p, (E)E. (18)

For absolute zero temperature, f (E )[I -f ,(E)] =1 and hence

nh

dJ(E) = T

Jmp,(E)p,(E)dE. (19)

Substituting for Jo; from (13) and putting

T= z’;.f = Voﬁ-E' one finally obtains
212 1Qgm*1? | a, |* E}(V, - E)Y2dE

dJ(E) = PV T . (20)
After certain simplifications, it is found that

| Ky [P = 4sin?(29, - ky0,)e %22, 1)
where XaWy = X404
Thus, one gets

EV(V, - E)S/? ¢~ KWVomB
dJ(E)=P o —E) dE, (22)
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)
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Ho V(: o
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and K= 2 72
fi
The tunnel current density can be expressed as
qv E3 (V( ~E)$/2 e-K(v“_l;)l/z dE
e ) (24)

sin (29, - kyw,)

0

wherc Vs the apphied bias. Eq. (24) has been obtained for non-resonant conditions.
[
4. Results and conclusions

The mtegration was done numerically with the help of a computer The clirrent-
voltage charactenistics for AIGaAS-GaAS-AlGaAS as double harrier syslem, arc sh(}wu in
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Figure 2. Currcnl-voll:qze charactensucs

Figures 2 and 3 for different ranges of biases. Neypative resistance regions arc
clearly seen in these plots. Figurc 4 shows the ditferential conductivity-voltage

characteristics. One finds a good agreement so far as the nature of these characteristics
are concerned.
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Figure 3. Current-voltage charactenstics.
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Figure 4. Differentinl conductivity-voltage charactenstics



30 P N Roy and R B Choudhary

Acknowledgment
The authors are thankful to Dr. D K Roy of Indian Institute of Technology, Delhi for

his valuable suggestions.

References
[1] L L Chang, L Esaki and R Tsu Appl Phys Ler. 24 593 (1974)
[2] L Esakcand R Tsu /BM J Res Develop 1461 (1970)
13) L Esakiand I. L Chang Phys Rev Len 33 495 (1974)
[4]  RTsuand L Esaki Appl Phvy Letr 22 562 (1973)
[SI DK Roy.NSTSatand K N Rar Pramana 19 231 (1982)

(6] D K Roy and A Ghosh Proc IV Int Workshop on Phys of Semicond Dev NIT Madras (India)
¢ds S CJam and S Radhakrishna p 520 (1987)

[7] € Vanhoof. ) Genoe, J C Portal and G Borghs Phys. Rev. BS1 14745 (1995) i
I8l V'V Kuznesov A K Savchenko, M E Ratkh and L ) Glazeman Phys Rev B54 1502 (1996) \
[9] P Silvesting, B Ruggiero and Y M Ovchinnikoy Phys. Rev BS54 1246 (1996) \
[10] A C Alonzo. D A Collins and T C Mcgall Solid State Commun. 101(B),607 (1997)
[LIF Y Song Phys Lert A216 183 (1996)

1121 DK Rov Quantum Mec hanic al Tunnelhing and us Applications (Philadelphia World Scientific) (1986)
[13] P NRoy, PN Sighand DK Roy Phvs Lett A63 81 (1977)

(141 Tunnellmg Phenomena in Solids eds E Butstern and S Lundgqvist (New York . Plenum) (1969)

[1S] DK Royand A Smgh Int 1 Mod Phyvs 23 3039 (1995)



