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In this note we illustrate how the energies corresponding to resonant tunneling by a double potential barrier can be obtained by  integration of the Schrodinger equation. The procedure is a follow up of references 2,3 & 4.
An example of a double barrier structure is shown in Fig 1 with a=1 V0=1.
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Fig 1. Double barrier potential.
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Fig 2.Transmision coefficient of a double barrier structure.

There is a single resonance at E = 0.7550 V0 , i.e. T =1 , log10(T)=0.

[image: image4.emf]-2.50E+00

-2.00E+00

-1.50E+00

-1.00E+00

-5.00E-01

0.00E+00

5.00E-01

1.00E+00

1.50E+00

-6.00E+00 -4.00E+00 -2.00E+00 0.00E+00 2.00E+00 4.00E+00 6.00E+00 8.00E+00

Series1

Series2


Fig 3. Plot of Real ( Ψ) and  Imag (Ψ) .
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Fig. 4   (Real ( Ψ) )2 .
The Fortran code given below takes an initial wave on region V
ΨV = Cexp( ik1 x)                                  , x ≥ 3a       , with C=1 and integrates numerically towards x=0 . There the continuity conditions on
ΨI = A exp(ik1 x)  + B exp(-ik1 x)     ,         x≤ 0     

allow finding explicitly , A and B.

The transmission coefficient is

T =  v 1(C ∙ C*)/( v1 A ∙ A*) = 1/ ( A ∙ A*) .
c Transmission through a double potentail barrier, Ref R. M. Eisberg

c (Fundamentals of Modern Physics,1961)c Chapter 8 sec 3

c  ,pp  231 - 239

c V0 and awidth are adjusted

      real k1,k2,k3

      complex psi0,psi1,psi2 ,dpsi, a, b ,c,rooti,coef

      data niter,awidth,v0 / 1,1. ,1./

      rooti=cmplx(0.0,1.0)

      c=cmplx(1.,0.)

      energyi=.755*v0

      energyf=.80*v0

      de=(energyf-energyi)/float(niter)

      energy=energyi

c the integration is  carried out from the right to to the left

      xi=7.*awidth

      xf=-5.*awidth

      nstep=2000

      kp=int(float(nstep)/70.0)

      kount=kp

      dx=(xf-xi)/float(nstep)

      do 20 it=1,niter

      k1=sqrt(2.0*energy)

      k2=sqrt(2.0*(v0-energy))

      if(energy.gt.v0)k3=sqrt(2.0*(energy-v0))

c initial conditions for a step potential

c      psi0=c*exp(-k2*xi)

c      psi1=c*dexp(-k2*(xi+dx))

c initial conditions for a finite barrier

      psi0=c*exp(rooti*k1*xi)

      psi1=c*exp(rooti*k1*(xi+dx))

      if(niter.eq.1)print 100,xi,real(psi0),aimag(psi0)

      do 10 i=2,nstep

      x=xi+dx*float(i)

      psi2=2.0*psi1-psi0+dx**2*(-2.0*(energy-V(x-dx,v0,awidth))*psi1)

      dpsi=(psi2-psi1)/dx

      psi0=psi1

      psi1=psi2

      if(niter.eq.1)then

      if(i.eq.kount)then

      print 100,x, real(psi2), aimag(psi2)

      kount=kount+kp

      endif

      endif

10    continue

      a=.50*(psi2+dpsi/(rooti*k1) )

      b= .50*(psi2-dpsi/(rooti*k1) )

      coef=-rooti*(a-b)/(a+b)

c      print*,'  '

c      print*,'e,v0,k1,k2,k3=', energy,v0,k1,k2,k3

c      print*,' real(a), aimag(a)=',real(a) ,aimag(a)

c      print*,' real(b), aimag(b)=',real(b) ,aimag(b)

      Tapprox=16.*(energy/v0)*(1.-Energy/v0)*exp(-2.*k2*awidth)

      print 120,energy/v0,abs(b)**2

c      print*,'coef,k2/k1=',coef ,k2/k1

      energy=energy+de

20    continue

110   format(1x,'k2/k1,coef,psifin=',3(4x,e10.3))

100   format(1x,' x,Real(psi),aimag(psi)=',3(4x,e10.3))

120   format(1x,'E/v0,abs(b)**2=',2(3x,e10.3))

      stop

      end

      function v(x,v0,awidth)

      if(x.lt.0.)v=0.0

      if(x.ge.0.0.and.x.le.awidth)v=v0

      if(x.gt.awidth.and.x.lt.2.*awidth)v=0.

      if(x.ge.2.*awidth.and.x.le.3.*awidth)v=v0

      if(x.gt.3.*awidth)v=0.0

      return

      end

      function  transteo(e,awidth,v0,k2,k3)

      real k1,k2,k3

      sinch(k2,awidth)=(1.0/2.0)*(exp(k2*awidth)-exp(-k2*awidth))

      den(e,v0)=(4.0*e/v0)*(1.0-(e/v0) )

      if(e.lt.v0)transteo=1.0/(1.0+ sinch(k2,awidth)**2/den(e,v0))

      if(e.gt.v0)transteo=1.0/(1.0- sin(k3*awidth)**2/den(e,v0))

      return

      end
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Figure 2,3; Schematic of a resonant tunneling diode (RTD).

in the quantum well couple with the states outside of the well, at the same energy, as shown
in figure 241 Any eloctron incident on such a structure at an encrgy equal to one of the
quantum yell cigenenergies will see an increased transmission. probability as it is able to
couple to the quantum eigenstate and tunnel through the structure, Hence such a structure
is referred to as a Tesonant tunncling diode (RTD). The encrgios of the resonant states
can be determined by caleulating the transmission coefficients for an eloctron. through the
tunneling structure as describod by L. L. Chang, L. Esaki, and R. Tsu[70.4] and summarized
in the Ph.D thesis of Dr. J. L. Huber[29], The states lic at encrgies of cnhameed transmission.
through the structure, The results are similar to that shown in figue 24b.

This particular model of the deviees is what is known as the coherent tunneling picture,
The transmission coefficient is caleulatod by considering a wavefunction across the entire
device such that anelectron coherently tunnels acros the entire structure48]. These deviees
can also be modeled in what is known as the sequential tunneling picture[36]. In this
picture, tumeling is a two step process wheve the electron first tunmels in the well and then
tunnels out. The eloctron has a finite occupancy in the well. It has been shown that if
the transmission cocfficient is much more narow than the supply of incoming cloctvons,
the coherent and the sequential pictures are indistinguishable[74]. This is the case for the
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Figure 2.4: (a) Model of the conduction band of a resonant tunneling diode (RTD). (b)
Transmission cocfficient for the structure shown in (a).

structures to be discussed.
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